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Abstract 
The research focuses on the site of Marco Gonzalez on Ambergris Caye, Belize. The 

site is characterised by dark-coloured surface soils and broadleaf vegetation that stand 
in contrast to the caye’s sandy sediments and surrounding vegetation. Research has 

previously identified dark earths at the site, and increased soil nutrients and mass, in 

association with human activities.  
 

My research evaluates ancient human activities, with emphasis on waste outputs, to 
identify potential features that could affect environmental impact in the long-term. The 

research is a pilot project that examines different datasets and approaches for their 
value to the research aims. I present an archaeobotanical investigation (macro and 

phytolith) to investigate what this dataset can tell us about human-plant relationships 
and on-site activities. I also present the first application of life cycle assessment (LCA) 

at Marco Gonzalez. LCA is used to assess which waste materials and deposition 
periods had the greatest potential for environmental impact.  

 

The archaeobotanical results suggest a change in plant use over time that corresponds 
to the broad changes in occupation demonstrated by other evidence. Broadly, the 

assemblages contain a range of economic trees and maize in the Terminal Preclassic 
that diminish in the Early Classic. Wood charcoal dominates the Late Classic, aligning 

with the characterisation of this period as dominated by salt production. Plant remains 
are unfortunately poorly preserved for later periods. The LCA results suggest that the 

Early Classic and ash waste hold the highest impact potential in the categories 
investigated; excreta also contributes to eutrophication results. The outcome of this 

experimentation suggests that LCA holds potential value for investigating the impact of 
waste, but that it is best complemented with other approaches that consider additional 

factors such as social aspects or the interaction between ecosystem components. 
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Impact Statement 
The anticipated impacts for this research are in Maya archaeology, Maya and tropical 

archaeobotany, the creation of practical resources that can be used by future 
researchers, the presentation of a new method for archaeology, and the potential for 

the application of research themes to modern sustainability and resilience.  

 
My research contributes to our knowledge of the range of ancient Maya resource use. 

It also contributes to the development of Maya archaeobotanical method. Practical 
resources have been created that can be used by future researchers, and new 

methods of analysis have been introduced with the potential to enhance the practical 
achievement of goals of modern sustainability and resilience. 

 
Marco Gonzalez is an island Maya site. Coastal Maya sites continue, to some extent, 

to be peripheralised in Maya archaeology and this research was intended to contribute 
to the recognition of the integral role of coastal and island communities. The 

archaeobotany presented contributes to tropical and Maya archaeobotany, both of 

which are understudied in comparison to the temperate regions of the world. Maya 
coastal archaeobotany offers even fewer examples of research. My research therefore 

contributes datasets to these understudied areas in order that human-plant 
relationships in a broader range of environments can be understood. My 

archaeobotanical research at Marco Gonzalez constitutes the first non-wood 
macrobotanical and first phytolith investigations at the site; therefore results provide 

information on prior unknowns. The archaeobotanical research also creates a legacy 
via the botanical reference collection that was created. Material from the reference 

collection will be placed in the collections in the archaeobotany laboratories at the 
Institute of Archaeology UCL, where they can be used by future researchers. The 

Maya archaeobotany database created by this research will also provide a valuable 

reference source for future research.  
 

This thesis presents the first application of life cycle assessment (LCA) to archaeology. 
The reported LCA – which demonstrates how archaeological data may be used with 

LCA and how LCA results may be applied in archaeology – introduces a potential new 
method for archaeology and future research at Marco Gonzalez. The interdisciplinary 

nature of the research project and the LCA provide an example of how to work in this 
sometimes challenging way, an example that may be added to the growing body of 
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interdisciplinary research that enhances outcomes via the sharing of ideas and 

methods. The research themes in this thesis, regarding the impact of human activities 
on soils and increases in soil nutrients and mass, are relevant for application to global 

modern issues such as food and soil security. It is hoped that archaeological research 
in these areas will ultimately influence those working with modern policy and 

environmental strategies.    
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INTRODUCTION 
 

As a global community we must learn from the lessons of the past  
(Fullen and Catt, 2004, p. 3).   

 

i.i Research aims and background  

The field research described in this thesis was carried out at Marco Gonzalez, a Maya 
archaeological site in Belize, Central America and entails methods drawn from 

archaeology, chemistry, engineering, ecology and geography. The data from the field 

excavations and results of subsequent analyses were then employed to build an 
understanding of the associations between land-use, waste and environmental 

impacts, from the time of occupation or deposition to the present day. The aims do not 
stop at understanding the site sequence but prioritise achieving an understanding of 

how the modern landscape is shaped by the history of the site. The ultimate goal is to 
consider ways in which results are relevant to modern problem-solving, particularly in 

the realm of soil. 
 
The research was made possible by a studentship funded by the Institute for Sustainable 

Resources at University College London (UCL) and grants awarded by the Institute of 

Archaeology. I worked alongside a Leverhulme Trust-funded project (2013–2016) led by 
Elizabeth Graham of the Institute of Archaeology (UCL), and Julia Stegemann of the 

Department of Civil, Environmental and Geomatic Engineering (UCL). The project aimed to 

investigate the occupation history of Marco Gonzalez as well as the site’s environmental 

history with a focus on pedogenesis. Our particular interest, at least at first, was the 

formation of dark earths but the retention/increase of soil mass came also to be seen as a 
critical issue. Ultimately our goal was to learn more about the relationships between cultural 

deposits and environmental as well as pedogenetic history.  How were elements of the 

current on-site ecosystem shaped, and what role did past human behaviours play in the 

process? (Graham et al., 2017; Macphail et al., 2017).   
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i.ii Modern challenges  

There is growing recognition of the value to be found in the application of 

archaeological data to modern environmental, social or economic sustainability and 
resilience issues. ‘Sustainability’ in this sense refers to the maintenance of systems in 

states – not necessarily constant – that avoid degradation and that remain within the 

carrying capacity of the system (c.f. Doolittle, 2015; Jackson, 2010). Archaeology can 
contribute the long-term analytical perspectives that are essential for the creation of 

sustainable and resilient solutions to modern environmental and societal challenges 
(Isendahl and Barthel, 2018, p. 61). Archaeology can provide ‘an integrated 

comparative frame of reference of both conventional and alternative models, historical 
trajectories, and potential solutions’, since issues that were relevant in the past remain 

relevant in the present (Isendahl and Barthel, 2018, p. 61). The modern challenges that 
have been addressed with archaeological data include urban form and planning (e.g. 

Sinclair et al., 2015; Smith, M. E., 2010, 2012), urban design concerning 
wellbeing/quality of life/community (e.g. Smith, M. E., 2015), long-term urban change 

(e.g. Smith, M. E., 2012), food production and security (e.g. Barthel and Isendahl, 

2013; Butzer, 2015; Caponetti, 2015; Ford and Clarke, 2015; Graham, 1999; Herrera, 
A., 2015; Isendahl and Barthel, 2018; Isendahl and Smith, 2013; Kendall and Drew, 

2015; Minnis, 2015), water security (e.g. Isendahl et al., 2015), environmental 
conservation/ conservation biology (e.g. Coutu, 2015; Ekblom, 2015; Hicks et al., 2015; 

Lyman, 2015), natural resource management (e.g. Lindholm, 2015), system resilience 
(e.g. Heckbert et al., 2015), and soil productivity, efficiency, and sustainability, 

particularly in association with Amazonian Dark Earth research (Kawa and Oyuela-
Caycedo, 2008; Schmidt, 2013; Schmidt and Heckenberger, 2009, p. 188). Research 

networks have also been established to encourage the sharing of data and encourage 
inter-disciplinarity, and create datasets that can be applied to larger problems. IHOPE-

Maya, for example, was established to investigate the developmental trajectories 

demonstrated by the Maya archaeological record with the aim ’to suggest constructive 
management and decision-making practices for the contemporary world’ (Gunn et al., 

2017, p. 21). There is also the Precolumbian Tropical Urban Life Network (TruLife), 
which is engaged in ‘exploring synergies of ancient Maya cities and designing 

sustainable urban futures’ (https://blogs.kent.ac.uk/trulife/ ). Of modern sustainability 
issues, food security, and associated soil security, are particularly relevant to my 

research. To address these issues there is a need for long-term studies of soils to 
better understand resilience (Grandy et al., 2012, pp. 366–367, 368).  
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Food and soil security 

As the world’s population continues to grow, food demands increase and greater 

pressure is placed on the world’s cultivable land, as the amount of agricultural land per 
person decreases (Dumsday and Flinn, 1977, p. 127; Tilman et al., 2001). If 

trajectories continue, it is estimated that global food production will need to increase 
significantly, by seventy per cent, to meet demands and guarantee future food security 

(Foley et al., 2011, p. 337; IAASTD, 2009; Isendahl and Barthel, 2018, p. 61). In 
addition, increased pressures on agricultural land promote behaviours such as the 

shortening of fallow periods that reduce the time allowed for land recovery and thus 
decrease soil fertility (Ahmad, 1977, p. 242; Dumsday and Flinn, 1977, p. 127). With 

increasing pressures and inefficient management techniques, cultivable land is at risk 

of degradation – such as from erosion (wind or water), pollution, desertification, 
salinisation and loss of nutrients – which reduces the ability to feed the global 

population (Dumsday and Flinn, 1977, p. 127; Fullen and Catt, 2004, p. 3; Tilman et al., 
2001). The UN has drawn attention to the severity of the problems surrounding soil 

loss; ‘loss’ is a reference to soil function and refers to the deterioration of soil to a level 
whereby land is considered unproductive (Fullen and Catt, 2004, pp. 1–2, 205). 

Expansion of agricultural land is also a problem. Since the 1980s, the tropics in 
particular have experienced an expansion of agricultural land – that was once forest – 

as a reaction to increased demand for food (Foley et al., 2011, pp. 337–338). The 
expansion into the tropics has reduced biodiversity, increased greenhouse gas 

emissions, and depleted critical ecosystem services, but unfortunately contributed 

relatively little to global food supplies since yields are often relatively low compared to 
temperate counterparts (Foley et al., 2011, pp. 338–339). Globally, however, 

agricultural intensification exceeds expansion; the increase of yields on existing 
agricultural land is considered preferable to expansion (Foley et al., 2011, pp. 338–

339). 
 

The Brundtland Report (Report of the World Commission on Environment and 
Development, 1987) highlighted the importance of soils to sustainability (Amundson et 

al., 2015). Soils and their biodiversity are central to food security as well as other 
current environmental challenges such as water security, energy security, climate 

change abatement, biodiversity protection, and delivery of ecosystem services (Fig. i.i) 

(McBratney et al., 2014, p. 203; Wall, 2012, p. 1). Thus the degradation of soils may 
have disastrous consequences (McBratney et al., 2014, p. 203). Soils are also critical 

to human health since they are the basis for the nutrients involved in human nutrition, 
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and also because the erosion of soils may transport toxic chemicals to locations that 

may be hazardous to human health (Fullen and Catt, 2004, p. 201). Soil security 
concerns ‘the maintenance and improvement of the world’s soil resource to produce 

food, fibre and freshwater, contribute to energy and climate sustainability, and maintain 
the biodiversity and the overall protection of the ecosystem’ (McBratney et al., 2012, 

2014, p. 203). Soil quality may be assessed by characteristics such as the pollutants 

entering and leaving the soil ecosystem, total organic matter or easily mineralised 
organic matter, total microbial biomass, biomass of significant fauna, the ability to 

generate or oxidise methane, the presence of pathogenic micro-organisms, structural 
quality and resilience, the presence of acidifying inputs, and the soil’s pH buffering 

capacity (Fullen and Catt, 2004, pp. 205–206). The European Commission identified 
the current threats to soil as erosion, compaction, contamination, organic matter 

decline, salinisation, landslides, and surface sealing (McBratney et al., 2014, p. 210). 
The challenges of soil sustainability and resilience, against the backdrop of growing 

demand, have long been recognised (e.g. Greenland, 1977a, p. 6), but the threat to 
soils continues to be severe and soils degrade at a rapid rate (Wall, 2012, p. 1); the UN 

estimates that the world’s surface soils could be depleted within 60 years if current 

trends continue (Arsenault, 2014). 
 

According to Foley and colleagues (2011, p. 337) ‘we face one of the greatest 
challenges of the twenty-first century: meeting society’s growing food needs while 

simultaneously reducing agriculture’s environmental harm.’ Soil is critical to human 
survival and so it is vital to conserve soils for current and future generations (Fullen 

and Catt, 2004, p. 1), by protecting soil from loss through erosion, urbanisation, 
chemical poisoning, salinisation and waterlogging (Bartlett, 1994, p. 23). Despite soil’s 

critical role, we still have much to learn, particularly in relation to soil formation (Fullen 
and Catt, 2004, p. 1). What is clear, however, is that we must develop new practices 

that increase the resilience of soils, and concurrently the food production system, as 

well as developing decision-supporting tools to evaluate the tradeoffs from agricultural 
strategies (Foley et al., 2011, p. 341). 
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Figure i.i. McBratney and colleague's (2014, fig. 1) visualisation of the association between soil 
security and society’s major environmental challenges, in order of relative immediate impact. 

 
 

Erosion 

Erosion – or loss of soil mass – is a major threat to soils (Gibbs and Salmon, 2015). 
The soil stock of a system remains in equilibrium when soil erosion (the loss of surface 

soil) is balanced by new soil formation (Van Oost and Bakker, 2012, p. 302). Erosion, 
however, commonly exceeds the rate of soil formation in managed and unmanaged 

soils, resulting in a net loss of soil (Amundson et al., 2015, p. 5; Montgomery, 2007); 
sixty-six per cent of the world’s soils are thought to be degraded owing to erosion 

(Gibbs and Salmon, 2015). Degradation of agricultural land, with particular emphasis 
on erosion, has been recognised worldwide (e.g. Ahmad, 1977: the Caribbean; Lal, 

1977a: Southeast Asia, 1977b: Mexico; Olayide and Falusi, 1977: Nigeria; Pla, 1977: 
Venezuela). Erosion removes the most fertile part of the soil profile – the surface soil – 

and thus results in a significant reduction in the productivity of that area of land 

(Greenland, 1977a, p. 5, 1977b, p. 17). Eroded surfaces are additionally less 
permeable, which increases runoff and perpetuates erosion. Erosion also causes 
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issues such as the siltation of waterways and the burial of vegetation or surface soils 

(Greenland, 1977a, p. 5, 1977b, p. 17). The effects of soil erosion have long been 
considered a severe threat to the future of humankind (Greenland, 1977a, p. 5). 

Erosion is more pronounced in the humid tropics owing to the erosive effects of high 
tropical rainfall and intense tropical storms that include high intensity winds (Greenland, 

1977a, p. 3; Lal, 1977c, p. 49; Pla, 1977, p. 256). Strategies to retain, or increase soil 

mass, particularly in the humid tropics, are therefore important to counteract the 
increased risk of erosion against the backdrop of increased pressures on the land 

(Greenland and Lal, 1977, p. 261).  
 

Anthropogenic soils 

Pedogenesis refers to the ‘natural processes involved in the formation of soils’ (Jenny, 
1941; Schaetzl and Anderson, 2005, p. 774), that traditionally relate to the weathering 

of bedrock parent materials, with the addition of organic matter (Simonson, 1959). 
Formation includes mechanical or (bio-) chemical weathering of in situ parent 

materials, or otherwise the formation of soils from unconsolidated material that has 
been translocated by processes of erosion (Van Oost and Bakker, 2012, p. 301). 

Factors such as temperature fluctuations, hydrological processes, or animal and plants 
may cause mechanical weathering, whereas chemical processes may occur from 

dissolution, oxidation, or hydrolysis (Van Oost and Bakker, 2012, p. 301). 
Anthropogenic processes – and here I refer to the effects that result from human 

activity – impact a variety of soil formation factors (Yaalon and Yaron, 1966, p. 272). 

The anthropogenic impacts on soil formation have previously been referred to as 
‘metapedogenesis’ (Yaalon and Yaron, 1966, p. 273), whereby ‘natural soil’ is 

categorised as both the parent material, and initial state, of human-impacted soils. 
Current soil classification systems do not adequately account for the relevance and 

significance of anthropogenic activities in the transformation of soils, nor do they 
properly address the potential for positive impacts (Capra et al., 2015, pp. 1603, 1614). 

Instead, soils are classified according to the geology of the soil’s parent materials and 
transported material (Schaetzl and Anderson, 2005, pp. 170–215, 755). The ‘Keys to 

Soil Taxonomy’ (KST, 2014) includes two classified human altered soils: Anthropic 
Epipedon and Plaggen Epipedon.  
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The features of an Anthropic Epipedon include (not exclusively) (KST, 2014, pp. 7–8): 

• formation in 'human-altered or human-transported material'  

• occurrence on anthropogenic landforms or microfeatures, but not inclusive of 
agricultural amendments.  

• a greater height than the adjacent soils, by at least the thickness of the 
epipedon  

• common occurrence of artefacts, litter, midden or anthraquic (moisture-
managed) conditions 

• some elevation of phosphorous from human addition 

• darkening from organic matter, dependent on situation  

• formation at the surface, although they may become buried 

• mineral soil content 

• 'evidence of the purposeful alteration of soil properties or of earth-surface 
features by human activity'  

 

Plaggen Epipedons (KST, 2014, p. 10): 

• present a 'thick, human-made mineral surface layer that has been produced by 
long-continued manuring'  

• frequently contain artefacts such as brick and potsherds 

• frequently occur on straight-sided anthropogenic landforms, at a greater height 
than adjacent landforms  

• contain > 0.6% organic carbon 

• feature 50 cm or more of human transported material 
 

In these soil classifications, ‘anthropogenic landform’ is defined as discrete, artificial 
landforms that can be mapped at common survey scales (p32), that may be 

constructional (e.g. midden, earthworks, fill) or destructional (e.g. pits, canals, mines) 
(KST, 2014, pp. 32–33). ‘Anthropogenic microfeatures’ are defined as 'discrete, 

artificial features formed on or near the earth's surface (and which may now be buried) 
typically too small to delineate at common survey scales, such as larger than 1:10,000’, 

and these features can also be constructional (e.g. burial mounds, embankments, fills, 
midden) or destructional (e.g. ditch, hillslope terrace) (KST, 2014, p. 33). Artefacts are 

defined as ‘materials created, modified, or transported from their source by humans 

usually for a practical purpose in habitation, manufacturing, excavation, agriculture, or 
construction’, and is inclusive of intentional additions for soil improvement as well as 

unintentional discard (KST, 2014, p. 33). Human-altered material is defined as soil 
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parent material – organic and mineral – that has undergone anthroturbation (soil mixing 

or disturbance by humans) (KST, 2014, pp. 33–34). Human-transported material is 
'parent material for soil that has been moved horizontally onto a pedon from a source 

area outside of that pedon by purposeful human activity, usually with the aid of 
machinery or hand tools' (KST, 2014, p. 34). Human-transported material may include 

material that does not normally occur in natural deposition or transportation of soil 

parent materials (KST, 2014, p. 35). These classifications do recognise the addition of 
anthropogenic material to soils. The anthropogenic material, however, is not 

considered in these classifications as a source of parent material, aside from the 
recognition of phosphorous and organic matter. The anthropogenic influence on soils is 

considered to be primarily associated with the movement of soils and sediments. The 
classification also separates human action from other processes, as though humans 

are exceptional, but the transformational impacts of humans may actually resemble the 
impacts and processes of non-human factors (see Neotropical Dark Earth framework, 

Chapter 3). My research views humans as more integrated in the ecosystem, where 
they are considered alongside other transforming factors.  

 

Waste 

Just to be born into our own bodies is to create lifelong problems of disposal…Waste 
after all, is what life itself becomes when it’s over  

(Girling, 2005, p. 1).  
 

An environmental issue for today’s world is waste. I use ‘waste’ to refer to the material 

remnants of occupation, including material intentionally discarded or buried and also 
unintentionally abandoned material. This includes, but is not exclusive of, small objects 

such as pottery and lithics, food waste, textiles, dyes and pigments, fuel remains, 
construction (structures and interior furniture) and burials. In today’s world, 

environmental issues result from ever more fervent consumption and the resultant 
mounds of waste that amass as fashions change or products – often not designed for 

longevity of use – no longer function as intended; ‘waste has always been a badge of 

affluence; every possession a piece of junk in waiting’ (Girling, 2005, p. 3). As an 

example of current consumption of materials, it has been estimated that for every 

person, for every year, more than 10 times each person’s body weight in cement, steel, 

aluminium, plastics and paper is produced (Allwood and Cullen, 2012, p. 4). Ultimately, 

consumed material becomes waste that has to be disposed of, frequently as landfill 
that uses tracts of land and creates potential environmental problems via pollution and 

contamination. Although environmentally-conscious lifestyle options are becoming ever 
more popular, the change is slow considering the scale of the problem. To create 
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sustainable and resilient solutions to the environmental problems of today, we need 

research with long-time perspectives to evaluate efficacy of solutions and also to 
create plans of action that incorporate this long-term perspective. These long-term 

strategies are problematic given the close relationship of environmental policy to the 
length of governmental terms of office, but it is hoped that the more datasets with long 

time perspectives, the more a long-term mindset can become the norm. Waste is most 

often associated with creating a problem via its disposal, be it contamination, need to 
recycle, or simply space for landfill. Some examples of regeneration on brownfield 

land1, however, suggest that relationships are more complex between wastes, soils 

and other parts of the ecosystem. Brownfield sites in Britain, for example, have been 

found to support a high proportion of Britain’s scarce and rare invertebrate species 
(Gibson, C. W. D., 1998). 

 

Soils and plants 

Other anthropogenic land uses also impact soils (see urban ecology, Chapter 3) and 

are therefore important to soil security. One important association to note is the 
relationship between plants, human plant use or management, and soils. Soil health 

and soil history are strongly related to plants (Okigbo, 1977, p. 152). Erosion, for 
example, is greatly accelerated with the removal of vegetation cover that exposes soil 

to the impact of raindrops; this effect is greatly magnified in the humid tropics (Ahmad, 
1977, p. 241; Greenland, 1977a, p. 5, 1977b, p. 22; Lal, 1977a, p. 203). Conversely, 

vegetation, or the addition of mulch i.e. vegetative material, can protect the soil from 

the erosive effects of rain (Greenland and Lal, 1977, p. 261; Lal, 1977a, p. 206). The 
type of crops grown on land will also impact soils. In Venezuela, for example, some 

seasonal crops have been noted to cause compaction, crusting and erosion (Pla, 1977, 
p. 254). Anthropogenic soils – associated with different land use and modifications – 

will also impact vegetation. Maya agricultural terraces, for example, functioned to 
increase soil depth, water availability and nutrient retention, and these impacts have 

been demonstrated to impact forest structure post-abandonment (Beach et al., 2002; 
Detto et al., 2013; Furley and Newey, 1979; Healy et al., 1983; Hightower et al., 2014, 

p. 10725). Terraces at the ancient Maya site of Caracol have been shown to alter the 
effects of slope gradient on forest structure – canopy height, canopy openness and 

vertical diversity – and also impact the species composition of the forest (Healy et al., 

1983; Hightower, 2012; Hightower et al., 2014). It is important, therefore, to consider 
plants when considering human land use and soil history.   

                                                        
1 Brownfield refers to abandoned industrial or built environment sites. 
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i.iii The site and the research project  

Marco Gonzalez is a Maya site situated at the southern end of Ambergris Caye, off the 

northern coast of Belize in Central America (Fig. i.ii). Ambergris Caye is the largest 
island of the Belize coastal shelf, being approximately 30 km long and 4 km at its 

widest, orientated roughly north-east to south-west, with its windward side facing the 

Caribbean Sea (Stoddart et al. 1982, 40). The site of Marco Gonzalez covers an 
elevated site area of c.355 by 185 m that includes the remains of at least 49 ancient 

structures (Graham and Pendergast, 1989). The area of the Marco Gonzalez site is 
marked by a flora that differs from the immediate surrounding area, as well as dark-

coloured artefact-rich surface soils that stand in contrast to the carbonate sands of the 
caye (Dunn and Mazzullo, 1993, pp. 122, 125; Graham et al., 2017; Macphail et al., 

2017). 
 

Dark surface soils also occur at other Maya caye and coastal sites, a pattern that has 
been suggested to demonstrate an association with human activity (Graham, 1994, pp. 

18–27, 1998, p. 130, 2006, pp. 75–76). Research at Marco Gonzalez has identified a 

soil profile that consists of a highly organic surface layer with a 'Maya Dark Earth' 
deposit below (Beach et al., 2009; Graham et al., 2017; Macphail et al., 2017). Further 

features of the soil profiles – such as elevated phosphates – distinguish them from 
non-anthropogenic areas on the caye. It appears that human occupation at the site 

impacted the local soils and vegetation. The impact appears to primarily constitute an 
increase in soil nutrients as well as sediment and soil mass, with an associated 

increase in elevation. There is currently no evidence for intentional modification of soils 
– although this must of course be considered. The impacts appear to have been 

unintentional, as a by-product of occupation activities.  
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Figure i.ii Map of the modern Maya area (Map by Phillip Austin).  
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My research takes as its starting point the hypothesis that the on-site soils and 

sediments at Marco Gonzalez are to some extent associated with occupation activities 
and the degradation of waste; my research explores this connection. Geochemical 

investigations at Maya sites support the relationship between soil chemistries and 
occupation areas. Parnell and Terry (2002, p. 398), for example, found that a strong 

correlation existed between high chemical and high artefact concentrations. At the 

Maya site of Xuch, very high soil phosphate concentrations were recorded in both built 
and non-built sectors; nutrients were therefore associated with both residential and 

agricultural activities (Isendahl, 2012, p. 1118). The high soil phosphates at Maya sites 
are testament to the long-term impacts of the ancient deposition of organic material – 

likely intentionally and unintentionally deposited – that enhanced soil nutrients (Beach, 
1998; Dunning and Beach, 2011; Isendahl, 2012, p. 1120; Killion, 1992). That these 

anthropogenic soils are more cultivable is demonstrated by the modern Maya farmer 
preference for cultivation in areas that were occupied in ancient times (Isendahl, 2012, 

p. 1120). Maya ‘folk’ soil classification systems also distinguish enriched anthropogenic 
soils with evidence for ancient occupation. Kakkabb (or Kaccab) lu’um anthrosols are 

elevated, fertile, dark-coloured soils that are enriched in organic matter from the 

decomposition of waste, as well as other domestic residues such as pottery and ash 
that are often attributed to the location of former homegardens (Bautista and Zinck, 

2010, pp. 5–7; Dunning and Beach, 2004a, p. 9). Impacts on soil chemistry at Marco 
Gonzalez are anticipated to have occurred alongside land use and activities that may 

have had other impacts on soils in the long-term, such as effects on permeability; my 
research also considers these activities and impact.    

 
Schiffer addressed some of the relationships between waste and non-human factors in 

his well-known discussions of the formation of the archaeological record (Schiffer, 
1972, p. 156). He acknowledged the waste character of the archaeological record but 

wanted to move beyond this in his model (Schiffer, 1972, p. 163). His ‘c-transforms’ 

were used to describe the ‘cultural formation processes of the archaeological record’ 
(Schiffer, 1975, p. 838; Schiffer and Rathje, 1973), whereas ‘n-transforms’ described 

‘the interaction between culturally-deposited materials and variables of the environment 
in which those materials were deposited’ (Schiffer, 1975, p. 838; Schiffer and Rathje, 

1973). Combined, c-transforms and n-transforms facilitated the modelling of site 
formation processes (Schiffer, 1975, p. 838). N-transforms were predominantly used to 

explain post-depositional effects, such as the modification and destruction of artefacts 
and ecofacts, and the creation of secondary deposits via processes such as erosion 

(Schiffer, 1972, p. 161, 1975, pp. 840–841). Although these processes are relevant to 
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understanding how waste might decompose, the primary aim for Schiffer was to 

understand the formation of the archaeological record and not environmental impacts 
from waste. In his model, the relationship between non-cultural and cultural factors is 

unidirectional in that non-cultural processes act on the waste, but the impact of waste 
on non-cultural factors is not considered. Schiffer also assumes: that cultural and non-

cultural processes are distinguishable; that what seems environmental might mask 

human agency; that ‘culture’ always involves a human agent; that humans are always 
recognisable as active agents of transformation; that the ‘contradiction between the . . . 

forces of culture (artefacts) and nature (the environment) is the determining factor in 
their continuing interaction’ (Graham 1998: 71-72). The relationship between 

sediments and wastes is partially acknowledged in Schiffer’s approach. Schiffer notes 
that the sediments in archaeological deposits may be culturally deposited or modified 

and therefore that they can be considered an artefact, or that artefacts may be 
considered as ‘merely peculiar particles in a sedimentary matrix’ (Schiffer, 1983, pp. 

696, 689–690; Schiffer and McGuire, 1982, p. 252). Geochemical studies are also 
referred to by Schiffer for their potential to identify preservation conditions, and their 

connection to materials that have degraded since deposition; a connection is thus 

made between wastes and sediments, but environmental impact is not discussed 
(Schiffer, 1983, p. 691).  

 
Rathje’s Garbage Project famously recorded data on 192.2 tonnes of waste collected 

from 20,416 households, and also excavated 45.3 tonnes of refuse dating 1920s–1991 
from 19 landfills and 4 open dumps in North America (Rathje, 2011, p. 176). He coined 

the term ‘garbology’ for the behavioural science that investigates contemporary 
garbage (Rathje, 2011, p. 177; Rathje and Murphy, 2001). Although Rathje’s intentions 

were to produce research that was relevant to contemporary society and that could be 
used for future change – which is also a major aim of this research – the project was 

primarily based on beliefs and behaviours in regards to waste, and not on the 

environmental impacts that I prioritise (Rathje, 2011, pp. 177, 179).  
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i.iv The research questions  

My research questions are: 

1. What can be concluded about the strength of different datasets for an 
examination of how waste and resource use have impacted the local 

environment in the long-term? 

2. What are the possible impacts of waste, land use and other activities on the 
local environmental at Marco Gonzalez, from the time of deposition or 

occupation to the present day, with particular attention to soils and sediments? 
3. How can the identification of archaeobotanical remains contribute to the 

characterisation of human activities, wastes, ancient environment and 
environmental impact? 

4. How valuable and applicable is life cycle assessment (LCA) for the investigation 
of long-term local environmental impacts from activities and waste in an 

archaeological context? 
5. How do results from the LCA approach compare to other perspectives more 

commonly applied in archaeological research? 

6. How might LCA be used to make the research results applicable to modern 
sustainability issues? 

 
In consideration of these questions, the datasets I analyse are: excavation stratigraphy 

and deposits, in order to understand occupation activities; archaeobotanical (macro 
and phytolith) remains, in order to learn about land use, the environment, and human-

plant relationships; and artefact composition in order to qualify and quantify discard 
and waste deposits at the site.  

 
To apply archaeological results to modern situations, cross-disciplinary work is essential. 

One of the important aspects of working with others outside of archaeology is the means to 

communicate effectively, for example with other environmental disciplines, institutions and 

policy-makers. With this in mind, I test the application of an environmental impact 

assessment method that is normally used in disciplines such as environmental engineering. 
This method is life cycle assessment (LCA). LCA is a quantification and modelling method 

used to assess the impact of modern human activities and to assess the sustainability of 

modern processes, often in comparative – and frequently industrial – situations (the 

method is outlined in Chapter 3). In addition to the advantage of this method being familiar 

to a number of disciplines, LCA has, at first glance, a number of other potential 
advantages. LCA is particularly suited to situations in which full datasets are not available, 

a situation that occurs at Marco Gonzalez where research is in its early stages. The way in 
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which the LCA method produces a detailed account of multiple features appears to be a 

valuable means to evaluate and consider a wide range of aspects that can then be refined 

in future research. Furthermore, the LCA method is well-suited to an assessment of waste 

as part of the lifecycle of an object, and is therefore also well suited to an investigation of 
the impact of waste. As the first known application of LCA to archaeology, I aim to 

determine how applicable and valuable LCA is, and how archaeological data may be used 

in a method that was developed for modern data.  

 

 

i.v Structure of the thesis  

Chapter 1 presents the environmental setting of the site and details climate, 

geomorphology, geology, soils and sediments, vegetation, marine ecosystems, 

mangrove ecosystems and fauna. The chapter also discusses some of the non-
anthropogenic sources of ecosystem disturbance, to demonstrate that not all 

disturbance should be assumed to be human, nor should disturbance be assumed to 
have negative impact, particularly in relation to the maintenance of biodiversity.   

 
Chapter 2 introduces cultural data relevant to the history of Marco Gonzalez. The 

chapter discusses the archaeology of coastal Maya sites, an overview of the history 
and features of Marco Gonzalez based on previous research, the type of artefacts 

found at the site, and previous environmental archaeology. These data provide a basis 
for interpreting occupation activities at Marco Gonzalez in order to understand the 

processes by which anthropogenic impact may have occurred, and also to identify the 

activities that produced particular waste materials for the LCA. The end of the chapter 
focuses on salt production as it is thought that this was a major activity at Marco 

Gonzalez and one that may have had significant environmental impact. These cultural 
details also provide context for the interpretation of the archaeobotanical data.  

 
Chapter 3 discusses theoretical and methodological approaches that are relevant to 

the themes in my research. The chapter details historical ecology, human niche 
construction, urban ecology, dark earths, and also introduces the life cycle assessment 

method. The discussions in this chapter provide a basis for the selection of the 

analytical methods (field, laboratory and modelling), detailed in Chapter 4, and the 
interpretation of data in the final chapter. The theories and methods described inform 

the perspectives that I use, such as a consideration of long-term impact and the use of 
a systems concept. The introduction of themes in urban ecology guides the selection of 

additional impacts that are not considered in the LCA or inferred from archaeobotanical 
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data, but are frequently investigated in modern research on the effects of human 

occupation on the environment. The overview of human niche construction, in addition, 
provides the foundation for the evaluation, in Chapter 7, of LCA.  

 
Chapters 4 and 5 present the field and laboratory methods used for excavation, 

macrobotanical and phytolith archaeobotany (sampling, processing and quantification) 

and XRF analyses of pottery sherds, as well as the results of these analyses. These 
results encompass a summary of the excavation findings, macrobotanical 

quantification, identifications, and statistical analyses, phytolith quantification and 
identification, and the XRF results and statistical analyses. The chapters discuss some 

preliminary interpretations of the results. The outcomes from this chapter enhance the 
understanding of the site’s history, provide information about the contexts from which 

archaeobotanical and waste datasets were sampled, suggest some of the human-plant 
relationships at the site and their potential implications, suggest information that may 

be used to indicate past vegetation, and present the pottery compositional results that 
are necessary for the LCA. The results from the field and laboratory investigations 

provide data for the LCA in Chapter 6 via the quantification and character of wastes 

and the nature of the occupation activities. Results from the datasets in Chapter 5 are 
also used in Chapter 7 to suggest additional considerations for impact that are not 

included in the LCA analyses. 
 

Chapter 6 provides the application of LCA, using the data provided by the field and 
laboratory analysis as well as data from the researchers that were part of the Marco 

Gonzalez project. Chapter 6 uses the standardised structure of an LCA procedure: 
goal and scope, inventory of waste and waste composition, impact assessment and 

interpretation. The results of this chapter, with the available method for the LCA, 
suggest which period of occupation at Marco Gonzalez may have had the greatest 

potential for environmental impact from waste deposition, according to different impact 

categories. Finally, Chapter 7 summarises the findings of the research, and discusses 
and evaluates the methods used and the results produced. The discussion identifies 

potential further sources of long-term environmental impact, in particular in relation to 
soils. This additional information is used to evaluate the LCA, and applies a human 

niche construction perspective as a comparison. The chapter reaches overall 
conclusions and finally presents ideas that can be used in future to expand on the 

research presented.   
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CHAPTER 1 

Marco Gonzalez in its environmental setting 
 
The Marco Gonzalez site stands in contrast to its setting through its vegetation, 

elevation and dark surface soils. Similar traits have been noted in other areas such as 
in the Stann Creek District (Graham, 1994, p. 18), and are observable elsewhere on 

Ambergris Caye. This pattern suggests some association between occupation and 
environmental variables, whether that reflects preferences for settlement location or 

impact from human activities. Human activities are suggested to contribute to some 
extent, owing to the observed volume of cultural deposits and evidence for pyrogenic 

material. The Marco Gonzalez project aims to investigate long-term local impact from 
occupation, with particular emphasis on soils, including their close relationship to 

vegetation. To detail impact it is essential to first understand the local environment 

including: climate; geomorphology; ecosystems and their dynamics, including non-
human sources of disturbance. The coastal setting entails some specific environmental 

considerations that relate to: the shifting of the reef; sea-level changes; mangrove 
intrusion; hurricanes and storm waves (Stoddart et al., 1982, p. 65). This chapter 

details the environment of Marco Gonzalez, its surroundings, and ecosystem 
perturbators as a basis for the consideration in later chapters of the human contribution 

to long-term environmental history.  
 

Climate 

The climate of Belize is sub-tropical, with mean annual temperatures varying between 

regions from 21oC in the Maya Mountains to around 27oC in more coastal areas 
(Bridgewater, 2012, p. 9). Rainfall is also variable. Regional variations are dependent 

on factors such as elevation and coastal sea breezes. The humidity is generally high 
across the country, owing partly to the moisture carried by trade winds across the 

Caribbean Sea (Bridgewater, 2012, p. 10). Belize’s seasons are divided into wet and 
dry. The onset of the seasons can vary, but Ambergris Caye’s wet season runs from 

approximately June through October, which is also the hurricane season (King et al., 
1992b, pp.21–23; Wright et al., 1959, p.19–20, fig. IV; Meteoblue, 2017; Bridgewater, 

2012, p.311). From February through September the southeast trade winds 
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predominate with an average strength of 16 km/h, followed from October through 

January by the northerly or northeasterly winds that are generally less strong (<8 
km/h), although they can become extremely strong (Wright, A. C. S. et al., 1959, pp. 

19–20). The wettest months on Ambergris Caye are June (mean 133 mm), July (mean 
126 mm), September (mean 126 mm) and October (mean 122 mm). The driest are 

February (mean 20 mm), March (mean 21 mm) and April (mean 18 mm). The mean 

temperature throughout the year varies little; mean daily maximum temperatures differ 
by 4oC across the year (27–31oC) (Meteoblue, 2017). Bi-seasonality is a major 

determinant of the occurrence of activities in Belize. For the ancient Maya, seasonality 
would have affected many aspects of daily life such as agriculture and horticulture, 

canoe travel and associated trade, construction and structure repair, hunting and 
fishing, and the production of salt via solar evaporation (sal solar).    
 

 

1.1 The Belize Shelf 

1.1.1 Shelf form 

Ambergris Caye is on the Tertiary carbonate Yucatan Platform, which has a 

metamorphic rock acoustic basement2 (Dillon, W. P. and Vedder, 1973, p. 2720). The 

Belize Shelf was created by late Miocene and Pliocene northwest tilting of the Yucatan 

block, which caused uplifting at its southeastern edge. The platform’s tilting caused the 
features of northern Belize to trend north-northeast, such as its lagoons and drainage 

basins (Dillon, W. P. and Vedder, 1973, pp. 2715, 2727; Pusey, III, 1964, pp. 5–8; 

Tebbutt, 1967, pp. 15–16). At the edge of this platform are five discontinuous 
submarine fault-block ridges that have formed as a result of continental margin faulting 

(Fig. 1.1). The ridges lie approximately north to north-eastwards with the innermost, 
and least developed, running from Ambergris Caye to the cayes near Belize City (St. 

George’s Cay et cetera) (Dillon, W. P. and Vedder, 1973, p. 2716; Gibson, J. and 
Carter, 2003, p. 172; James and Ginsburg, 1979, p. 1; Murray et al., 1999, p. 2). On 

the third from innermost ridge, fringing the eastern edge of the coastal shelf, is Belize’s 
barrier reef, which extends c.240–250 km from the Yucatan Peninsula to the Gulf of 

Honduras (Gibson, J. and Carter, 2003, p. 172; James and Ginsburg, 1979, p. 1; 
Stoddart, 1963, p. 4). The section north of Belize City, in the region of Ambergris Caye, 

is known as the Northern Shelf (Pusey, III, 1964, p. 23; Scott, 1966, p. 6).  
 

                                                        
2 The level below which strata cannot be imaged with seismic data.  
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Figure 1.1. Map of the five discontinuous submarine fault-block ridges along the Yucatan Block  

(Gibson, J. and Carter, 2003, fig. 2). 
 

1.1.2 The lagoon and Chetumal Bay 

Between Belize’s mainland and the barrier reef, sitting on the coastal shelf, is a lagoon 
20–40 km wide, a few metres deep in the North Shelf Lagoon (generally <4.5 m) and 

up to 50 m deep in the South Shelf Lagoon (Gibson, J. and Carter, 2003, p. 173). 

Ambergris Caye sits within the North Shelf Lagoon (Fig. 1.2). The barrier reef provides 
protection for the shelf lagoon, which reduces wave power and causes the lagoon to 

trap land and reef-derived sediments (Pusey, III, 1964, p. 9; Scott, 1966, p. 6). Outside 
of the reef, the sea floor drops steeply to depths exceeding 300–400 m in the northern 

section (James and Ginsburg, 1979, p. 1; Pusey, III, 1964, pp. 9, 23; Scott, 1966, p. 7; 
Stoddart, 1963, pp. 4–5) (Fig. 1.3). On Ambergris Caye’s leeward side is Chetumal 

Bay, which is fed by the Rio Hondo and New River in the north. Chetumal Bay’s 
boundary is marked by the Bulkhead Shoal, which is located towards the southern end 

of Ambergris Caye (Fig. 1.2). The Bulkhead Shoal is a shallow area with only c.60–150 
cm depth of water; the southern section of Chetumal Bay is in general flat and shallow 

(<3 m) (Pusey, III, 1964, p. 26; Scott, 1966, p. 6).  
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Figure 1.2. Map of Belize showing the offshore cayes and lagoons. The Northern Shelf Lagoon 
lies north of Belize City into Chetumal Bay, and the Southern Shelf Lagoon lies from Belize City 

south towards Placencia (Map by Phillip Austin).  
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The morphology of the lagoon would likely have held significance for the Maya 

concerning the routes taken by canoes. Routes likely prioritised the shallow leeward 
side of Ambergris Caye and also the shallow back reef area on the windward side (Fig. 

1.3), whilst avoiding (unless beneficial) the deeper areas outside the reef. The Rio 
Hondo and New River, together with southwest trade winds, produce a southerly 

longshore drift (Pusey, III, 1964, p.44; Scott, 1966, p.8). The rivers also transport 

montmorillonite-rich sediments into the bay and Northern Shelf from the siliceous and 
tuffaceous limestone parent material in northern Belize (Scott, 1966, pp. 30, 35–40).  

 

1.1.3 Caye geology and form 

A series of cayes, or islands, cluster and run parallel to Belize’s mainland from 

Ambergris Caye and its neighbours in the north (e.g. Caye Caulker, Deer Caye and 
Blackadore Caye) to the Sapodilla Cayes in the south (Wright, A. C. S. et al., 1959, p. 

253) (Fig. 1.2). The reef is central to caye development, because the island is formed 
by the accumulation of reef debris (sand, shingle and boulders) that is eroded and 

tossed onto the reef platform by wave action. The sediment is initially covered at high 
tide, gradually accumulates until above water, and is then colonised by grasses, shrubs 

and palms (Bird, 2008, p. 361). Stoddart and colleagues (1982, p.64) define Ambergris 
Caye as a ‘shelf island’, an island formed by sediment accretion on a submerged 

prominence: the Belize Shelf. Ambergris Caye lies near the northeast margin of the 
shelf, running parallel to the shelf's edge. The caye's shore is c.1,200 m from the 

barrier reef (shelf edge); the water depth between the two, in this calm back reef (or 

reef flat) area, is c.2–4 m, which provides a breeding ground for many fish (Emery and 
Graham, 2003, p. 74; Stoddart, 1963, p. 32; Tebbutt, 1967, pp. 23, 32) (Fig. 1.3, 1.11).  
 
 

Figure 1.3. Caye form, relating to bedrock, reef and shelf lagoon, with indication of ambient 
water salinity levels (bar at base of diagram: blue = freshwater; red = saltwater) (modified from 
Rützler and Feller, 1996, p. 96). 
 
 
 

(Mainland Belize) 
(Chetumal Bay) (Ambergris Caye) 

Back reef lagoon 
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As part of the Yucatan Platform, the geology of Chetumal Bay and Ambergris Caye is 

limestone bedrock, of mid-Pleistocene age, with a well-developed karst (Dunn and 
Mazzullo, 1993, p. 122; Pusey, III, 1964, pp. 8, 26; Tebbutt, 1967, pp. 67, 119; Wright, 

A. C. S. et al., 1959, p. 253). The karst was formed prior to c.4300 BP, when the 
exposed limestone island was dissolved by rainwater and underground freshwater; 

many of the larger intra-island lagoons on Ambergris Caye are drowned sinkholes, for 

example Boca Ciega Lagoon (Dunn and Mazzullo, 1993, pp. 122–123, 127). Tebbutt 
(1967, p.23) divides the limestone into four facies (types): Reef Crest; Immediate Back-

Reef; Shelf Lagoon; Mud Bank. The faunal assemblages of each facies are similar to 
those found in their surrounding sediments. The Shelf Lagoon facies occurs over much 

of the caye. Its main parent sediment is thought to have been shifting shoals of oolitic 
lime sand, the presence of which suggests a greater agitation of sediments in the past 

than in the present. The caye has a low local relief with small areas of bedrock 
outcropping in the centre, west and north, many of which Tebbutt (1967, pp.57, 124) 

notes have caliche deposits of fine quartz sands and silt.    
 

 
Figure 1.4. Transect profiles Northeast-Southwest (A) and East-West (B), showing the bedrock 
and Holocene deposit topography in the area of Marco Gonzalez. The figure also shows sea 
level over time; the modern seal level (MSL) was reached around 1,000 BP (Dunn and 
Mazzullo, 1993, p. 126). 
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have started about 3700 B.P. The discrepancy between 
most of the radiocarbon ages from sediment samples in 
the study area (FIG. 4) and the sea level curve result from: 
1) incorporation of younger sediments into older deposits 
as a result of bioturbation by roots, burrowing organisms, 
and, likely, human activities; and 2) incorporation of older 
sediments into younger deposits due to repeated erosion 
and redeposition of sediments (Ebanks 1975; Pusey 1975; 
Mazzullo and Reid 1987) as well as contamination with 
Pleistocene limestone fragments. For these reasons, radio- 
carbon dating of carbonate samples is much less reliable 
than dating of peat samples. 

The sea level curve in Figure 3 is based largely on buried 
peat samples from presumably undisturbed marine areas 
around northern Belize. Hence, these samples probably 
provide reliable dates for earlier sea levels. Undisturbed, 
buried peats were not available in the study area for ra- 
diocarbon dating. The possibility of minor subsidence, 
which could account for these age discrepancies, is con- 
sidered unlikely because several studies (Dillon and Ved- 
der 1973; Holcombe and Sharman 1983; Bonini, Har- 
graves, and Shagam 1984) have indicated that the 
Yucatan Platform, including the northern Belize shelf, has 
not been affected by tectonism during the late Holocene. 
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Marco Gonzalez sits on an elevated area of limestone (3.6 m max. elevation above sea 

level), with two further (but lower) ridges of limestone to the north of the site, the 
nearest also with cultural debris (Dunn and Mazzullo, 1993, p. 123) (Fig. 1.4). The 

shape of the southern part of the caye, in the vicinity of Marco Gonzalez, has changed 
dramatically over time (Dunn and Mazzullo, 1993). At c.3,800 BP, prior to occupation, 

an expanse of Pleistocene limestone (c.1,800 m wide), that was to become the site of 

occupation, stood exposed above sea level, its shoreline characterised by sandy and 
gravelly beach deposits. A shallow, intra-island lagoon (Boca Ciega) separated the 

exposed limestone from the remainder of the caye to the north. By c.2,000 BP (50 BC), 
the exposed limestone, already a site of human settlement since c.300 BC, remained 

separated from the rest of the caye by an increased depth of water owing to sea level 
rise (to 30 cm below present levels). Dunn and Mazzullo’s evidence suggest that 

occupation at Marco Gonzalez shifted to higher ground at this time; sea level rise 
divided the limestone into two smaller islands. Between 2,000 and 1,000 BP, as sea 

level reached the present level, muddy sand in the intra-island lagoon accumulated 
and partially buried the site (as indicated by sub-surface artefacts overlain by muddy 

sand). In the period following, lagoonal infilling continued, whilst the site continued to 

be intensively occupied. Eventually, by c.750–500 BP (AD 1200), the Marco Gonzalez 
area had become connected to the rest of the caye, surrounded by the swampy 

conditions that exist today. The archaeological evidence indicates that AD 1200 is 
approximately the time when occupation began to decline. 

 
Modern Ambergris Caye can be divided into four topographical components: windward 

beach ridge; supratidal flats; intra-island lagoons; limestone surface (Stoddart et al., 
1982, p. 41 from Ebanks 1975). The windward beach ridge (c.90–460 m wide) is a 

well-developed bar or strand plain (system of sand ridges), a product of the southward 
trend and fetch of sea currents from the Yucatan Peninsula (King et al., 1992a, pp. 30, 

68). Mangroves form the leeward shore of the caye in many places. Between this 

shore and the beach ridge are a series of supratidal flats with intermittent mangrove 
colonisation and occasional circular intra-island lagoons (Stoddart, 1963, p. 32; 

Stoddart et al., 1982, pp. 42, 64). King and colleagues (1992b, p.38, 1992a, pp.350–
354, 445, 470) divide Ambergris Caye into four land systems based on several physical 

characteristics (Table 1.1).  
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Table 1.1. Land system classification for Ambergris Caye based on  
King and colleagues (1992b, 1992a). 

ID code Land system Sediment/ ground 
characteristics (where given) 

Vegetation characteristics 
(where given) 

AN West Ambergris 
Plain 
(Backshore) 

• Backshore. • Dwarf mangrove savanna to 
beach forest mosaic 
(savanna dominant). 

AI North 
Ambergris Plain 
(Xaibe) 

• Shallow soils on flat plain. 
• Bare surface. 
• Intermittently impeded 

drainage. 

• Low scrubby forest; many 
palms; some black and white 
chechem (Sebastiana sp., 
Metopium sp.). 

or 
• Scrubby broadleaf bush; 

many chechem, 
AB Ambergris 

Strand Plain 
(Strand Plain) 

• Bar: well-developed owing 
to fetch. 

• Coastal sand. 

N/D 

ZY Corozal Saline 
Swamps 
(Saline 
swamps) 

• Bare surface aside from 
pneumatophores. 

or 
• Bare, red clay. 

• Savanna; saline herbaceous 
swamp; small patches of 
mangrove; outliers for 
broadleaf forest on higher 
ground may occur. 

or 
• Black mangrove (Avicennia 

germinans); few silver 
buttonwood (Conocarpus 
erectus). 

 
 
 
1.2 Ambergris Caye: sediments and soils 

1.2.1 General classifications 

Caye sediments and soils have received general classifications (e.g. Bird, 2008, pp. 
360–361; Dunn and Mazzullo, 1993, Table 1, Fig. 4; King et al., 1992b, pp. 350–354, 

445; Stoddart, 1964; Wright, A. C. S. et al., 1959, p. 255) that can be applied as a 
basis for investigating anthropogenic impact at Marco Gonzalez by understanding local 

sediment character and expectations for particular environs. 
 

As a caye, the basic sediments overlying bedrock are carbonates primarily derived 
from the breakdown of the organic carbonate skeletons of reef and near-reef 

organisms (Stoddart, 1964, p. 15). Tebbutt (1967, p.18) notes that soils and sediments 
overlying the bedrock form a relatively thin mantle, except in more densely vegetated, 

higher areas. The barrier reef provides sediments for the windward beach and beach 

wash, whilst leeward sediments originate from sedimentary material from the inner 
shelf lagoon (Dunn and Mazzullo, 1993, p. 123; Wright, A. C. S. et al., 1959, p. 255). 

Sediment fractions are distinguished by their origin: beachrock and reef limestone 
blocks; coral; shells; algal fragments; smaller discoidal shingle and gritty sands; 

foraminifera; other organisms such as sponges, crustaceans and gorgonians (Bird, 
2008, p. 361; Stoddart, 1964, pp. 4–7). A characterisation of sedimentary environments 
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and their fractions is provided by Dunn and Mazzullo (1993, p.125) (Table 1.2). The 

character of these carbonate-based sands is described by Wright and colleagues: 
 

They are porous soils and as the plant food is released from the soil parent material, it is 
quickly leached from the topsoil during rainy weather. The topsoils readily become 
depleted in nitrogen, potash and phosphates and the only natural replacement occurs 
through the deposition of fresh wind-blown sand or organic residues, and possibly small 
amounts arriving in the form of sea spray  

(Wright, A. C. S. et al., 1959, p. 255).  
 

The high infiltration rate associated with these loose, open sediments makes surface 
runoff a rarity, except when precipitation is extreme (Murray et al., 1999, pp. 26–27). 

Thus freshwater predominately migrates downwards through the sediments, taking 
nutrients with it. These nutrients enter the brackish or salty water table that is largely 

avoided by plants, but nutrients can also sometimes be dissolved in the fresh water 
lens that is utilised by some tree roots (Wright, A. C. S. et al., 1959, p. 255). Previous 

characterisations have distinguished categories with an elevated organic component; 
Wright and colleagues (1959, p.255) point to the soils formed in mangroves on the 

leeward side, with a high brackish to strongly saline water table and the accumulation 

of mangrove organic material, which can lead to a fibrous peaty surface soil and silty 
clay subsoils. King and colleagues (1992a, pp.350–354, 445, 1992b, pp.71–73, 75) 

recognise three soil sub-suites on Ambergris Caye (Table 1.3) that include organic 
enrichment, but do not recognise anthropogenic factors; their aim appears to be to 

characterise 'natural' baselines.   
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Table 1.2. Dunn and Mazzullo's (1993, p.125) Holocene sedimentary environment 
characterisations for Ambergris Caye. 

Environment Characteristics Principal sediment 
textures 

Component particle types 

Reef Normal salinity; open-
marine; high energy 

Carbonate sands 
and gravels derived 
from the reef and 
outer shelf 

Corals (Montastrea annularis, 
M. cavernosa, Diploria, 
Acropora palmata, A. 
cervicornis, Millepora, 
Manicina, Porites, Agaricia); 
calcareous algae 
(Lithothamnion, 
Neogonolithon, Amphiroa, 
Halimeda, Penicillus); 
foraminifera (abundant 
Homotrema rubrum and lesser 
soritids, peneroplids, miliolids); 
gastropods (i.e., Strombus 
gigas, Busycon); various 
pelecypods. 

Outer shelf 
Windward beach 
and washover 

Leeward beach and 
washover; adjoining 
shallow near-shore 
(and basal 
transgressive lag) 

Fluctuating salinity; 
variable energy (low–
moderate) 

Carbonate sands 
and gravels derived 
from the inner shelf 
lagoon 

Gastropods (dominated by 
cerithids and batallarids, 
accessory horse conch); 
pelecypods (notably Chione 
cancellata); soritid (Archaias 
angulatus), peneroplid 
(Peneroplis), and miliolid 
foraminifera (i.e., 
Quinqueloculina, Triloculina, 
Heterellina, et cetera). 

Foraminiferal shoal Fluctuating salinity; 
variable energy (low–
moderate) 

Carbonate sands; 
some muddy sands 

Dominated by soritid 
foraminifera (Archaias 
angulatus); some peneroplid 
and miliolid foraminifera (as 
above); Chione cancellata. 

Inner shelf lagoon 
of Chetumal Bay 

Fluctuating salinity; 
low energy 

Carbonate muds; 
sandy muds; muddy 
sands 

Dominated by soritid, 
peneroplid, and miliolid 
foraminifera (as above); 
Chione cancellata; ostracodes; 
micritised skeletal grains 
(peloids). 

Intra island lagoons 

Mangrove swamp Peat Debris from red mangrove 
(Rhizophora mangle), black 
mangrove (Avicennia 
germinans) and associated 
flora. 
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1.2.2 Marco Gonzalez’s surface soils and sediments 

The surface soils at Marco Gonzalez are dark in comparison to the caye’s carbonate 

parent sediments (Dunn and Mazzullo, 1993, pp. 122, 125). The dark colour is 
repeated at other Maya sites on the cayes and coast and suggests an association with 

human activity (Graham, 1994, pp. 18–27, 1998, p. 130, 2006, pp. 75–76). For 
example, the town of San Pedro, with a long occupation history, has around a metre of 

dark deposits (Pendergast and Graham, 1991, p. 1), and I observed similar dark 
profiles at the sites of Chac Balam and Santa Cruz in northern Ambergris Caye (Fig. 

1.5). Local people also identify an association, and recognise dark-coloured locations 
as artefact and soil fertility hotspots; dark deposits are harvested and sold for use in 

gardens. Although Wright and colleagues divided caye soils into peat and sand, they 

also noted ‘deep black topsoil containing much fine charcoal’ in the vicinity of Maya 
sites (Wright, A. C. S. et al., 1959, p. 255); they make no further comment regarding 

the nature of the relationship. 
 

Figure 1.5. Dark-coloured surface soils at Marco Gonzalez (Op 13-2 from excavations in 2013) 
[A]; Dark deposits at Chac Balam at the northern end of Ambergris Caye [B] (Photos by author). 
 

Prior to the period of my research, Tim Beach, Elizabeth Graham and colleagues 

carried out preliminary testing at Marco Gonzalez that confirmed that the sediments 
were of interest owing to their chemical composition and elevated organic content 

(Beach et al., 2009). Research based on data from the excavations in 2013 (Chapters 

A B 
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4 & 5) further detailed the nature of the surface soils and levels immediately below, via 

soil micromorphology, bulk soil chemistry and analysis of sediment cores (Graham et 
al., 2017; Macphail et al., 2017). These investigations identified a highly organic 

surface layer that overlies a 'Maya Dark Earth' deposit (Graham et al., 2017, p. 119); 
'dark earth' is used to describe a buried anthropic soil, found in an area of past 

settlement, which may be shown to have increased cultivability compared to the soils 

surrounding it (see Chapter 3).  
  

Compared to levels below, the surface soils (Ah1 horizon) at Marco Gonzalez have the 
highest organic chemistry of the depth of deposits (26.9–28.0% LOI), are mercury-rich 

(max. 467 ng g-1), are the least alkaline (pH = 7.9), and show evidence of leaching 
(carbonate = 35.9%, specific conductance = 455–477 µS) (Graham et al., 2017, p. 124; 

Macphail et al., 2017, p. 47). The surface layer is: ‘a biologically mixed humic mineral 
soil and litter (L) layer of a typical broadleaved woodland...Mull humus horizon type, 

which is granular to extremely pellety in character’ (Macphail et al., 2017, p. 47). 
 

The high organic levels in the upper levels appear to be caused by the accumulation 

and mixing of plant litter, roots and termite nests from the past 50 to 100 years 
(Graham et al., 2017, p. 134; Macphail et al., 2017, pp. 39, 47). It appears that the 

majority of the chemical properties of the surface soils can be primarily attributed to 
vegetation, which contrasts with the Dark Earth below. The surface soils do, however, 

contain some anthropogenic material; the aggregated amorphous organic matter has 
embedded grains of lime floors, shell and reefstone, and the soils in general contain 

lime plaster, reefstone, burnt bone, fused ash and pottery fragments. These occupation 
materials, alongside inhumations and coprolitic material, are likely to have contributed 

to phosphate enrichment (11.4 mg g-1 in one location) (Graham et al., 2017, p. 124). 
Elevated mercury levels may also have been, at least partially, influenced by marine 

remains in occupation debris (Simon Turner 2017, pers. comm.). The surface soils also 

often contain the highest amount of quartz sand (c.8–14%). This quartz may have 
originated from pottery temper and pottery decomposition (Graham et al., 2017, p. 132; 

Macphail et al., 2017, p. 47), although caliche deposits of quartz have been found on 
the island (Tebbutt, 1967, pp. 57, 124). It appears that the plants, by rooting in the 

archaeological levels, are recycling the materials in the cultural deposits, occurring 
alongside disturbance from inhumations and land crab burrowing. These upper levels 



 56 

also show evidence, through depleted carbonate, for leaching from weathering 

(Graham et al., 2017, p. 124; Macphail et al., 2017).3   

 

Below the surface soil are sub-surface levels that we have named dark earths (see 
Chapter 3), the colour of which can be attributed to the concentration of very fine 

charcoal (Graham et al., 2017, pp. 125, 132; Macphail et al., 2017, pp. 39, 46). Other 

features are: anthropogenic material such as burned sediment, bone and relicts from 
salt production activities; evidence of leaching via up-profile decreased salinity and 

carbonate; up-profile increased phosphate; and some mercury, where mixing has 
occurred from above. The ‘Maya Dark Earths’ (MDEs) at Marco Gonzalez have a high 

(calcium) carbonate content (from reefstone, lime plaster, ash) (Graham et al., 2017, p. 
131; Macphail et al., 2017, pp. 47–48). MDEs appear to have similarities with 

Roman/post-Roman European Dark Earths because of their formation based on 
remnant lime-based building materials (Graham et al., 2017, p. 132; Macphail et al., 

2017, p. 47); ‘pale dark earth’ could potentially be applied to Marco Gonzalez as this is 
used for deposits that are dominated by weathered building material and contain only a 

small amount of fine charcoal (Macphail et al., 2017, p. 47).  

 
Research at Marco Gonzalez has demonstrated that the sediment and soils have been 

affected by cultural deposits, in relation to their chemistry and structure, a relationship 
that has not been clearly presented in previous classifications of caye soils and 

sediments (Graham et al., 2017; Macphail et al., 2017). The on-site soils are most 
similar to King and colleague's (1992a, p.352) Shipstern sub-suite, with leaching, 

neutral to moderately alkaline pH, comminuted coral, an organic horizon, and high 
nutrient content, including phosphate. Marco Gonzalez contrasts with the classification 

through the clear anthropogenic contributions, alongside the vegetation's impact on 
nutrient cycling.  
 

 

 

                                                        
3 Further down the profile, buried horizons also show evidence of weathering and biological 
reworking of surfaces in the past before they were covered by other sediments; this 
demonstrates the long and complex history of the deposits and surface soil formation (Macphail 
et al., 2017, Table 1, fig. 3). 
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1.3 Caye Vegetation 

1.3.1 Characterising caye vegetation 

Like soils and sediments, studies of caye vegetation can contribute to assessments of 

anthropogenic impact via the characterisation of vegetation suites and habitat 
requirements. Characterisation can establish baselines for the vegetation under natural 

conditions, and therefore facilitates the determination of anomalies. The botanical 
nomenclature and taxonomy used here, and throughout, are those reported as 

accepted in ‘The Plant List’ (2013).  
 

Caye vegetation includes species found on the mainland (e.g. Metopium brownei, 

Bursera simaruba, Chrysobalanus icaco) and those restricted to coastal environments 
(e.g. Coccoloba uvifera, Thrinax radiata) (Bridgewater, 2012, p. 123). Vegetation height 

is often lower than mainland equivalents, influenced by factors such as sea wind, 
hurricanes, salinity, inundation and poor nutrition in sandy soils (Rietsema and 

Beveridge, 2009, p. 171). Meerman and Sabido's (2001) ‘Ecosystem map for Belize’ 
characterises the vegetation for small cayes, which are anticipated to lack an intensive 

occupation history. Small caye vegetation is characterised as ‘Mixed mangrove scrub’, 
which denotes an environment at sea level, not permanently inundated, with Avicennia 

germinans (black mangrove), Laguncularia racemosa (white mangrove), Rhizophora 
mangle (red mangrove), Acoelorrhaphe wrightii (palmetto), Acrostichum aureum 

(golden leather fern), Conocarpus erectus (buttonwood), Eragrostis prolifera 

(Dominican lovegrass), Morella cerifera (wax myrtle) and Rhabdadenia biflora 
(mangrove vine) (Meerman and Sabido, 2001, p. 50). Some cayes (e.g. Alligator Caye) 

also show areas of ‘Coastal fringe Rhizophora mangle-dominated forest’, which are 
permanently inundated, narrow fringes of mangrove, 2–14 m in height (Meerman and 

Sabido, 2001, p. 51). Belize’s larger islands are reported to have a more mixed plant 
community. Murray and colleagues (1999, p.12) record six community types for the 

larger island of Turneffe Atoll (Table 1.4), where shell middens reflect past Maya 
activity (MacKie, 1963; Wright, A. C. S. et al., 1959, p. 110).   
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Table 1.4. Vegetation community types recorded at Turneffe Atoll  
(modified from Murray et al., 1999, p.12). 

Community type Vegetation structure Main species 
Mangrove Height: varied, 0.6–18 m. 

Canopy: complete-sparse. 
Understorey: generally absent. 
Shrub layer: generally absent. 
Herb layer: present with open-moderately open 
canopy and scarce-abundant mangrove seedlings. 
Ground cover: leaf litter, algal mats/standing 
water. 
Tolerance: wide. 

Composition: varied, single or mixed species. 
Canopy: Rhizophora mangle, Avicennia 
germinans, Laguncularia racemosa. 
Occasional Conocarpus erectus at transition to 
higher ground.  
Understorey, shrub & herb layers: Occasional 
young of above, and Batis maritima. 

Beach thicket Height: stunted, approx. 2–7 m. 
Canopy: continuous-slightly broken. 
Understorey: generally absent. 
Shrub layer: generally absent. 
Herb layer: occasional woody herbs, grasses and 
xeromorphic species. 
Ground cover: leaf litter or bare sand/coral rubble.  
Location: windward side. 
Drainage: well-drained. 
Substrate: alkaline, limestone-derived. 
Tolerance: extreme drought, low soil nutrients. 

Canopy: Coccoloba uvifera, Cordia sebestana, 
Bursera simaruba, Conocarpus erectus, 
Suriana maritima, Thrinax radiata, occasional 
mangroves. 
Understorey & shrub layer: Erithalis fruticosa, 
Pithecellobium keyense, Chrysobalanus icaco, 
Tournefortia gnaphalodes. 
Herb layer: Hymenocallis littoralis, Sesuvium 
portulacastrum, Wedelia sp., Stachytarpheta 
sp., Andropogon sp., Cyperus sp., Eragrostis 
sp. 

Cay forest Height: approx. 7–15 m. 
Community: climax. 
Canopy: continuous/closed. 
Understorey: present. 
Shrub layer: generally present. 
Herb layer: sparse or absent. 
Ground cover: leaf litter. 
Groundwater: minimally saline. 
Substrate: sand ridges and organic sands; alkaline, 
limestone-derived. 
Tolerance: vulnerable to extreme drought, low 
nutrients, high salinity. 

Canopy: Bursera simaruba, Metopium 
brownei, Cordia sebestena, Thrinax radiata, 
Pouteria campechiana, Sideroxylon 
americanum, occasional Coccoloba uvifera.  
Understorey: Ficus spp. and young individuals 
of the above. 
Shrub layer: Pithecellobium keyense. 
Herb layer: no data.  

Broken palmetto 
thicket 

Height: approx. 3–8 m. 
Canopy: varied density, rarely continuous, in 
general slightly-moderately continuous. 
Understorey: generally absent. 
Shrub layer: present. 
Herb layer: sparse. 
Ground cover: leaf litter.  
Location: coastal, inland, windward, leeward, 
transition to mangrove or cay forest. 
Substrate: drained peat and organic sand. 
Tolerance: vulnerable to extended periods of 
flooding, brackish-saline conditions and low 
nutrients. 

Canopy: Acoelorrhaphe wrightii (dominant), 
Metopium brownei, Conocarpus erectus. 
Understorey & shrub layer: Morella cerifera. 
Herb layer: Scleria bracteata. 

Broken palmetto-
buttonwood thicket 

Height: approx. 3–7 m. 
Canopy: rarely continuous, in general slightly-very 
discontinuous. Dense thicket to scrubby savanna. 
Understorey: generally absent. 
Shrub layer: present. 
Herb layer: continuous-sparse. 
Ground cover: bare ground, algal mats or leaf 
litter. 
Substrate: drained peat. 
Tolerance: low nutrients. Vulnerable to extended 
periods of flooding, brackish-saline conditions. 

Canopy: Acoelorrhaphe wrightii, Conocarpus 
erectus (dominant), with occasional Metopium 
brownei. 
Understorey & shrub layer: Morella cerifera. 
Herb layer: Scleria bracteata.  

Palmetto-buttonwood 
scrub 

Height: approx. 0.3–2 m. 
Canopy: open, moderately-very discontinuous.  
Understorey: absent. 
Shrub layer: present. 
Herb layer: continuous to sparse. 
Ground cover: leaf litter. 
Substrate: drained peat. 
Tolerance: low nutrients. 

Canopy: Acoelorrhaphe wrightii, Conocarpus 
erectus. 
Understorey & shrub layer: Morella cerifera. 
Herb layer: Scleria bracteata. 
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1.3.2 The flora of Marco Gonzalez 

The on-site vegetation of Marco Gonzalez contrasts with the vegetation of the 

surrounding inundated and partially inundated areas, a feature evident from the air and 
on the ground (Graham et al., 2017, p. 117; Graham and Pendergast, 1989, p. 3) (Fig. 

1.6). The elevated site area is characterised by broadleaf forest surrounded by a low 
tidally-inundated area with mangrove species that would most closely match Meerman 

and Sabido's (2001, pp.50, 67) ‘Mixed mangrove scrub’ (all three mangrove species 
and Conocarpus erectus), as well as some ‘Marine saltmarsh with many succulent 

species’ (includes sedges, rushes, salt grass) (Fig. 1.9).  
 

 
Figure 1.6. Aerial photograph showing the contrast of Marco Gonzalez to the surrounding area 

(Google Earth, 2013). 

 

The on-site area was surveyed for vegetation in 2014 by Richard Whittet and Cristina 

Rosique from the University of Edinburgh and Royal Botanic Garden Edinburgh. They 
produced a species list as well as abundance and zoning information (Graham et al., 

2017). Sixty-four species were identified at the site (Appendix I). The survey revealed 
that the on-site vegetation consisted of a site core and periphery zone. The core 

vegetation is characterised by a canopy of Bursera simaruba (gumbo limbo), 
Coccoloba diversifolia (sea grape), Metopium brownei (chechem), Pouteria 

campechiana (mamey cerilla) and Citharexylum caudatum (pigeon berry), with an 

understorey of Thrinax radiata (chit or thatch palm) and Picramnia antidesma (pasa 
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embra or wild raisin). The periphery consists of more salt-tolerant species, 

characterised by Pithecellobium keyense (xa-coy), Sideroxylon americanum and 
Hyperbaena winzerlingii (knock-me-back, tcansic), with mono-species patches of 

Spartina spartinae (cordgrass) or Cyperus ligularis (cutting grass, Caribbean sedge) in 
areas of lower vegetation (Graham et al., 2017, p. 135) (Fig. 1.7-1.8). The site-centre 

corresponds to Murray and colleagues' (1999, p.12) ‘Cay forest’, Meerman and 

Sabido's (2001, p.70) ‘Tropical Littoral forest and beach communities’, or Stoddart's 
(1962, p.113) ‘broadleaf forest’ (see also Graham et al., 2017, p. 136). Similar flora 

also occur at other archaeological sites on Ambergris Caye and, in contrast, areas 
without archaeological deposits tend to exhibit more drought-resistant scrub species 

(Graham et al., 2017, p. 137); comparable broadleaf vegetation has been seen on the 
ground at the Ambergris Caye sites of Chac Balam and Santa Cruz, and high stands of 

trees that appear to be site locations can also be seen from the water in undeveloped 
areas of the island.  

 

 
Figure 1.7. Vegetation on-site at Marco Gonzalez, including Bursera simaruba, Thrinax radiata 

and Metopium brownei (Photo by author, August 2013). 
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Figure 1.8. Vegetation towards the periphery of Marco Gonzalez includes mono-species stands 

of Cyperus lingularis (pictured) and Spartina spartinae (Photo by author). 
 

 
Figure 1.9. The mangrove scrub surrounding Marco Gonzalez contains species such as 
Avicennia germinans with their pneumatophores, Batis maritima and Salicornia bigelovii 
(pictured) as well as species such as Conocarpus erectus and Laguncularia racemose 

 (Photo by author). 
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Marco Gonzalez’s vegetation zoning appears to some extent to be related to the 

varying requirements of different species, particularly soil depth, salinity and nutrient 
availability (Table 1.4 for tolerance). The distribution is also likely to have been 

influenced by hurricane disturbance and 20th century human activities such as Cocos 
nucifera (coconut) planting and more modern clearing for tourism and excavation 

(Graham et al., 2017, pp. 135–136; Graham and Pendergast, 1989, p. 3). The timeline 

for vegetation development to its present state is still unknown, but the process 
probably began, alongside the development of Dark Earths, from the late AD 1200s to 

early 1300s, following the end of intense occupation (Graham et al., 2017, p. 118). 
Association has in the past been made, at other locations, between on-site species and 

ancient Maya use (e.g. Puleston, 1971; Folan et al., 1979; Gomez-Pompa et al., 1990). 
However, their presence is best understood ecologically in relation to habitat 

requirements and potentially by the conditions created by the archaeological site, for 
example cation exchange, drainage, or the provision of shelter for bats, which disperse 

seed (Graham et al., 2017, pp. 135–137; Lambert and Arnason, 1982, pp. 298–299; 
Peters, 1983, pp. 611–612).  

 

 

1.4 Other caye ecosystems 

1.4.1 Marine: reef and lagoon 

The Belize Barrier Reef is the longest in the Atlantic at 220 km, running from the border 

with Mexico to the Gulf of Honduras. Its structure is determined largely by submarine 
geology (Gibson, J. and Carter, 2003, p. 172). The reef starts near Rocky Point at the 

northern end of Ambergris Caye (Fig. 1.10). Here it is labelled a fringing reef, where 
barrier reef system and Pleistocene landform meet. Further south, where the reef edge 

departs from the shore it becomes a bank-barrier reef with a well-developed sediment 
apron shoreward of the reef crest and large patch reefs in the back reef (or reef flat) 

lagoon (Fig. 1.11). Variations in reef community structure and geomorphic 
characteristics divide the Barrier Reef into three sections. Ambergris Caye is in the 

northern province, running from Rocky Point to Gallows Point Reef. The reef crest east 
of Ambergris Caye and Cay Caulker features Millepora/crustose coralline algal mounds 

whilst the shallow back reef (reef flat) near to Ambergris Caye features numerous 

patch reefs. These patch reefs are nearly absent from the northern shelf lagoon except 
for areas near to Ambergris Caye. Near to Mexico Rocks (Fig. 1.10) there are 

hundreds of patch reefs, 1–10 m in size. These reefs are unique and nearly 
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homogenous and are dominated by Montastrea sp. (Burke et al., 2004, p. 483; Gibson, 

J. and Carter, 2003, pp. 174–175).  
 
 

 
Figure 1.10. Map of the Belize reef locations referred to in the text (modified from Google Maps, 
2017).  
 
 
 

Rocky Point 

Gallows Point 

Mexico Rocks 
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Figure 1.11. Diagrammatic cross-section of the Belize Barrier reef, which includes its 
morphological elements (James and Ginsburg, 1979, fig. 3.2). 
 
 

Seagrasses are an important ecosystem; they are found in saline waters such as the 
sea floor, lagoons and bays (Hogarth, 2007). The densely-foliated seagrasses 

establish themselves with horizontally branching rhizomes and frequent anchoring 
roots; these features stabilise existing sediments, reduce wave energy, and trap 

contaminants (Hogarth, 2007, p. 41). The reduction of currents encourages passing 
terrestrial sediments to settle, which defends coral reefs against sedimentation and 

maintains clear waters, which are essential for the survival of other species (Orth et al., 

2006, p. 987; Schlesinger, 2001, p. 298). Seagrasses are an important habitat for other 
organisms; they provide protection, breeding and nursery grounds, and a food source 

to a diverse range of fish, conchs, small invertebrates, sea turtles and manatees 
(Bridgewater, 2012, p. 126; Hogarth, 2007; Jolly and McRae, 1998, pp. 92–93; Mumby 

et al., 2004, p. 535; Nagelkerken et al., 2002, p. 304; Orth et al., 2006, p. 987; 
Sedberry and Carter, 1993, p. 208). The seagrasses found today around Ambergris 

Caye are Thalassia testudinum (turtle grass) (Sedberry and Carter, 1993, p. 199), with 
some Syringodium filiforme and Halodule beaudettei (Woods, R. L. et al., 1988).  

 
A survey of modern marine ecosystems in the vicinity of Ambergris Caye discovered 

that fish diversity was highest in the sand patches of the back reef (Emery and 

Graham, 2003, p. 75) (Fig. 1.11). A blue hole karstic sinkhole in the back reef lagoon 
(Fig. 1.3), within 10 m of the shoreline of Marco Gonzalez, was recorded as one of the 

least diverse habitats. The same area, however, possessed the overall highest 
richness and a high dominance of preferred species for eating, marking it as one of the 
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best fishing areas. The fore reef was found to be the least diverse environment, but 

was also considered a good fishing area owing to the dominance of snappers 
(Lutjanidae)  and jacks (Carangidae), which are favoured for eating, over other fish. The 

reef crest was also considered a good fishing area with its abundance of bluestriped 
grunts (Haemulon sciurus) and yellowtail snappers (Ocyurus chrysurus). The 

distribution of fish across the different habitats is assumed to have been similar in the 

past owing to enduring fish community dynamics, habitat requirements, and similar 
consumption preferences (Emery and Graham, 2003, pp. 75, 83–84).  

 

1.4.2 Mangroves 

On Ambergris Caye, the energy-absorbing barrier reef, shallow coastline gradient and 

narrow tidal range, alongside local geomorphology, provide conditions for mangrove 
growth (Murray et al., 2003, p. 275). Mangrove ecosystems are tidal wetlands with a 

distinctive vegetative character: few species, simple physical structure (a limited 
understorey) and zonation (Feller et al., 2002, pp. 147–148; Hogarth, 2007; Wanek et 

al., 2007, p. 71). Belize has three true mangrove species Rhizophora mangle (red 
mangrove), Avicennia germinans (black mangrove) and Laguncularia racemosa (white 

mangrove) (the latter the least common), and also one common mangrove associate, 
Conocarpus erectus (buttonwood) (Bridgewater, 2012, p. 118; Murray et al., 2003, p. 

269). Zonation reflects inundation depth and duration, and salinity level: Rhizophora 
can endure inundation owing to its stilt roots and hardier seedlings; Avicennia thrives in 

the zone adjacent to Rhizophora, as it tolerates high salinity when standing pools 

evaporate; Laguncularia is associated with drier, more landward (and also disturbed), 
areas, as it is least tolerant of inundation and salinity (Bridgewater, 2012, p. 118; 

Murray et al., 2003, p. 269; Rützler and Feller, 1996, p. 97). Also typically present in 
caye mangrove environments are Myrmecophila sp. (cowhorn orchid) and Tillandsia 

streptophylla (air plant, bromeliad) (Rietsema and Beveridge, 2009, pp. 25, 27).  
 

Community types 

Lugo and Snedaker (1974, pp.45–46) and Gilmore, Jr. and Snedaker (1993, pp.170–
173) identify five mangrove community types: mangrove fringe, basin mangrove forest, 

dwarf mangrove forest, overwash island and riverine mangrove forest, with the latter 
two absent on Ambergris Caye. Fringe mangroves occur along protected coastlines 

and in exposed bays and lagoons, where tides are dominant and Rhizophora 
flourishes. Basin mangroves occur in inland depressions that are regularly to irregularly 

flushed by tides, which permits the deposition of organics, but may create hypersaline 
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drying periods. With greater tidal influence nearer the coast, basin mangroves will be 

dominated by Rhizophora. Further inland, where tidal influence is limited, basin 
mangroves will contain all three mangrove species, and particularly Avicennia. Dwarf 

mangroves occur in suboptimal conditions such as drier transition areas with limited 
nutrients, tides and freshwater; all mangrove species may be present and nutrient 

provision is internal to the ecosystem. Murray and colleagues (2003, p.271), with a 

similar classification system, cite that in 1990 Ambergris Caye possessed 3,575 ha 
dwarf mangrove (<3 m), 1,417 ha medium mangrove (3–8 m), 577 ha tall mangrove 

(>c.7 m), with 86 ha in savanna (hypersaline grassland with scattered mangrove), and 
109 ha in open water (shallow in-filling water bodies). This amounts to 5,764 ha of 

mangrove, or 7.3% of Belize’s mangrove. Since 1990, however, mangrove loss has 
been significant (Rhine, 2013).   

 

Mangrove history 

Marco Gonzalez is today surrounded by mangrove swamps but this has not always 

been the case. According to Dunn and Mazzullo (1993, fig.5) the extent of mangroves, 
as defined by peat deposits, show a distribution at 2,000 BP to the south and east of a 

lagoon close to the position of the current Boca Ciega Lagoon (Fig. 1.12). By 1,000 BP, 
into the Early Postclassic, mangroves were encroaching on the area between Marco 

Gonzalez and the Boca Ciega Lagoon. By 750–500 BP mangroves had started to 
surround the site from the north-east, which is thought to have been influenced by the 

development of a windward beach ridge that reduced the energy in the intra-island 

lagoon and promoted infilling. Dunn and Mazzullo's (1993) models suggest that, 
although fringing mangrove occurred, much of the mangrove near to the site was little 

influenced by the tide. The extent of mangrove peat does not necessarily represent the 
range of mangrove because peat develops in advanced mangrove. For longevity in an 

island environment with little terrigenous sediment contribution, however, mangroves 
rely on organic contribution and subsequent peat formation to protect against sea level 

rise and to supply nutrients (Middleton and McKee, 2001, p. 826).  
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Figure 1.12. Transformation of the Marco Gonzalez site area from 2,000 BP (50 BC) to 1,000 
BP (AD 950), which includes encroachment of the mangroves after lagoonal infilling (Dunn and 
Mazzullo, 1993, p. 127). 
 

 

Relationship with other systems 

Mangroves interact with, and are essential to, the well-being and diversity of both 

terrestrial and marine environments (Bridgewater, 2012, pp. 117, 123–127; Nellemann 
et al., 2009). Mangroves are useful to humans for fuelwood, tannins and medicine, and 

act as a protective barrier from storms and hurricanes (Arvigo and Balick, 1993, p. 145; 
Balick et al., 2000; Bridgewater, 2012, p. 117; Standley and Williams, 1962). Mangrove 

vegetation produces a large frictional effect at the coastline, which causes coastal 

waters to be trapped amongst the vegetation (Wolanski et al., 1992, pp. 48, 50). From 
an early mangrove developmental stage, where tidal interaction is high, the friction 

effect will trap tidal and terrestrial material amongst the vegetation; this material 
eventually settles and contributes to sediment accumulation and stabilisation 

(Furukawa and Wolanski, 1996; Hogarth, 2007; Schlesinger, 2001, p. 278; Semesi and 
Howel, 1992, p. 20; Winterwerp et al., 2005, p. 224). Via this coastal trapping, 

mangroves may accelerate accretion, retard erosion, and provide a critical role that 
prevents matter from entering aquatic systems (Hogarth, 2007, p. 64; Nellemann et al., 

2009, p. 7; Thampanya et al., 2006, p. 83). Rhizophora’s stilt roots are particularly 
effective at trapping sediment. Avicennia’s upright pneumatophores can also trap 

sediment, sometimes to their own disadvantage (Hogarth, 2007, p. 14). Root systems 

also function to reduce wave energy (McIvor et al., 2012, p. 3), which further limits 
erosion and inland damage during storms. A net accumulation of material, alongside 

mangrove-associated biological processes, may lead to peat development. Soil 
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development may then expand the viable zone for less inundation-tolerant species 

(Kricher, 1997, p. 243).  
 

The level of available nutrients, mostly of terrestrial origin, appears to be a limiting 
factor in mangrove growth (Hogarth, 2007). Wetlands act as nutrient and pollutant 

sinks, with soils and sediments being the most permanent. Sinks reduce the risk of 

nutrient loading/eutrophication and pollution in aquatic environments; these effects, 
together with sedimentation, are highly damaging to ecosystems such as coral reefs 

(Hogarth, 2007; Lugo, 1982; Nellemann et al., 2009; Winterwerp et al., 2005, p. 224). 
When nutrients or contaminants are finally released into waters, they are frequently 

diluted and therefore less damaging to ecosystems (Wolanski et al., 1990, p. 578). In 
addition, nutrient-trapping also retains vital nutrients within the terrestrial system (Lugo, 

1982, p. 178).  
 

Mangroves (alongside sea grasses and salt marshes) are intense carbon sinks, and 
are among the most carbon-dense forests in the tropics. They create long-lasting sinks 

that can last for millennia (Nellemann et al., 2009; Donato et al., 2011; Abino et al., 

2014). Organic matter of mangrove origin can form the basis of food webs and is 
important for the functioning of seagrasses, coral reefs and terrestrial ecosystems 

(Hogarth, 2007, p. 176; Winterwerp et al., 2005, p. 224). Rafalska-Bloch (1985, p.387), 
however, found that terrestrial organic matter input to reef sediments near Ambergris 

Caye was fairly low. The low input is attributed to limited run-off, owing to the low relief 
of the island, and to the barrier reef, which reduces the energy necessary for matter 

breakdown and transportation.   
 

Habitat 

Mangroves are an important habitat for transient and permanent organisms that use 
the environment for nutrition, shelter or attachment: insects, spiders, snakes, lizards, 

birds, algae, snails, crabs, encrusting organisms such as barnacles and oysters, 
shrimp, fish, and also fungi and bacteria that feed on the decomposing detritus 

(Hogarth, 2007; Rützler and Feller, 1999, pp. 42–44, 1996, p. 98; Winterwerp et al., 
2005, p. 224). Mangroves are particularly crucial as the breeding and nursery grounds 

for aquatic species; the density of several reef species is dependent on mangrove 

presence (Bridgewater, 2012, pp. 125–126; Mumby et al., 2004, p. 535; Nagelkerken 
et al., 2002, p. 304; Winterwerp et al., 2005, p. 224).  
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1.4.3 Sensitivity of marine and mangrove ecosystems to anthropogenic 
impacts 
Mangroves, seagrasses and coral reefs are subject to a number of pressures and 
threats from human activity, which in the past would have included overharvesting for 

subsistence and non-subsistence, reef destruction, waste pollution, sedimentation and 
impact on turbidity (Emery and Graham, 2003, p. 80).   

 

Eutrophication and sedimentation  

Today, ecosystems are vulnerable to nutrient enrichment from sewage and fertiliser 

run-off, as well as run-off from aquaculture and deforestation (Gibson, J. and Carter, 
2003, p. 187). As mangroves exist in nutrient-poor, growth-stunting conditions, some 

level of eutrophication may actually prove beneficial. Experiments at Twin Cays in 
Belize found increased growth in dwarf mangroves that were fertilised with nitrogen 

and phosphorous as a proxy for eutrophication (Wanek et al., 2007, p. 78). External 
nutrient loading, however, may impact mangrove function, relative to the nutrient and 

ecotonal position (Feller et al., 2002, p. 169). High nutrient levels promote excessive 

algal growth and water deoxygenation by microbes. These conditions impede 
pneumatophore and aerial root gas exchange and also regeneration, when seedlings 

are smothered or dislodged by algal drifts (Hogarth, 2007). In the absence of 
mangroves, or in nutrient overload, high levels of nutrients enter marine ecosystems 

and endanger seagrass meadows and coral reefs when algal growth blocks vital light 
(Gibson, J. and Carter, 2003, p. 188; Hogarth, 2007, p. 217). For seagrasses, the 

impacts of algal blooms include: a reduction in photosynthesis from decreased light 
levels; anoxic conditions from the decomposition of algal organic matter; high sulphide 

conditions (caused by anoxia), which can further decrease photosynthesis and affect 

nutrient absorption (Han and Liu, 2014). Seagrasses have extremely high light level 
requirements and so they are particularly sensitive to environmental change (Orth et 

al., 2006, p. 988).  
 

Corals, seagrasses and mangroves are all vulnerable to sediment fluctuation. A 
significant reduction in sedimentation is also dangerous because ecosystems rely on 

some sedimentation for the transport of vital nutrients (Poussart, 2008, p. 78). 
Increased sedimentation, however, can destroy habitats by smothering corals, 

mangroves and seagrass, inhibiting gas exchange and also limiting sunlight for 
photosynthesis (Hogarth, 2007; Orth et al., 2006, p. 991; Poussart, 2008, pp. 77–78). 

The loss of one habitat can subsequently impact other habitats. For example the loss 
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of seagrass can cause sediment resuspension; sediments are then transported to 

other locations such as the reef (Orth et al., 2006, p. 989). Increased sedimentation 
can also damage fish populations through gill injury from rough particles and depleted 

oxygen availability for buried eggs (Emery and Graham, 2003, p. 80). Predator-prey 
dynamics can also be impacted for species that work visually. Mangrove oyster 

populations appear to be particularly sensitive to environmental change. On Ambergris 

Caye mangrove oysters are currently only found in the Boca Ciega Lagoon, although 
they occurred previously in a much larger area. Oysters require restricted access, low 

turbulence and less dense mangrove root growth. Factors such as sedimentation, 
shoreline change and mangrove infringement negatively impact oyster populations 

(Emery and Graham, 2003, p. 80). 
 

Extraction 

For reef, lagoonal and wetland ecosystems, extraction can refer to the harvesting of 

vegetation or fish, or to hunting. These activities can have lasting impacts on habitats, 
depending on the scale of activity. Human impact does not need to be large-scale to 

induce high mortality. Jimenez and colleagues (1985, p.182) state that humans may 
increase mangrove mortality rates by introducing chronic stressors that enhance 

vulnerability to later stressors such as natural perturbations: ‘[h]uman alterations are 
usually chronic or create new ecological conditions unsuitable for the regeneration of 

mangrove trees.’   
 

The removal of mangroves or seagrasses can lead to erosion and coastal water 
siltation (e.g. Gibson and Carter, 2003; Hogarth, 2007), as well as increased 

vulnerability to storms and inland intrusion of sea water (Hogarth, 2007, p. 215). 

Largescale mangrove extraction such as area clearance will also reduce fish stocks 
and can create conditions that severely hinder the reestablishment of mangroves 

(Ellison and Farnsworth, 1996, p. 553; Hogarth, 2007). Exposed mangrove peats, 
through desiccation and oxidation, can become acidified. Acidification can be 

accompanied by toxicity as low pH mobilises ions. Acidic and toxic conditions are not 
conducive to seedling regeneration (Hamilton and Snedaker, 1984, pp. 94–95). 

Acidification can be mitigated by calcium carbonate, but clearance may create other 
regeneration-inhibiting conditions, for example the establishment of faster growing 

plants, sediment erosion, or light levels that are too high for mangrove seedlings to 
tolerate (Hamilton and Snedaker, 1984, pp. 56–57; Murray et al., 2003, p. 276; Rützler 

and Feller, 1996, p. 99). Smaller-scale mangrove extraction can also have an impact. 
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Extraction of a particular species may impact community structure. Size-related 

extraction will impact the community’s age and physical structure (Hogarth, 2007, p. 
206). The extraction method will also determine impact; Avicennia sp. and 

Laguncularia sp. can be coppiced but Rhizophora sp. does not resprout when cut. 
Removal of timber will therefore kill the entire Rhizophora tree (Ellison and Farnsworth, 

1996, p. 552; Roth, 1992; Wadsworth, 1959). Finally, the physical disturbance caused 

by removal may destroy seedlings and impact the long-term character of the 
ecosystem (Hogarth, 2007, p. 206).  

 
Fishing, as an extraction activity, can also have long-term impacts on marine 

ecosystems depending on its intensity and the species exploited. The harvesting of 
marine species can result in higher species diversity, but overall lower biomass, with a 

particular reduction in individual size in species that are favoured. Emery and Graham 
(2003, p.77) demonstrated this trend in a study that compared modern fishing areas 

with the Hol Chan Marine Reserve adjacent to Ambergris Caye. The community 
structure is also affected; in harvested areas, species that are higher in the food chain 

are found in fewer numbers, and conversely the richness and diversity of herbivore 

species increases (Emery and Graham, 2003, p. 77).   
 

 

1.5 Hurricane and tropical storm ecology 

Hurricanes are an important feature of the environment of Belize because they can 

cause a high level of ecosystem disturbance (Bridgewater, 2012, pp. 309–310). 
Understanding mechanisms of hurricane and tropical storm disturbance is important for 

the identification of contributions made by anthropogenic impact.  
 

By definition a hurricane sustains wind speeds ≥64 knots; category 5 hurricanes 

exceed 120 knots (Bridgewater, 2012, p. 309). Hurricanes develop over warm oceanic 
water. The upper ocean's stratification (layers of different salinity and temperature) 

influences the level of hurricane intensity, alongside factors such as humidity 
(Androulidakis et al., 2016, p. 1585). Heat energy is transferred from oceanic water to 

hurricanes, which contributes to hurricane intensification (Bridgewater, 2012, p. 309; 
Emanuel, 1986). This heat energy transfer results in an increased likelihood of 

intensification over areas with a higher ocean heat content (OHC) (Kaplan et al., 2010, 
p. 229). A hurricane can substantially change the surrounding environment. Changes 

can in turn impact the track, intensity and structure of the hurricane, thus creating a 
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feedback mechanism (Wu and Kurihara, 1996, p. 2264). For example, hurricanes cool 

the sea's surface as they pass over (Bister and Emanuel, 1998, p. 233; Kourafalou et 
al., 2016, p. 23). The decreased temperature is caused by cooler water from deeper 

levels that is brought into the uppers layers of the sea (Androulidakis et al., 2016, p. 
1586; Zhu and Zhang, 2006, p. 14). This cooling effect (storm-induced sea surface 

temperature, or SST), depending on its magnitude and location, may then strongly 

reduce the maximum intensity potential of the hurricane owing to reduced energy (Zhu 
and Zhang, 2006, pp. 20–21). A hurricane's intensity is also correlated with its 

translation (forward moving) speed (Mei et al., 2012, pp. 4–5). Translation speed will 
affect the extent to which the sea is cooled and concurrently the length of time that the 

hurricane is exposed to the cooling. Therefore, a lower translation equates to longer 
exposure to cooler temperatures, an increased cooling of the sea (creating a negative 

feedback), and thus a lesser maximum hurricane intensity.  
 

A hurricane’s heavy rains, winds and high sea levels can cause impacts such as storm 
surges and flooding, treefall, vegetation stripping and erosion (Bridgewater, 2012, pp. 

309–315; McCloskey and Keller, 2009, p. 57; Stoddart, 1969, pp. 18–19). Impacts can 

also continue post-event, such as the risk of fire from vegetation debris or further soil 
erosion owing to the loss of trees (Bridgewater, 2012, p. 315; Friesner, 1993, p. 17). 

Island and coastal areas are vulnerable to hurricane impact as they may receive the 
full force of the hurricane’s energy. Hurricane Hattie in 1961 was a powerful 

demonstration of the destructive potential of hurricanes. Although Ambergris Caye lay 
outside the main storm path, the island still experienced shoreline retreat, felling of 

near-shore coconuts, and mangrove damage (mostly through storm surge and waves). 
Offshore, the reef’s living corals were significantly damaged (Stoddart, 1963, p. 33, 

1969).  
 

Hurricanes can play an important role in coastal sedimentation (Haslett, 2016, p. 126). 

Hurricane-induced flooding may deposit sediment in wetlands that contributes to the 
maintenance of healthy levels of sedimentation. Hurricane Katrina, for example, 

deposited eighty-nine per cent of the average accumulation for a healthy salt marsh in 
the Louisiana deltaic plain; hurricanes appear to be the dominant source of inorganic 

sediments (Turner et al., 2006, pp. 450–452). In addition, in periods of high hurricane 
activity, hurricanes may also be the dominant force for off-shore sedimentation on 

continental shelves (Dail et al., 2007: Louisiana shelf).  
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1.5.1 Scale of disturbance 

Although a hurricane’s overall impact can be catastrophic, impact intensity is 

dependent on scale. For example, areas of complete blowdown can be relatively small 
when viewed at a larger level (Bridgewater, 2012, p. 314). The degree of hurricane 

impact is dependent on a variety of interacting factors: wind speed, duration and 
direction; rainfall amount and duration; vegetation stem size; species; stand conditions; 

pathogens; topography; disturbance history; soil conditions (Bridgewater, 2012, pp. 
312–315; Everham, III and Brokaw, 1996, pp. 131–157). Less compact, shallow soils 

and high water tables can increase uprooting (Bridgewater, 2012, p.314-315). Species 
differ in their resilience within the same locality. On Belize’s cayes, in Hurricane Hattie 

(1961), Bursera simaruba (gumbo limbo) experienced high mortality but Cordia 

sebestena (ziricote) and Coccoloba uvifera (seagrape) survived in far higher numbers 
(Stoddart, 1969, p. 23).  
 

1.5.2 Recovery 

Recovery of an ecosystem is dependent on the intensity of the disturbance and also on 
the length of time for recovery. The intensity and frequency of Belize's tropical storms 

and hurricanes are sufficient for forests rarely to reach ecological maturity 
(Bridgewater, 2012, p. 312; Vandermeer et al., 2000, p. 790). Hurricanes may leave a 

long-term mark on a community when the community recovers; for example, 
associations between hurricane-hit areas and lower canopies have been reported in 

Madagascar (de Gouvenain and Silander Jr., 2003, p. 176). Hurricanes can also have 

some positive ecological effects that include increased resilience and diversity 
(Bridgewater, 2012, pp. 310, 316; Connell, 1978); diversity was shown to increase 

post-hurricane at locations in Jamaica (Tanner and Bellingham, 2006, p. 1009). 
 

Recovery from hurricanes may also be more successful than from other disturbances. 
Ecosystems have adapted to natural disturbance but are not adapted to large-scale 

anthropogenic disturbances such as extensive mangrove removal or pollution (Connell, 
1978, p. 1309). The effects from anthropogenic disturbance may therefore be of far 

greater intensity or longevity. A 1998 bleaching event4 on Belize's reefs, caused by 

climate change-induced warming, and increased vulnerability from previous human 

                                                        
4 Reef corals rely on symbiosis with algae that supply energy to the corals via photosynthetic 
products. In bleaching the symbiosis is terminated by the deterioration or expulsion of the algae. 
The loss of photosynthetic pigment results in the bleached appearance. Coral mortality is 
common after bleaching unless symbiosis can be re-established (Jokiel, 2004, p. 401; Peckol et 
al., 2003).   
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impact (e.g. surface run-off from development), appeared to cause overall greater 

impact than Hurricane Mitch of the same year (Peckol et al., 2003, p. 162). Elsewhere, 
research in the Solomon Islands has suggested that although tropical storms have 

short-term impacts, past human activity is a more plausible explanation for long-term 
forest composition (Burslem et al., 2000, p. 1076). 
 

1.5.3 Diversity 

Hurricanes maintain diversity by preventing competitive exclusion by a few species 
(Bridgewater, 2012, p. 310). One theory regarding hurricanes and local-scale diversity 

is the 'Intermediate Disturbance Hypothesis' proposed by Connell (1978) for tropical 
forests and coral reefs. It states that: ‘the highest diversity is maintained at intermediate 

scales of disturbance’ (Connell, 1978, p. 1303); intermediacy refers to frequency, size 

and intensity. The hypothesis is that frequent severe disturbances cause low diversity 
because only species that are producing propagules at the time of the hurricane, are 

within dispersal range, and are fast-growing, will colonise; decreased frequency 
provides opportunities for other species. A further reduction in frequency, however, 

allows between-species competition that may also reduce diversity; disturbances 
interrupt competitive elimination and maintain a state of non-equilibrium (Connell, 

1978, p. 1303). The hypothesis considers that disturbance over a very large area will 
remove many individuals, and colonisers will be the few species whose propagules can 

travel large distances and survive in open areas. In a small area of disturbance, the 
species pool will also be narrow and in addition subject to competitive elimination. In 

intermediate clearings, however, recolonisation can be achieved by both mobile and 

nearby propagules, and diversity is higher (Connell, 1978, p. 1305). Lastly, 
intermediacy of intensity dictates that high intensity will cause the elimination of all 

residents, so that colonisation is only via propagules. An intermediate disturbance will 
allow colonisation by both propagules and the regeneration of surviving individuals 

(Connell, 1978, p. 1305). Frequent, intense storms can also lower species richness by 
preventing the achievement of reproductive maturity (Vandermeer et al., 2000, p. 790).  

 
Connell's theory is supported by research at Carrie Bow Cay, Belize, where hurricanes 

of moderate intensity were shown to increase the total number of coral colonies via 

redistribution (Highsmith et al., 1980, p. 328). Redistribution prevented overcrowding, 
growth too close to the sea’s surface, and maturation, which increased growth rate. 

Small treefall areas in Nicaraguan forests were found to have low species diversity, 
thought to be caused by the rapid colonisation of pioneer species, which then inhibited 
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other individuals (Vandermeer et al., 2000). Higher diversity occurred in larger areas of 

hurricane disturbance, where it appears that pioneer species were unable to saturate 
the area. Whitmore (1998, p.126), however, advises caution for species richness 

assessments, because at small scales, pioneer stands appear species-poor, but 
richness increases at the large scale. 
 

1.5.4 Mangroves and hurricanes 

Mangroves often receive the full force of hurricanes and can be far more damaged 
than other forest types. Research in Florida suggests that species-poor mangrove 

environments have a distinctive reaction to hurricane disturbance (Baldwin et al., 2001, 
p. 152). After damage, Avicennia germinans and Laguncularia racemosa trees will 

sprout and become multi-stemmed, but Rhizophora mangle cannot sprout after 

damage because it does not maintain viable dormant buds. Rhizophora is therefore 
less resilient to hurricane damage. Rhizophora, however, frequently have a far higher 

seedling density than other mangrove species. Disruption intensity, and its effect on 
seedling survival, is therefore the key to subsequent community structure. At lower 

intensities the dominant regeneration pathway is likely to be via Rhizophora seedlings, 
and Avicennia and Laguncularia sprouting. This pathway results in a forest dominated 

by small Rhizophora trees with a scattering of larger Avicennia and Laguncularia. More 
intense hurricanes will damage seedlings, which causes regeneration to be dominated 

by new seedlings of Avicennia, Laguncularia and also herbaceous species; a more 
mixed-species forest is produced (Baldwin et al., 2001, pp. 157–163).  

 

1.5.5 Evidence for ancient hurricane and storm events 

Palaeotempestological evidence has demonstrated periods of particularly active 

hurricane activity in Belize that correspond to the period of the ancient Maya (Gischler 

et al., 2008; McCloskey and Keller, 2009; McCloskey and Liu, 2012). The storm record 
is problematic; for example, the influence of local variation needs to be studied further 

(Gischler et al., 2013, p. 161; McCloskey and Keller, 2009, p. 57; McCloskey and Liu, 
2012, p. 279). Storm events are, however, an important consideration for 

contextualising geoarchaeological and archaeobotanical data in order to understand 
local dynamics. Marine evidence for sedimentary storm event beds at the Blue Hole in 

Belize have recorded category 4 and 5 hurricanes. This record shows an elevated 
storm frequency at c. AD 700–900 and AD 1200–1500, together with a major event at 

AD 1100 (Gischler et al., 2008, p. 1504, 2013, p. 161).  
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Terrestrial proxies for category 3 or greater hurricanes are deposited sand and marine 

fauna layers in coastal lakes, marshes and swamps, caused by storm surges 
(McCloskey and Keller, 2009, p. 53). Research on the coast of central mainland Belize 

suggests a very large event at around AD 1500 that removed around 1,750 years of 
the sedimentary record (McCloskey and Keller, 2009, p. 62). The evidence is based on 

transported sediment grain size, deposit thickness, degree of associated erosion, and 

mixing of underlying deposits. In southern Belize, sediment records show direct 
overwash, slope wash and fluvial flooding as proxies for major hurricane landfall 

(McCloskey and Liu, 2012, p. 289). The southern Belize evidence suggests active 
periods at c.200–600 BP, 1,450–2,600 BP and 3,200–4,200 BP. McCloskey and Keller 

(2009, p.65) suggest that the severe hurricane events may have 'negatively impacted 
ancient Maya agricultural potential on decadal to centennial timescales.'  

 
Soil micromorphology at Marco Gonzalez has shown evidence at the site's periphery 

for a Late Classic marine inundation event that was likely a hurricane or storm-induced 
sea surge; thin sections show upward-fining sands (Macphail et al., 2017, p. 46, Table 

1). Further evidence for weather-induced changes occur in the Terminal Preclassic to 

Early Classic (AD 1–250) levels. Here, waterlaid colluvial sediments suggest that 
material from higher areas washed down and infilled occupation areas (Graham et al., 

2017, p. 126; Macphail et al., 2017, pp. 40–42). This colluvial deposit also shows 
evidence of later weathering and biological activity. These examples are evidence of 

some of the effects that weather and weather events can have on the site and its 
deposits. 

 

 

1.6 Bioturbators 

Hurricanes cause periodic perturbation on Ambergris Caye, but there are also 

important on-site perturbators that create far more regular disturbances. These 
perturbators include crabs, tree roots, tarantulas, rats and insects. Bioturbators perform 

an important ecological function through their mixing of deposits, which causes effects 
such as vertical and horizontal nutrient transfer (Wang et al., 2010, p. 597). An 

understanding of these perturbations has obvious additional merit for a valid 
interpretation of the archaeological deposits that accounts for formation processes.     
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1.6.1 Vegetation roots 

Vegetation roots, particularly tree roots, play a role in the mixing of sediment layers and 

surface soils. The interaction between vegetation and archaeological deposits is 
evident in profile, with roots and rootlets at various depths (Fig. 1.13), and rootlet 

marks on artefacts. Data for the rooting depths of different species are not widely 
available. For the seven dominant species at the site's core, root depths could only be 

found for Bursera simaruba and Coccoloba diversifolia. Both species were recorded to 
have minimum root depths of c.91.44 cm (36 inch) (USDA, 2017); Bursera is a fast-

growing species that is recorded to reach 39.7 cm in root depth at 2 months after 
germination (Oberbauer, 1990, p. 475). 
 

 
Figure 1.13 Profile of Op13-2, excavated in 2013, showing roots and rootlets in profile; rootlets 

are visible to depths a little above the string line (c.1 m BGS) (Photo by author). 
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1.6.2 Crabs 

Whilst the hermit crabs (Coenobita clypeatus, Caribbean hermit crab) (Woods, R. L. et 

al., 1988) at Marco Gonzalez disturb archaeological material through their use of 
ancient shells for homes, it is the blue land crabs (Cardisoma guanhumi) (Fig. 1.14) 

that have a greater visible impact on the local environment through their burrowing.   
 

With coastal and mangrove rain forests often supporting a relatively uniform distribution 
of crab densities of over 10,000/ha, crabs may serve a similar role to the earthworms of 
the temperate zone or the termites of the Old World tropics, but on even a more 
intensive scale  

(Sherman, 2003, p. 372: Costa Rica, Gecarcinus quadratus).  
 

Cardisoma guanhumi has been described as a keystone and plastic species – a 

generalist with regard to forest structure, composition, and leaf litter consumption 

(Rodríguez-Fourquet and Sabat, 2009, pp. 627, 638: Puerto Rico). Land crabs are in 
general considered keystone species and ecosystem engineers because they are 

significant modifiers of ecosystems through their burrowing and other behaviours 
(Green et al., 1999, p. 443, 2008: Christmas Island). Cardisoma crabs spend most of 

the day in their burrow and are most active at sunset and sunrise, when they search for 
food (Pinder and Smits, 1993, p. 222; Rodríguez-Fourquet and Sabat, 2009, p. 630); 

crabs can however be seen on-site while we excavate. Cardisoma are more active in 
the wet season; in the dry season they remain mostly in the burrow and may also block 

its entrance (Rodríguez-Fourquet and Sabat, 2009, p. 630).  

 
Crabs construct burrows to shelter from predation, for moulting and reproduction, and 

to reach water for physiological needs5 (Iribarne et al., 1997, p. 143: Argentina). A 

study of Cardisoma in Puerto Rico found a high level of crab resilience, except where 
soil temperature or depth to groundwater significantly changed; a higher water table 

inhibits burrowing to escape hostile conditions. As a result, grasslands were recorded 
to have lower crab abundance, owing to more variable soil temperature and a higher 

water table (Govender et al., 2008, p. 422). Cardisoma distribution has been shown to 

be associated with vegetation parameters but not with leaf litter, the second showing 
some correlation to crab size (Rodríguez-Fourquet and Sabat, 2009, p. 638). Other 

species of burrowing crab appear to show an association of burrows with sediment 

                                                        
5 Cardisoma is an amphibious crab and therefore can respire in water and air (Pinder and 
Smits, 1993, p. 230). Crabs take water from the bottom of their burrows into their branchial (gill) 
chamber, where it is used to fulfil physiological needs such as hydration, nitrogen and CO2 
excretion, and calcification of the carapace after moulting (Pinder and Smits, 1993, pp. 230, 
233; Wood and Boutilier, 1985; Wood and Randall, 1981).    
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type, organic matter, pH (Frusher et al., 1994, p. 652: Australia; Iribarne et al., 1997, 

pp. 143–144: Argentina), tree species, cover density, (Jiménez et al., 1994, p. 12: 
Socorro Island, Mexico), and root density (Wang et al., 2010, pp. 596–597). 

 
A Cardisoma burrow investigated at Marco Gonzalez by Glanville-Wallis (2015, p.27) 

recorded a 45o descent to a depth of c.35 cm. At this depth the burrow shifted direction 

and descended to 60 cm, where another change of direction took the burrow down to 
73 cm and the water table. At the water table the burrow continued horizontally above 

the water in an east-northeast direction. The Marco Gonzalez crabs are important to 
archaeology as they disturb deposits by their burrowing. At the site, the crab burrows 

were observed to cut through archaeological deposits such as floors (Glanville-Wallis, 
2015, p. 27), and probable crab burrows could be seen in excavation sections. The 

meandering route taken by the burrows also suggests that archaeological materials are 
moved in similar, somewhat unpredictable directions. The fragments deposited at the 

edge of the burrows (CEDs [Crab Excavated Deposits]: Glanville-Wallis, 2015, p.19), 
demonstrate the movement of archaeological material. Glanville-Wallis (2015, p.52) 

suggested, on the basis of her evidence, that the CEDs contained the full spectrum of 

materials found in the underlying deposits. The CED materials appeared to show a 
greater disturbance of smaller-size fragments.  

 

 
Figure 1.14. Cardisoma guanhumi at a burrow entrance, Marco Gonzalez (Photo by author). 
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From the perspective of soil formation, crab behaviour is important because ‘burrowing 

activities bring old material which was buried under recently deposited sediment back 
to the surface, so it becomes involved in the different geochemical cycles again’ 

(Wolfrath, 1992, p. 241: burrowing fiddler crab, Portugal). Crab burrowing can impact a 
number of sedimentary and other processes, depending on the habitat and the spatial-

temporal variation in crab activities (Escapa et al., 2008, p. 371; Wang et al., 2010, pp. 

597–598). Table 1.5 lists some of the local environmental impacts that have been 
recorded to result from crab activities.  

 
Table 1.5 Examples of local environmental impacts from crab activities (of various species).  

Impact Family or binomial Location Source 
• Mix sediment layers - Neohelice granulata 

(form. 
Chasmagnathus 
granulatus) 

- Argentina - Fanjul et al. (2007, p.186) 

• Affect seedling recruitment, 
through litter, seed & seedling 
consumption 

- Gecarcoidea natalis 
- Gecarcinus quadratus 

- Christmas 
Island 

- Costa Rica 

- Green et al. (2008, p.383) 
- Lindquist and Carroll (2004, 

p.670) 
• Increase nutrient availability in 

different locations: relocate leaf 
litter & plant fragments into 
burrows 

- Gecarcinus quadratus 
- Helice tridens 

- Costa Rica 
- Japan 

- Sherman (2003, p.372) 
- Takeda and Kurihara (1987, 

p.89) 

• Increase nutrient cycling & 
organic matter (OM) 
degradation: high rates of leaf 
litter turnover promote the reuse 
of nutrients by plants 

- Ocypodidae 
- Grapsidae 
- Ucides occidentalis 
- Neohelice granulata 

(form.Chasmagnathus 
granulatus) 

- China 
- Ecuador 
- Argentina 

- Wang et al. (2010, pp.593–
596) 

- Twilley et al. (1997, pp.119–
120) 

- Fanjul et al. (2007, p.187) 

• Encourage nutrient transfer via 
through-burrow water flow. 

- Unspecified - Australia - Ridd (1996, pp.617–618) 

• Introduce or transport nutrients 
via faecal matter 

- Gecarcinus quadratus 
- Neohelice granulata 

(form. 
Chasmagnathus 
granulatus) 

- Costa Rica 
- Argentina 

- Sherman (2003, p.372) 
- Casariego et al. (2011, 

p.115) 

• Remove anthropogenic N loads 
from sediments ® reduced 
eutrophication. Burrows create 
conditions for denitrification & 
retention of OM. 

- Helice formosensis 
- Neohelice granulata 

(form. 
Chasmagnathus 
granulatus) 

- Japan 
- Argentina 

- Mchenga and Tsuchiya 
(2008, p.112) 

- Botto et al. (2005, p.161) 
- Fanjul et al. (2007, p.188) 

• Accelerate OM mineralisation: 
cause net transport of soil to the 
surface. 

- Ocypodidae 
- Grapsidae 

- China - Wang et al. (2010, p.594) 

• Increase sediment oxygenation 
& reduced sediment sulphide 
production 

- Neohelice granulata 
(form. 
Chasmagnathus 
granulatus) 

- Uca sp. 

- Argentina 
- Australia 

- Fanjul et al. (2007, p.187) 
- Smith III et al. (1991, p.426) 

• Increase sediment penetrability 
through loosening 

- Neohelice granulata 
(form. 
Chasmagnathus 
granulatus);  

- Uca uruguayensis 

- Argentina - Botto and Iribarne (2000, 
p.148) 

• Increase soil microbial activity:  
expose material at the surface 
and impact on OM 

- Neohelice granulata 
(form. 
Chasmagnathus 
granulatus) 

- Argentina - Fanjul et al. (2007, p.189) 
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1.6.3 Tarantulas and rats 

Tarantulas and rats also burrow and disturb stratigraphy at Marco Gonzalez. The 

tarantula species on site is Brachypelma vagans, the Mexican red rump tarantula 
(Woods, R. L. et al., 1988) (Fig. 1.15). This species burrows to depths of up to 45 cm 

and lengths of 62 cm. Females construct the largest burrows that can be up to four 
chambers with a mean diameter of c.3.7 cm. The most common burrow, however, is an 

L-shaped tunnel, with or without one chamber, at c.20 cm depth. Burrow density 
depends on soils, vegetation, water and disturbance. Density is higher in deep clayey 

soils and lower in sandy loam, higher in natural clearings with fewer roots, and low to 
absent in areas prone to flooding or disturbance (e.g. human activity) (Machkour 

M’rabet et al., 2007, p. 1031; Shaw, E. M. et al., 2011, p. 516).  

 
One common rat of the caye’s forests is Sigmodon sp. (Graham, 1994, pp. 250, 254–

255; Grimshaw and Paz, 2004, p. 32). The genus is found in coastal or low grassland 
habitats in the Yucatan Peninsula, Belize, and down to the north coast of Honduras 

(Bradley et al., 2008, p. 6). Studies of Sigmodon sp. at other locations agree that the 
rats inhabit specific micro-habitats, avoid closed and secondary forest, and prefer 

disturbed habitats and transition zones associated with vegetation such as mangrove 
(Rhizophora mangle), grasses and sedges (Cladium jamaicense) (Bersot, 2001, p. 53; 

Engilis, Jr. et al., 2012, p. 11; Goertz, 1964, pp. 368–375). The rat burrows, which mix 
sediment layers, have been found in Florida and Kansas to be more frequent and 

longer in sandy soils, reaching lengths of around 67.1 cm ±5.4 (Shump, Jr. and 

Christian, 1978, pp. 697–698).  
 

 
Figure 1.15. Brachypelma vagans tarantula at Marco Gonzalez (Photo by author). 
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CHAPTER 2 

Marco Gonzalez and the coastal Maya 
 

This chapter situates Marco Gonzalez in coastal Maya research and characterises the 

site with a review of the cultural information available prior to my research and our 
fieldwork in 2013. My research aims to contribute to an understanding of how humans, 

through their activities, have interacted with the on-site ecosystem and contributed to 

the long-term history of the local environment, with particular attention to soils. The life 
cycle assessment (LCA) applied in Chapter 6 is, furthermore, a system-based method 

that requires an understanding of activities and materials to produce models for how 
processes create environmental impact. Since the LCA focuses on waste it is also 

crucial to understand the material culture of Marco Gonzalez, in terms of the site’s 
artefact profile, and the variety of materials present on-site. To make associations 

between humans and the local ecosystem it is therefore necessary to understand the 
cultural aspects of Marco Gonzalez.  

 

In this chapter I present the political relationships of Marco Gonzalez, which mainly 
relate to the site’s role in trade, which is important to this research for the movement of 

future waste materials and their composition and quantity. I detail the changes in the 
site’s character over time that is related to shifts in the dominant on-site activities, the 

implications of which are changing environmental interactions and impacts. The 
definition of activities also provides context for the processes that produce the waste 

analysed in the LCA. I provide a description of the material aspects of Marco Gonzalez 
as a basis for understanding waste fabric (chemistry) and also other physical factors 

that could have contributed to change in the soils and landscape, such as construction 
and burial disturbance. The existing data for plant and animal resource use are 

discussed, since these provide obvious environmental information, as well as detailing 

a waste type and providing activity-based data. The archaeobotanical review, together 
with the dietary information from the burials and zooarchaeological remains, assist my 

own archaeobotanical analyses in Chapters 4, 5 and 7, regarding prior expectations for 
preservation and taxa, and the implications of my results. The end of this chapter 

focuses on a discussion of salt production, since this is believed to have been a major 
activity at Marco Gonzalez with a number of possible environmental impacts. Since we 
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have much still to decipher about salt production at Marco Gonzalez, this salt 

production section considers relevant examples of salt production in the Mesoamerican 
region and in other regions worldwide, to support the interpretation of results from 

Marco Gonzalez and to understand implications such as in relation to resource use, 
environmental impact, landscape modification and social organisation (e.g. 

seasonality).          

 
 

2.1 Research in coastal and island Belize  

The historically Petén-centric approach of Maya research resulted in largely ignored 
coastal and island areas until the 1960s/1970s, when large projects at Cerros (mid-

1970s–1980s) and Santa Rita (1979–1985) shifted research foci (Healy, 1989, p. 163; 
Pendergast, 1993, p. 10). Whilst peripheralisation persists to some extent, 

considerable research has demonstrated the integral role of coastal and island 
communities. Inland Maya sites were reliant on coastal sites, particularly in the Classic 

period, for salt and maritime resources; the movement of a wide variety of goods was 

also facilitated through circum-peninsular sea trade, whilst the significant role of water 
in cosmology also supported inland-coastal relations (Chase and Chase, 1989, pp. 21–

23; Healy, 1989, p. 163; McKillop, 1996a, pp. 49–50, 2002, pp. 7, 11, 14, 2004, pp. 
269–270, 2010, pp. 96–97). Dependency allowed coastal and island Maya to exert 

power via their specialist canoe and maritime knowledge; this power extended to the 
waterborne trade goods (McKillop, 2010, p. 98). Artefacts at Belizean coastal sites 

suggest an active coastal trade of a wide variety of goods; Honduran copper, Central 
American gold and Guatemalan basalt, for example, were found at Wild Cane Cay 

(McKillop, 1994a, p. 115, 2002, p. 27). The diversity of, and access to, resources is a 
driver of trade, rather than their perceived distance (Graham, 1987a, pp. 761–762). 

The success of sites as trading ports is often attributed to their strategic location. For 

example Northern River Lagoon, near to Northern River, could access the Caribbean 
(Mock, 1994), Cerros was located on Chetumal Bay (Freidel, 1978, p. 251), and sites 

at Colson Point were situated in the proximity of creek or river mouths (Graham, 1994). 
Graham (1994) suggests that where coasts were inaccessible by land, near-shore cays 

would have been prioritised. The distance of offshore sites to the mainland, owing to 
accessibility, would also likely have impacted function. Graham (1994) stresses the 

importance of a distinction between coastal and offshore cayes, since the coastal sites 
more likely functioned as trade stations and the offshore cayes for marine resource 

processing.  
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Archaeology at coastal Maya sites must account for several coastal-specific factors 

(Graham, 1989, p. 136, 1994). The impact of sea level rise is important because, for 
example, dry Preclassic evidence occurs only where sites were situated well above 

sea level, where remains have shifted, or where deposition has countered sea level 
rise. Heterogeneity of coastal environments is often overlooked. Many inland-based 

assumptions, particularly those that relate to the environment are also not applicable 

owing to different ecosystems and dynamics. Belize’s southern coastal sites provide 
good examples of the effects of sea level rise and environmental change. Late Classic 

Port Honduras Marine Reserve sites, for example, are now underwater (McKillop, 
2002, pp. 26, 29), Late Classic structures at Frenchman’s Cay have been submerged 

by c.80 cm–1 m (McKillop, 2002, pp. 154–156; McKillop and Winemiller, 2004, p. 67), 
and offshore deposits at Wild Cane Cay are as extensive as on the cay itself (McKillop, 

1994a, p. 116, 2002, p. 152). Some sites appear to have been submerged shortly after 
abandonment, such as Stingray Lagoon (McKillop, 2002, p. 37). Other sites, such as 

Frenchman’s Cay and Wild Cane Cay, appear to have mitigated the effects of rising 
sea levels at the time of occupation via deposition of midden and construction material 

(McKillop, 2002, fig. 149; McKillop et al., 2004, p. 354). Sites without heavy midden 

deposition, such as infrequently occupied trade stations, are likely more difficult for 
archaeologists to locate owing to inundation (Graham, 1994). The potential for 

transformation is highlighted by Graham (1994, p.331): 
 

Earlier Maya use of the sites [which increased height above sea level] can therefore be 
seen as having created the potential for permanently maintained trade stations in 
Postclassic times on many of the cays or along the coast, in locations where such a 
potential may not have existed in Classic or in Preclassic times. 

 

Chronology, function and coastal-inland relationships for Belizean coastal sites are, to 
some extent, still very tentative. As such the following description is likely to require 

revision as more data arise. Preclassic occupation has been recorded at sites in Stann 

Creek District (Graham, 1989, p. 148), at Moho Cay (McKillop, 2010, p. 98) and 
Butterfly Wing (McKillop, 1994a, pp. 116–117, 1996a, pp. 56–57) (Fig. 2.1) but 

inundation has likely hindered further identification (Pendergast, 1993, p. 16). 
Similarities between assemblages at Kakalche, Watson’s Island, Placencia Lagoon 

and Indian Hill 2 suggest common coastal subsistence strategies and interaction pre-
50 BC (Graham, 1994). In the Protoclassic, or Terminal Preclassic and Early Classic 

periods, it appears that Watson’s Island and Kakalche at Colson Point were particularly 
active, and were activity-specific sites, that functioned as trade or way stations, and 

were likely extensions of Stann Creek sites (Graham, 1989, 1994, pp. 59, 315–317). 
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Cerros was a major centre that declined at the end of the Late Preclassic period 

(Freidel, 1978, p. 246), when Santa Rita Corozal and Oxtankah may have replaced it in 
some capacity (Chase and Chase, 1989, p. 27; Guderjan, 2005, p. 191). Although 

some evidence exists in southern Belize for the Early Classic (e.g. Wild Cane Cay food 
procurement remains), according to McKillop, coastal settlement and activity 

dramatically increased in the Late Classic (McKillop, 1989a, pp. 4–8, 1994a, p. 117). 

The Colson Point sites show major activity through the Early Classic period, but there 
appears to have been a shift in the Late Classic when the sites began to focus on salt 

(Graham, 1989, pp. 150, 152, 1994, pp. 59–60, 315–317). Late Classic sites include 
Wild Cane Cay, Frenchman’s Cay, Port and Doughboy Point, Village Farm, Seven 

Hill’s Creek, Moho Cay-Toledo, Arvin’s Landing, Foster Farm and Tiger Mound 
(McKillop, 1994a, p. 117, 2002, 2004, pp. 268–269; McKillop and Winemiller, 2004, p. 

79) (Fig. 2.2). Some sites that lack trade goods may have specialised in fishing, salt-
making, or lime-making (McKillop, 1989a, p. 15, 1994a, pp. 117–118). However, Wild 

Cane Cay, Frenchman’s Cay, Green Vine Snake, Arvin’s Landing, Moho Cay and 
Santa Rita, do show evidence of participation in long-distance trade at this time 

(McKillop, 1989a, p. 7, 1994a, pp. 117–118; McKillop and Winemiller, 2004, p. 59).  

 
From the Late Classic into the Early Postclassic, the abandonment of some inland 

centres appears to have reoriented relations towards the northern Yucatán, particularly 
Chichén Itzá and Tulum (McKillop, 1996a, pp. 55–56, 2002, p. 13). Lamanai and Santa 

Rita also appear to have functioned as major centres (Chase and Chase, 1989, p. 27; 
Graham, 2004; Pendergast, 1981, 1982, 1985, 1986, 1990). The termination of some 

coastal-inland relationships potentially increased coastal power through control of the 
sea and its trade routes (McKillop, 2010, p. 99). The island and coastal zone was 

active in the Postclassic and coastal sites have contributed heavily to an understanding 
of the Maya Postclassic in general (Graham, 1989; Healy, 1989, pp. 161–163). An 

increasingly active role in trade is demonstrated by the presence of artefacts from a 

diverse geographical range as well as externally-influenced architecture (McKillop, 
1989a). At Wild Cane Cay, for example, the volume and diversity of obsidian 

significantly increases in the Early Postclassic (McKillop, 1989b, pp. 33, 48–49, 1994a, 
p. 118, 1996a, p. 54). Sites that persisted or developed in this period, and actively 

participated in trade, were located in strategic trade locations or near salt production 
areas. These sites include Wild Cane Cay, Ambergris Caye, False Cay, Isla Cerritos, 

Placencia Cay, Frenchman’s Cay and Moho Cay (Andrews, A. P., 1983, pp. 32–33; 
McKillop, 1989b, pp. 48, 50–51, 1989a, p. 9, 2002, p. 13) (Fig. 2.3). The similarity of 
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assemblages, for example at False Cay and Wild Cane Cay, suggest participation in 

the same trade network (McKillop, 1989a, p. 11).  
 

In the Late Postclassic, with the fall of Chichén Itzá, Santa Rita Corozal, at the peak of 
its population size, is suggested to have become the area’s major centre, with trade 

associations with coastal Belize, the Yucatán, and possibly central Mexico (Chase and 

Chase, 1989, p. 29; McKillop, 1989a, p. 14). Lamanai, however, continued to flourish 
throughout the Postclassic, and also functioned as an important centre. Lamanai’s 

location at the head of the New River, which empties into Chetumal Bay, suggests it 
formed a major trade network with Santa Rita (Chase and Chase, 1989, p. 27; 

Graham, 2004; Pendergast, 1981, 1982, 1985, 1986, 1990). Evidence for Late 
Postclassic activities appears at Colson Point, Placencia and Ambergris Caye 

(Graham, 1989, p. 153; McKillop, 1989a, p. 15). The Colson Point sites have produced 
surface ceramics that reflect some use in the Late Postclassic, but at a low level of 

intensity compared to Classic times (Graham, 1994). Coastal and island sites (e.g. Wild 
Cane Cay) also show continuation of activities into the Historic Period (Graham, 2011; 

McKillop, 1994a, p. 118).  
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Figure 2.1. Preclassic coastal sites in Belize (by Mary Lee Eggart in McKillop, 2002, p. 8). 
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Figure 2.2. Classic Period coastal sites in Belize (by Mary Lee Eggart in McKillop, 2002, p. 9). 
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Figure 2.3. Postclassic Period coastal sites in Belize (by Mary Lee Eggart in McKillop, 2002, p. 
10). 
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2.2 Ambergris Caye 

 
Figure 2.4. Archaeological sites and key locations on Ambergris Caye (Map by Phillip Austin). 

 

Marco Gonzalez is not alone on Ambergris Caye; at least 22 sites are known (Fig. 2.4), 

the majority located within 200 m of the sea (Guderjan, 1995a). Most sites have not yet 
been investigated in detail, but many appear to have been mercantile settlements that 

used their Chetumal Bay location, with access to the Rio Hondo, New River, lagoonal 
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river systems, and also the Yucatán, Gulf and southern coasts (Graham and 

Pendergast, 1989, p. 12; Guderjan, 1995a). Guderjan (2005, p. 184) suggests that the 
‘Boca Bacalar Chico’ channel (Fig. 2.4) was constructed for trade, in response to 

hazardous conditions at Rocky Point. The channel permitted a direct route to Chetumal 
Bay that would consequently mean that trade passed on the island’s leeward side, 

which included the natural harbour of Marco Gonzalez. The caye's leeward and 

windward sites appear to differ in size; leeward sites are in general larger, possess 
more traded artefacts, formal architecture and harbours, which probably indicates their 

greater role in trade (Guderjan, 1995b). 
 

The caye was settled by the Late Preclassic (e.g. Chac Balam: Guderjan, 1995a). By 
the end of the Classic period a number of small sites on Ambergris Caye functioned as 

‘interrelated nodes in the coastal-trade system’, where they also likely contributed local 
products (Guderjan, 1995a, p. 157). Into the Terminal Classic there appears to have 

been a major shift and many sites on the caye were abandoned (Graham and 
Pendergast, 1994; Guderjan, 1995a; Pendergast and Graham, 1991); Guderjan 

(1995a) suggests that some of the population may have moved to Marco Gonzalez and 

San Pedro. The sites occupied in the Early Postclassic (Marco Gonzalez, Basil Jones, 
Los Renegados, San Pedro) appear to have followed the general coastal trend of 

increased economic trade-related activity, and to an extent more autonomy (Guderjan, 
1995a, 1995b, 2005, pp. 193–194; Guderjan and Williams-Beck, 2001). There is also 

archaeological evidence for Late Postclassic and Historic Period occupation at San 
Pedro and Marco Gonzalez (Graham and Pendergast, 1994; Pendergast and Graham, 

1991). 
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2.3 Marco Gonzalez 

2.3.1 Chronological overview 

 
Table 2.1. A chronology for Belize (modified from Graham et al., 2013, p. 164) 

Period Approximate calendar 
dates 

(AD unless stated) 
Spanish colonial 1544–1648/1708 
Terminal Postclassic/Contact 1450/1492–1544 
Late Postclassic 1250/1300–1450/1492  
Early Postclassic 950/1000–1250/1300 
Terminal Classic 750/800–950/1000 
Late Classic 550/600–750/800 
Middle Classic 500–550/600 
Early Classic 250–500 
Terminal Preclassic 100 BC–AD 250 
Late Preclassic 400–100 BC 
Middle Preclassic 900–400 BC 
Early Preclassic 1500–900 BC 
Archaic pre-1500 BC 

 
 
Marco Gonzalez was first recorded in 1984, and first excavated in 1986, by a team 

from the Royal Ontario Museum led by David Pendergast and Elizabeth Graham 
(Pendergast and Graham, 1987). Investigations led by Graham and Pendergast were 

expanded in 1990, sponsored by The Social Sciences and Humanities Research 
Council of Canada. Test-pitting by Graham continued in 1991 and 1992. Scott 

Simmons joined Elizabeth Graham for a rescue project in 2010, when the site was 

threatened with destruction (Graham and Simmons, 2012a, 2012b). Environmental 
studies have been integral throughout, such as a faunal specialist on the small 1986 

team (Pendergast and Graham, 1987), marine surveys (Emery and Graham, 2003) 
and botanical collection in 1990 (Pendergast and Graham, 1990). The excavations pre-

2013, although small in scale, outlined the site's long history and changing character, 
from the Preclassic through to the Terminal Postclassic (Graham and Simmons, 

2012a, 2012b) (Table 2.1). With at least 49 structures, some in formal plazuela 
arrangement, and a population estimated at around eight hundred, it was clear from 

the early excavations that the community enjoyed a level of wealth and activity beyond 
that expected for its size (Graham and Pendergast, 1989, p. 4; Pendergast and 

Graham, 1987) (Fig. 2.5).  
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Figure 2.5. The Marco Gonzalez site, showing structures and topography (Claude Belanger, 
Marco Gonzalez Project). 

 
Deposits date back to at least 200 BC, but these earliest phases are submerged 

(Graham and Pendergast, 1989; Graham and Simmons, 2012a, 2012b; Pendergast 
and Graham, 1987). The earliest construction, an Early Classic (AD 250–500) floor, 

was encountered in 1986, slightly above the water table and at least 77 cm of 
submerged deposits. Early Classic midden material at the site’s periphery suggests 

year-round occupation by this period. Late Classic (AD 550/600–750/800) deposits, 
well over a metre in places, are attributed to intensive salt production. Post-dating salt 

production, evidence suggests intensive occupation and expansion of trade from the 
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end of the Late Classic into the Terminal Classic (c. AD 750/800–950/1000). A large 

number of Terminal Classic period subfloor burials have been discovered that are 
accompanied by artefacts that indicate long-distance relationships (Graham et al., 

2013, 2014, Graham and Pendergast, 1987, 1989, Graham and Simmons, 2012a, 
2012b; Pendergast and Graham, 1987; Stemp and Graham, 2006). Trade activities 

appear to have imparted some wealth, which exceeded the level of a fishing station; 

one instigator may have been inland demand for marine products (Graham and 
Pendergast, 1989). For the Early Postclassic (AD 950/1000–1250/1300), high artefact 

density across all structures, together with construction (particularly in the northwest) 
suggest expansion and prosperity during this period (Graham and Pendergast, 1987, 

1989; Graham and Simmons, 2012b; Ting, 2013). A lack of primary deposits, however, 
has been inhibitive of more secure dating or activity characterisation. The paucity of 

pottery, construction and midden for the subsequent period indicates a decrease in 
activity (Graham and Pendergast, 1989, p. 13); one argument suggests that mangrove 

encroachment prompted population shift to San Pedro (Dunn and Mazzullo, 1993). 
Nonetheless the presence of some Late Postclassic into Terminal Postclassic, and 

Early Historic pottery, construction and burials suggests population decline rather than 

abandonment, with some continuation of earlier social structure (Graham and 
Pendergast, 1989, pp. 13–14).  

 

2.3.2 Architecture and construction 

Marco Gonzalez’s structures are of relatively low height (c.30 cm–4.2 m), with cores of 

irregular reefstone blocks, midden and large quantities of shell, faced with reefstone 
and occasional small amounts of mainland limestone (Graham and Pendergast, 1987, 

1989, p. 4; Pendergast and Graham, 1987). The architectural style resembles that 
seen at other island sites such as Wild Cane Cay, Frenchman’s Cay and Green Vine 

Snake, where the architecture has been used to signify economic or political 
importance (McKillop, 1994a, p. 117, 1996a, pp. 56–57; McKillop et al., 2004, p. 355; 

McKillop and Winemiller, 2004, pp. 77–79). Graham and Pendergast (1989, p. 4) 
suggest that Marco Gonzalez’s reefstone was likely quarried on the caye’s leeward 

side. At Frenchman’s Cay and Wild Cane Cay, mollusc evidence suggests that stone 
was quarried from shallow, and sometimes moderately deep, waters, although some 

storm-deposited material could also have been used (McKillop et al., 2004, pp. 353–

354; McKillop and Winemiller, 2004, pp. 77–79). Atop Marco Gonzalez's platforms, 
postholes demonstrate the past existence of perishable superstructures (Graham and 

Pendergast, 1987, 1989, p. 6, Pendergast and Graham, 1987, 1990). The lime plaster 
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floors in these structures were of inferior quality and durability than the mainland, 

consisting of thin strata of mud, grit and lime from burnt shells (Graham and 
Pendergast, 1989, p. 6; Macphail et al., 2017; Pendergast and Graham, 1990).   

 
The majority of structures were built in the Late to Terminal Classic transition and seem 

to have been modified in the Early Postclassic (Graham et al., 2017). The Late 

Postclassic structures resemble structures found at Lamanai and Tipu (Graham, 1989, 
p. 153; Graham and Pendergast, 1989). Several structures show evidence of multiple 

construction phases and extensions, for example Structures 12 and 14 (Graham et al., 
2017; Graham and Pendergast, 1989; Graham and Simmons, 2012a, 2012b; 

Pendergast and Graham, 1990). Structures appear to have had both residential (for 
example Structure 14 with numerous sub-floor burials) and civic or ritual (for example 

Structure 12, with giant riser stairs, and Structure 13) functions (Graham and 
Pendergast, 1989; Graham and Simmons, 2012a; Pendergast and Graham, 1990). 

Emery and Graham (2003, pp. 85–86) discuss the potential for construction at Marco 
Gonzalez to impact the environment: the extraction of reefstone may have damaged 

marine environments, platform and jetty construction may have entailed substantial 

earth movement and shoreline modification, and vegetation would have been cleared 
for structures. These construction activities may have contributed to siltation, erosion, 

and marine ecosystem impacts such as nutrient enrichment, increased turbidity and 
algal growth (Emery and Graham, 2003, pp. 85–86).  
 

2.3.3 Pottery 

Based on current evidence – for example no clear clay source to date – it is currently 
uncertain whether pottery was produced on the caye (Aimers et al., 2017, p. 363; 

Aimers, McCarron, et al., 2016; Ting, 2013). The Late Preclassic pottery at Marco 
Gonzalez contains the types Sierra Red, Polvero Black, Flor Cream, Iguana Creek 

White, Laguna Verde Incised, Happy Home Orange, Repasto Black-on-red, and 
Puletan Red-and-unslipped, as well as mammiform supports classified as Aguacate 

Orange (Aimers et al., 2017, pp. 363–364; Aimers, McCarron, et al., 2016; Graham 
and Pendergast, 1987; Graham and Simmons, 2012a). Imported pottery is common by 

the Early Classic period (Aimers et al., 2017, p. 370; Aimers, McCarron, et al., 2016). 

The Early Classic range of storage jars, bowls (mono-, bi-, and polychrome), painted 
dishes, tecomates and vase forms suggest that by this period there was intensive 

utilisation of the site and access to a range of production centres (Graham and 
Pendergast, 1987; Graham and Simmons, 2012a). As in other lowland areas, the Early 
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Classic pottery at Marco Gonzalez features basal-flange polychrome pottery that are 

classified as Actuncan Orange-polychrome or Dos Arroyos Orange-polychrome types, 
which are generally associated with the Petén (Aimers et al., 2017, p. 364; Aimers, 

McCarron, et al., 2016, Fig. 16 Graham et al., 2017, p. 128). Other Early Classic and 
Protoclassic types at Marco Gonzalez include Pucte Brown and Chan Pond Unslipped: 

Chan Pond Variety pottery that resemble types from the Belize Valley in form and 

fabric (Aimers et al., 2017, p. 364; Aimers, McCarron, et al., 2016). These Protoclassic 
and Early Classic pottery types are evidence of trade with the mainland and 

importation, even for utilitarian pottery.  
 

For Late Classic levels, Saxche Ceramic Group (Saxche Orange-polychrome and 
Uacho Black-on), Tunich-Red-on Orange (Palmar Group) and Subin Red pottery 

demonstrate an association between Marco Gonzalez and the Belize Valley/Petén 
(Aimers et al., 2017, pp. 364, 366; Aimers, McCarron, et al., 2016). The pottery from 

the Terminal Classic may suggest a shift from the Petén and western Belize to 
northern Belize, Quintana Roo and the Yucatán (Aimers et al., 2017, p. 366; Aimers, 

McCarron, et al., 2016). The Encanto Striated (Uaxactun Unslipped Ware) pottery 

found at Marco Gonzalez – a type similar to that found at other Ambergris Caye sites – 
is particularly indicative of the shift northwards (Aimers et al., 2017, pp. 364, 366; 

Aimers, McCarron, et al., 2016). A Yalton Black-on-orange (Silho Group, Fine Orange) 
vessel (Fig. 2.6), produced in Gulf Coast region, is also evidence of this trend 

northwards (Aimers et al., 2017, p. 366; Aimers, McCarron, et al., 2016; Graham et al., 
2013; Graham and Simmons, 2012a; Pendergast and Graham, 1990).  

 
The Postclassic pottery at Marco Gonzalez shows some similarity to Lamanai, Altun Ha 

and Cerros (Aimers, 2014; Aimers et al., 2017, p. 366; Aimers, McCarron, et al., 2016). 
The Early Postclassic pottery includes brazier dishes and jars with incised decoration, 

some with stylistic similarities to Lamanai, and also Tohil Plumbate from burial contexts 

(Aimers et al., 2017, p. 369; Aimers, McCarron, et al., 2016; Graham et al., 2013; 
Graham and Pendergast, 1987, 1989; Graham and Simmons, 2012a; Pendergast and 

Graham, 1987; Ting, 2013) (Fig. 2.7). The Tohil Plumbate was produced near to the 
Pacific coast border of present-day Mexico and Guatemala (Aimers et al., 2017, p. 369; 

Neff, 2003). The size, range and quantity of Early Postclassic pottery suggests that the 
vessels were at the site for redistribution (Graham and Pendergast, 1989). For the Late 

Postclassic, a Tulum Red vessel and also a bowl, probably Chen Mul Modeled, have 
been found at Structure 12 (Aimers et al., 2017, p. 370; Graham and Pendergast, 
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1989, fig. 11a). Pottery from the Historic period has also been recorded, for example 

an effigy vessel, circa late 15th century (Graham and Pendergast, 1987). 
 

Notched sherds are numerous at Marco Gonzalez, for example 37 were excavated in 
2010 (Graham and Simmons, 2012a, 2012b). The notched sherds are widely 

distributed at sites, but along the coast are particularly common in the Postclassic, 

such as at Colson Point (Graham, 1989, 1994, pp. 305–311), and Moho Cay (McKillop, 
1984). Notched sherds are generally attributed to fishing activities, as weights for nets 

or lines (Eaton, 1976, 1978; Emery and Graham, 2003, p. 83; Graham, 1994, pp. 305–
311; McKillop, 1984). The sherds vary between locations in the number of notches, 

overall shape, presence of grooves, and size. Those at Marco Gonzalez, although 
noticeably varied, are generally roughly rectangular, notched in the middle of the 

longest side, with rounded edges.     
 

Ahk’utu’ and Buk Zakpah pottery 

From Terminal Classic and Early Postclassic deposits respectively, Ahk’utu’ moulded-
carved vases and Zakpah Group jars and chalices (Fig. 2.8) (Aimers and Graham, 

2013, pp. 99–100; Helmke and Reents-Budet, 2008; Ting, 2013; Ting et al., 2015) 
provide some indication of the changes at Marco Gonzalez during this transition period. 

All Zakpah Group pottery at Marco Gonzalez has, however, occurred as surface finds 
(Aimers et al., 2017, p. 369; Aimers, McCarron, et al., 2016). Marco Gonzalez's pottery 

resembles the Buk Phase, Zakpah Group pottery from Lamanai but occurs in far higher 

densities and with noticeable differences such as size, motifs, pastes and surface 
treatments (Graham and Pendergast, 1989; Pendergast and Graham, 1987; Ting, 

2013). Ting (2013) proposes that the Ahk’utu’ pottery was brought to the caye from a 
small number of sites over a wide geographical range, one of which may be Lamanai. 

The variations in the Zakpah Group pottery (Zakpah Orange-red and Zalal Gouge-
incised) suggest multi-centre origins, from a smaller geographical range in northern 

Belize – of which Lamanai and Cerros are two possible origins (Aimers et al., 2017, p. 
369; Aimers and Graham, 2013, pp. 99–100; Ting, 2013). Ting (2013) suggests that 

differences between Ahk’utu’ moulded-carved and Zakpah Group pottery indicate a 
shift in trading relations, as Marco Gonzalez may have inherited some of the functions 

of the sites that declined in the Classic. There appears to have been a shift from the 

Terminal Classic, with unspecified trade centres, to an Early Postclassic 'hub of elite 
ware distribution in northern Belize’, where Marco Gonzalez facilitated relationships 

between inland communities and the broader Mesoamerican area (Ting, 2013, p. 278).  



 99 

  
Figure 2.6. Terminal Classic Fine Orange vase found at Marco Gonzalez  

(Photo: Royal Ontario Museum). 
 
 

 
Figure 2.7. Early Postclassic Plumbate vessel of a hunchback figure, found at Marco Gonzalez 

(Photo: Royal Ontario Museum). 
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Figure 2.8. Zalal Gouge-incised pottery (Zakpah Group) jar (a-i) and chalice (j) fragments from 
Marco Gonzalez (By Louise Belanger in Graham and Pendergast, 1989, p.9). 
  

 
2.3.4 Lithics 

Chert and chalcedony 

Without a clear source on Ambergris Caye, all chert and chalcedony is considered 

imported. The types at Marco Gonzalez include: chert-bearing zone (‘CBZ’) chert from 
Northern Belizean sites such as Colha (the majority); other mainland (and lower 

quality) chert of unknown provenance that likely includes Northern River Lagoon, 
Rocky Point, Midwinter Lagoon, Laguna de On; chalcedony that probably originated 

from areas north of the CBZ (Guderjan, 1995a; Stemp, 2001; Stemp and Graham, 
2006). Lithic artefacts include large and small bifaces, blades, blade-tools, unifacial 

tools and also some debitage and flake tools. It appears that, from the Late Classic to 
Late Postclassic, tools were imported as finished products (aside from some flaking). 

Inhabitants, however, maintained, reused and recycled tools to maximise the use of 

this restricted material and reduce the rate of consumption (Stemp, 2001; Stemp and 
Graham, 2006). The importation of finished tools has also been suggested for the site 

of Moho Cay (Healy et al., 1984; McKillop, 1984, 2010, p. 98).  
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A reliance on biface technology reduced the need for a variety of tools, since they 

could be reshaped (Stemp and Graham, 2006) (Fig. 2.9). Use-wear analysis suggests 
that cutting/slicing, digging/hoeing, scraping and chopping/adzing were the most 

common activities at Marco Gonzalez, and changed little over time (Stemp, 2001). The 
digging/hoeing has been attributed to activities such as land clearance, harbour 

construction, and possibly gardening, but not agriculture (Stemp, 2001). Use-wear 

analysis also suggests other activities that include processing of stone, mammal, fish 
and plant (predominantly wood) resources, as well as notching of ceramics and shell 

(Stemp, 2001; Stemp and Graham, 2006). Stemp (2001) notes that there is less 
evidence for woodworking at Marco Gonzalez compared to the mainland, a pattern that 

he attributes to reduced access to wood on the caye. There are also surprisingly few 
tools with evidence for marine resource exploitation, although wooden drills and sand 

may have been used instead of lithics (Stemp, 2001). The wide variety of activities 
suggested by use-wear portrays an absence of craft specialisation and ‘a generalized, 

subsistence-based economy in which wood, plants, meat, bone, and hide were 
commonly exploited’ (Stemp, 2001, p. 152; Stemp and Graham, 2006).   
 
 

 
Figure 2.9. Maya chert biface found on the surface at Marco Gonzalez (MG 313/2, Structure 12) 

during the 2010 excavations (Photo: Marco Gonzalez Project). 
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Obsidian 

The majority of obsidian at Marco Gonzalez is grey and black from highland Guatemala 

(Fig. 2.10), with some green obsidian (Graham and Pendergast, 1987, 1989, 
Pendergast and Graham, 1987, 1990). X-Ray fluorescence analyses of the obsidian 

from Marco Gonzalez indicated the presence of 8 highland sources that included circa 
eighty per cent from El Chayal and Ixtepeque in Guatemala, and smaller amounts of 

central Mexican obsidian from Pachuca and Ucareo (Aimers et al., 2017, p. 366; 
Simmons and Graham, 2016, p. 177). Similar obsidian is documented for other sites on 

Ambergris Caye (Guderjan, 1995a; Guderjan et al., 1989). Obsidian density and 
diversity has been used at other island sites to suggest their function as major trade 

ports, for example Wild Cane Cay (McKillop, 1989b, pp. 48–52, 1994a, p. 118, 1996a, 

p. 56), Moho Cay (Healy et al., 1984; McKillop, 1984), Arvin’s Landing, Foster Farm 
and Seven Hills Creek (McKillop, 1994a, p. 117). The current state of research at 

Marco Gonzalez, however, does not conclusively demonstrate whether obsidian was 
intended for local use or for redistribution (Graham, 1989, p. 152).   

 
 

 
Figure 2.10. Grey and black obsidian from Marco Gonzalez, from the 2010 excavations  

(Photo: Marco Gonzalez Project). 
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Jadeite 

Jadeite occurs in small quantities at Marco Gonzalez and is further evidence of trade. 

The most significant discovery was a large celt carved in semi-human form that was 
found in an offering in Structure 12, and which probably dates to the 16th century or 

later (Terminal Postclassic/Historic) (Graham and Pendergast, 1987, 1989; Pendergast 
and Graham, 1987). Other artefacts include a jadeite bead and button that had 

probably been displaced from a burial and were found in front of Structure 12 (Graham 
and Simmons, 2012a; Lindsay, 2011).  

 

Other 

Other non-local lithics occur in low frequencies at Marco Gonzalez such as slate, 

quartzite, pumice, volcanic ground stones and other metamorphic stone (Graham and 
Simmons, 2012a, 2012b; Stemp, 2001); pierced pumice stone disks at Moho Cay were 

thought to be floats for fishing nets, lines or harpoons (McKillop, 1984).  
 

2.3.5 Burials 

The burials at Marco Gonzalez are sub-floor, and cut into earlier deposits; structure-
associated burials also occur at San Pedro on Ambergris Caye and at other island 

sites such as Wild Cane Cay (Graham and Pendergast, 1994; McKillop, 1996a, p. 53; 
Pendergast and Graham, 1991). In some locations at Marco Gonzalez, particularly 

Structure 14, the level of burial disturbance severely hinders dating and other analyses 

(Pendergast and Graham, 1990; Walper, 1999). Prior to 2013, more than 100 
individuals had been recovered, from relatively small-scale excavations. The burials 

are from the Late/Terminal Classic (Graham et al., 2013; Graham and Pendergast, 
1989; Walper, 1999). The common burial position is prone, with knees flared and legs 

bent back and crossed – referred to as a VPLF burial (Donis, 2013; Graham et al., 
2013; Graham and Simmons, 2012a; Wrobel and Graham, 2015). Burial 

accompaniments show evidence of Terminal Classic wealth and long-distance 
relationships; one distinctive vessel is a button-face jar with bat features (Fig. 2.11) 

(Graham et al., 2014; Graham and Pendergast, 1987, 1989; Graham and Simmons, 
2012a; Pendergast and Graham, 1987, 1990).  

 

Williams and colleagues' (2009) skeletal isotope investigations indicate that the Marco 
Gonzalez diet was dominated by marine protein, but that some inhabitants may have 

consumed small amounts of terrestrial foodstuffs such as maize and deer. In contrast, 
at San Pedro, with largely Late Postclassic burials, terrestrial signatures are virtually 
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absent. As a trade port, Marco Gonzalez could access terrestrial mainland products 

that the fishing village of San Pedro could not (Williams, J. S. et al., 2009). Burials at 
both Marco Gonzalez and San Pedro display high levels of pathology (White et al., 

2006). White and colleagues consider this pathology to have been potentially related to 
crowding and sanitation issues (White et al., 2006). They suggest that the groundwater 

may have been contaminated by faecal matter owing to the high population density 

and high water table. The island’s geology then inhibited the replacement of 
contaminated water, and earlier levels prevented the filtration of ground water. Further 

pathologies may have been partly caused by a low trophic-level faunal diet that 
increased vulnerability to parasitic infection and caused a predisposal to anaemia and 

vitamin C deficiency. These conditions, through weakened immunity, then contributed 
to periostitis and spondyloarthropathy:  

 
the coastal environment was conducive to endemic infection and the consequent 
appearance of malnutrition. The health problems faced by these people were, however, 
chronic rather than acute or life-threatening and therefore manifest in their skeletons 

(White et al., 2006, p. 40). 
 

Late and Terminal Classic evidence from the north of the caye, at San Juan and Chac 

Balam, also indicate a high incidence of infectious disease, which was attributed to 
high population densities and frequent contact with mainland groups (Glassman and 

Garber, 1999). 
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Figure 2.11. Button-face jar with bat features, an orange variant of Tohil plumbate, from a 

Terminal Classic burial (Graham et al., 2014; Graham and Pendergast, 1987, 1989; Graham 
and Simmons, 2012a; Pendergast and Graham, 1987, 1990) (Photo: Royal Ontario Museum). 

 
 
2.3.6 Faunal remains 

Faunal remains, from at least the Late Preclassic period, demonstrate the importance 
of marine exploitation at Marco Gonzalez (Graham and Pendergast, 1989). Early to 

Middle Postclassic deposits also contain a high degree of well-preserved faunal 
material (Graham, 1989, p. 152). Early Postclassic fish remains from Structure 27 (MG 

21), contained a variety of different taxa (Table 2.2), but 83% of the calculated usable 
meat was from groupers (Epinephelus sp. and Mycteroperca sp.), crevalle jacks 

(Caranx hippos), snappers (Lutjanus sp.) and barracudas (Sphyraena sp.) (Seymour, 
2004). The presence of larger fish and the exploitation of offshore and inshore species 

suggests the use of fairly large canoes and a range of technology including hooks, 
spears and nets (Seymour, 2004; Williams, J. S. et al., 2009). Direct evidence of 

marine product exportation is presently absent, for example split fish vertebrae 

(Graham, 1994, p. 261) or high volumes of fish remains (Mock, 1994: Northern River 
Lagoon). Alongside diet, marine products were used for decorative or utilitarian items – 

shaped fragments suggest shells were made into tools or blanks for jewellery 
production (Graham and Simmons, 2012b). Excavated shell burial artefacts at Marco 

Gonzalez have included pacific coast shells and large numbers of Oliva sp. shells 
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carved to represented skulls that were found in Structure 14 (Pendergast and Graham, 

1990).  
 

The volume of shell used in some of the construction at Marco Gonzalez was 
enormous and provides some indication of the scale of marine resource use. It has 

been estimated that an average of 425 queen conch shells were used per cubic metre 

of structure fill in the Early Postclassic (Emery and Graham, 2003, p. 79). The shells 
used in construction core were mainly Strombus gigas (queen conch), Turbinella 

angulata (West Indian chank), but also Cassis madagascariensis (emperor helmet), 
Melongena melongena (brown conch), Fasciolaria tulipa (tulip), Antigona listeria 

(princess venus), and tellins, chiones and donax (Graham and Pendergast, 1989, p. 4). 
Small punch holes near the crown of conch shells at Marco Gonzalez indicate that 

flesh was removed for eating (Graham and Simmons, 2012b), which has also been 
recorded at Moho Cay (McKillop, 1984). The majority of conch have been identified as 

young or juvenile, which suggests that practices would have had significant impacts on 
mollusc populations (Emery and Graham, 2003, pp. 79, 85; Graham and Pendergast, 

1989, p. 4). Other island sites such as Frenchman’s Cay also suggest intensive 

gastropod harvesting (McKillop and Winemiller, 2004), but northern Ambergris Caye 
sites such as Chac Balam and San Juan have far fewer mollusc remains (Glassman 

and Garber, 1999). 
 

Many of the same marine species were harvested in the past as today (Emery and 
Graham, 2003, p. 82). Comparisons of ancient and modern fish suggest that fish 

weights were significantly larger in the past and thus that the pressure from ancient 
activities was smaller. The compound effects of fishing over the length of Marco 

Gonzalez's occupation, in such high volume, however, is sure to have impacted fish 
and mollusc populations (Emery and Graham, 2003, pp. 84, 86). Emery and Graham 

(2003, p. 83) suggest that the fishermen at Marco Gonzalez were not subsistence 

fishermen and were instead ‘specialists, harvesting specific species for non-
subsistence uses such as trade, tribute, or support of the traveling merchants’; 

species-targeted behaviour is likely to have caused dramatic impacts.  
 

The faunal material from middens is primarily of marine origin (Seymour, 2004). This 
corroborates the human isotope evidence that suggested a marine-based diet 

(Williams, J. S. et al., 2009). Ek Luum, Chac Balam and San Juan on Ambergris Caye 
are similarly dominated by marine remains (Glassman and Garber, 1999; Shaw, L. C., 

1995). This pattern occurs at other offshore communities (e.g. 0.1% terrestrial of total 
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faunal remains at Moho Cay (McKillop, 1984)), where distance is a major factor in 

resource selection; terrestrial animals contribute more at larger islands (McKillop, 1984, 
1985; McKillop and Winemiller, 2004, p. 61). A small number of terrestrial species have 

been identified at Marco Gonzalez alongside the fish specimens (Table 2.2). In 
addition, perforated jaguar teeth were burial accompaniments at Structure 14, and a 

carved peccary bone was found at Structure 8 (Graham and Pendergast, 1989, p. 11; 

Pendergast and Graham, 1990). As part of a trade network, offshore sites were able to 
access more distant resources, as well as travel themselves (McKillop, 1985).  
 
 

Table 2.2. Postclassic faunal identifications from midden (MG 21) at Structure 27, Marco 
Gonzalez (Seymour, 2004, p. 170; modified from Williams, J. S. et al., 2009, p. 45: 

identifications by Norbert Stanchly and Kevin Seymour). 
Class Family Genus and species Common name MNI  

(where 
given) 

Actinopterygii Acanthuridae  Acanthurus sp. Surgeonfish 9 
 Ariidae  Arius sp. Sea catfish 1 
 Balistidae  Balistes sp. Triggerfish 7 
 Carangidae  Caranx hippos Jack 21 
 " Caranx crysos Jack 5 
 " Caranx bartholomaei Jack 2 
 " Trachinotus sp. Jack 1 
 Centropomidae  Centropomus sp. Snook 2 
 Gerreidae  Gerres cinereus Mojarra 2 
 Haemulidae  Haemulon  sp. Grunt 6 
 Labridae  Lachnolaimus maximus Wrasse 6 
 " Halichoeres radiatus Wrasse 1 
 " Other Labridae Wrasse 1 
 Lutjanidae  Lutjanus sp. Snapper 19 
 Rachycentridae  Rachycentron canadum Cobia 1 
 Scaridae  Scarus sp. Parrotfish 3 
 " Scarus coelestinus Parrotfish 3 
 " Sparisoma sp. Parrotfish 3 
 " Sparisoma viride Parrotfish 2 
 " Sparisoma rubripinne Parrotfish 1 
 Serranidae  Epinephelus sp. Grouper 12 

 " Mycteroperca sp. Grouper 3 
 Sparidae  Calamus sp. Porgy 12 
 Sphyraenidae  Sphyraena sp. Barracuda 11 
Chondrichthyes - - Shark - 
Mammalia Cervidae Mazama americana Brocket deer - 
 Cervidae Odocoileus virginianus White-tailed deer - 
Reptilia Crocodylidae Crocydylus sp. Crocodile - 
 Dermatemydidae Dermatemys mawii River turtle - 
 Emydidae Trachemys scripta Pond turtle - 
 Emydidae - Pond turtle - 
 Iguanidae Iguana iguana Iguana - 
 Unidentified Unidentified Riverine reptile - 
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2.3.7 Archaeobotany 

All excavation seasons pre-2013 report the presence of large volumes of charcoal in 

the Late to Terminal Classic processing levels (Graham and Pendergast, 1987, 1989, 
pp. 6–7; Graham and Simmons, 2012a; Pendergast and Graham, 1987, 1990). Morris 

(2011) conducted a small-scale investigation of five wood charcoal samples from salt 
processing levels excavated during the 2010 field season. One sample was identified 

as Conocarpus erectus (buttonwood), and another was tentatively identified as 
Avicennia germinans (black mangrove). The results suggested that at least two 

different types of fuelwood were used, or that fuelwood selection was not taxa-based 
(Morris, 2011). The results were also indicative of fairly low burning temperatures 

(c.400/500oC), which support the notion of low sustained temperatures for water 

evaporation in salt production (Morris, 2011).  
 

Well-preserved archaeobotanical remains have been recovered elsewhere on the 
caye, in Postclassic deposits at San Pedro (Graham and Pendergast, 1994). They 

have also been reported at other island and coastal sites such as Frenchman’s Cay, 
Tiger Mound, Wild Cane Cay and Pelican One Pot, where they have been used to 

suggest activities such as tree cropping and to examine the use of native versus non-
native species (McKillop, 1994a, p. 117, 2002, pp. 95, 149–150). Guderjan (1995a) 

suggests that corn was imported on Ambergris Caye owing to the unsuitability of soils, 
but he also questions the importance of corn in the caye’s diet. Dental indicators at San 

Juan and Chac Balam on Ambergris Caye, were used by Glassman and Garber (1999) 

to suggest a reduced reliance on maize (specifically sticky carbohydrates) compared to 
inland populations. Seidemann and McKillop (2007), however, use the same indicators 

as Glassman and Garber to suggest a high consumption of maize that was perhaps 
grown on Ambergris Caye. Evidence for agriculture or horticulture is inconclusive. 

Stemp’s lithic analyses suggest that no specific large-scale agriculture or forest 
clearance occurred at Marco Gonzalez, but he acknowledges that local plant resources 

such as palms and trees were probably exploited (Stemp, 2001). Glassman and 
Garber (1999) consider Ambergris Caye (specifically near San Juan and Chac Balam) 

to lack evidence for agriculture, which they consider unsurprising given agriculturally-
poor soils. They propose that shelled maize was likely imported from the mainland – 

manos and metates indicate maize preparation – but they do suggest that small 

gardens may have existed alongside importation (Glassman and Garber, 1999). At 
Basil Jones on Ambergris Caye, however, Guderjan (1995b) notes a series of walls 

that he believes to be Postclassic ‘field markers’ related to agriculture, based on similar 
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features at Cozumel (cf. Freidel and Sabloff, 1984). The development of cultivable soils 

would have been necessary for cultivation but, should these soils have developed 
during occupation, the timeline is as yet unknown. The likelihood of cultivation at Marco 

Gonzalez, and the associated development of cultivable soils, will have to be 
determined as part of developing a clear understanding of soil history at the site and 

also the impact of human activities on soils.   
 

2.3.8 Salt production 

Late Classic deposits that are darkened from a high input of charcoal and that contain 

a high density of friable pottery sherds are believed to have resulted from intensive salt 
production (Graham et al., 2017; Macphail et al., 2017). Salt production appears to 

have occurred at a scale that could have had important social and environmental 

implications; the large amount of charcoal, in particular, is a signifier of intensive 
resource use. The potential sources of environmental impact in salt production occur, 

depending on method, via the harvesting of resources for fuelwood and for 
construction timber, the creation of salt pans, the harvesting of salt-rich sediments, the 

production of pottery, the manufacture of lime to line salt pans and create plaster 
floors, atmospheric emissions from burning, and discard of waste. Many details of salt 

production at Marco Gonzalez that relate to production method, scale and distribution 
remain uncertain, but the activity's potential significance necessitates its consideration. 

The following section considers relevant salt production examples from the 

Mesoamerican region and also worldwide, to provide a better understanding of the 
potential indicators of, and environmental impactions from, salt production at Marco 

Gonzalez. For an activity that leaves somewhat ambiguous remains – for example 
plaster floors that can be used for other activities, utilitarian pottery that could be 

applied to other tasks, wooden structures that generally do not survive, and the 
invisibility of the salt product itself – it is important to ensure that factors are not ignored 

or evidence missed. The understanding of salt production at a more general level thus 
ensures a thorough examination of the evidence at Marco Gonzalez and supports 

interpretation.  
 

The primary Maya salt production methods were solar (sal solar) and fire (sal cocida) 

evaporation. Solar evaporation uses natural or man-made salt pans; Dillon and 
colleagues (1988) suggest nine days for complete crystallisation. In sal cocida, brine-

filled vessels are heated over a fire until the water evaporates and leaves a salt 
residue; 2 or 3 hours has been suggested for complete evaporation (Mackinnon and 
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Kepecs, 1989; Murata, 2011). Seasonality is an important factor for salt production, 

since in the wet season sal solar cannot occur and sal cocida can only proceed under 
shelter. Unsurprisingly, for processes that use brine, most salt production sites are 

located on the coast and lagoonal shores, but there are a few interior exceptions. The 
coastal or lagoonal locations were ideal for transport and trade, but situation would also 

have been influenced by water salinity, fuelwood, access to salted earth for leaching, 

or the availability of cleared areas for pans (Mock, 1997). Over forty locations have 
been found along Belize's coast, frequently with a large number of sites at each locale 

(Andrews and Mock, 2002). Salt production locations, however, are highly vulnerable 
to obscuration by rising sea level; Stingray Lagoon, for example, is underwater 

(McKillop, 1995).  
 

On the southern Belizean coast, salt production sites have been identified at Placencia 
Lagoon (Mackinnon and Kepecs, 1989), Punta Ycacos Lagoon in Paynes Creek 

National Park (at least 100 underwater sites e.g. Stingray Lagoon, David Westby, 
Orlando’s Jewfish) (McKillop, 1995, 2002, 2007a), Colson Point (Graham, 1989, p. 

150), and also on the cayes e.g. False Cay, Frenchman’s Cay, and possibly Moho Cay 

(McKillop, 2004, p. 268, 2007a). In northern Belize (excluding Ambergris Caye), sites 
have been located at Northern River Lagoon, Pott’s Creek Lagoon, Little Rocky Point, 

Midwinter Lagoon (Powell’s Ridge, Xibalba, Saktunja), Wits Cah Ak’al, and Cerros 
(Andrews, A. P. and Mock, 2002; Hallock, 2009; McAnany et al., 2008; Mock, 1994, 

1997; Murata, 2011; Robertson, 2014; Valdez Jnr. and Mock, 1991). On the Pacific 
coast, Guzmán Mound has evidence for salt production, with another possible site at 

nearby Salinas la Blanca (Nance, 1992). The interior site of Salinas de las Nueve 
Cerros also provides evidence for salt production (Dillon, B. D. et al., 1988), with 

additional inland evidence in the Guatemalan highlands (Andrews, A. P., 1983, pp. 77–
93). Northern/northeastern Yucatán coastal sites appear to have used sal solar, as this 

is the driest Maya region (Andrews, A. P., 1983); sites such as Emal are located in 

proximity to hyper-saline estuary water (Johnson, 2014).  
 

Some of the earliest salt production remains, dated to the Late Formative, have been 
recorded in the Yucatán, and sites such as Emal and El Cuyo emerged as major salt 

production centres in the Early Classic (Andrews, A. P., 1983, p. 31). A few more 
southerly sites have Preclassic remains, such as Guzmán Mound (Nance, 1992), 

Salinas de los Nueve Cerros (Dillon et al., 1988), and possibly Wits Cah Ak’al (Murata, 
2011). The majority of Maya salt production, however, has been dated to the Late 

Classic with stratigraphy, associated pottery, and sometimes radiocarbon dating (e.g. 
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McKillop, 2005, 2007b; Mock, 1994: Northern River Lagoon, AD 673). Salt production 

appears to have declined in the Postclassic in Belize, but household production at sites 
such as Wild Cane Cay and Frenchman’s Cay continued (Andrews, A. P. and Mock, 

2002; McKillop, 2005). Factors cited for the demise include the collapse of southern 
centres and associated shifts in trade relations, decreased fuel availability, sea level 

rise and the accompanying inundation of sites, and the rise of Chichén Itzá that 

increased the importance of Yucatecan sources (Andrews, A. P. and Mock, 2002; 
McKillop, 2002).    

 

Salt production assemblages and indicative features 

Many of the materials involved in salt production – including the salt itself – are 

materials that do not commonly persist in archaeological deposits. Since the 
identification of the methods and artefacts involved in salt production can be quite 

challenging, archaeological, ethnographical, Mesoamerican and worldwide examples 
of salt production can provide valuable analogies that can enhance our understanding 

of ancient Maya salt production. Parsons (2003) considers worldwide analogies 
essential for ancient Maya salt research and Sills (2007) argues for much continuity 

between ancient and modern Maya salt production. Owing to the apparent intensity of 
salt production at Marco Gonzalez, and the multitude of potential environmental 

implications of the various salt production methods, it is important to have as detailed 
an understanding as possible to understand how salt production may have impacted 

the environment at Marco Gonzalez. Reina and Monaghan's observations of salt 

production in 1978 at Sacapulas, in northwest highland Guatemala, is the leading 
ethnographic example of Maya salt production (Reina and Monaghan, 1981). Williams 

(1999) suggests that archaeological identifiers for salt production might include pottery 
remnants, mounds of leached soil, solar evaporation pools/pans, canals, wells near 

springs, rock alignments for the support of filter or evaporation devices, floors used to 
mix earths, and lithics used to scrape soils. I now examine salt production methods and 

identifiers, with a range of comparative examples, to ultimately explore the character of 
salt production at Marco Gonzalez. 

 

Brine enrichment 
Brine enrichment, to increase salinity prior to final evaporation stages, is common to 
salt making worldwide. This is particularly true for sal cocida, where enrichment can 

reduce the energy expended in heating (Brown, 2001; Murata, 2011). Solar 
evaporation or leaching may be used for enrichment prior to sal cocida, and often uses 
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temporary structures. In leaching, brine is filtered through saline sediments in order to 

increase salinity. In modern Mexico, wooden leaching structures are used, for example 
‘a rectangular base of sticks on which sedge, fodder, and sand are placed’ to filter 

saline lake sediments in the Sayula Basin, Jalisco (Valdez et al., 1996, p. 179). Similar 
structures and methods have also been described for La Placita, Michoacán (Williams, 

E., 2002), Lake Cuitzeo, Michoacán (Williams, E., 1999), and also Thailand 

(Yankowski and Kerdsap, 2013). Archaeologically, evidence for these perishable 
structures is obviously rare, but wooden posts at John Spang, Belize, have been 

interpreted as possible leaching structures (Sills, 2007, p. 65). In the absence of 
evidence for structures, mounds of earth, that are predominantly composed of leached 

sediment, are often used as evidence for brine enrichment in the Maya area (Dillon, B. 
D. et al., 1988: Salinas de las Nueve Cerros; e.g. Mackinnon and Kepecs, 1989: 

Placencia Lagoon; McKillop, 2002, p. 49: Killer Bee, Punta Ycacos; Nance, 1992: 
Guzman Mound; Watson, R. et al., 2014: Punta Ycacos). Similar leaching mounds 

have also been used as evidence in other Mesoamerican regions (e.g. Charlton, 1969: 
Lake Texcoco; Valdez et al., 1996: Sayula Basin) and also worldwide (e.g. Yankowski 

and Kerdsap, 2013: Northeast Thailand).  

 
The evidence for solar evaporation, either for enrichment or as a final stage, is varied. 

North Yucatecan sites used natural salt beds, where salt deposits are created on 
coastal marshland during the dry season (Andrews, A. P., 1983, pp. 22–23); at Emal, 

stones are thought to denote pan boundaries (Johnson, 2014). McKillop (2002, p. 112) 
suggests that naturally-formed pans were used on Moho Cay, Frenchman’s Cay, Wild 

Cane Cay, and Ambergris Caye. Constructed pans are recorded for 20th century Lake 
Cuitzeo, Mexico, where brine was evaporated in wooden troughs (Williams, E., 1999). 

At La Placita, Mexico, pans are described as constructed from beach sand and lime 
(Williams, E., 2002); similar pans are recorded for India (Shinde et al., 2008). Pans 

may also be pottery (e.g. Burley et al., 2011: Fiji). Additional enrichment methods have 

also been recoded. For example, stone-boiling in very large vessels is proposed for 
ancient Nueve Cerros (Dillon et al., 1988). On modern Bohol Island, Philippines, 

artificial pans are used to soak plant material in brine, which is then ashed and used for 
filtering (Yankowski, 2007). Evidence for enrichment, however, is not always present, 

even where salinity is low, for example at Wits Cah Ak’al (Murata, 2011).  
 

Structures 
Whilst sal solar can clearly be inhibited by the wet season, and therefore is associated 
with intermittent producers (e.g. Burley et al., 2011: Fiji), sheltered sal cocida can 
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potentially extend production into the wet season. The introduction of sal cocida at El 

Salado, Veracruz and Salinas de las Nueve Cerros has been attributed to intensified, 
year-round, production in response to increased demand (Dillon, B. D. et al., 1988; 

Santley, 2004). At Sacapulas, sal cocida occurred in a kitchen (Reina and Monaghan, 
1981, pp. 24–28). Structures have also been observed in other tropical settings (e.g. 

Yankowski, 2007: modern Philippines). Archaeologically, well preserved wood, in the 

area of Punta Ycacos Lagoon, at sites such as K’ak’ Naab’, Chak Sak Ha Nal and John 
Spang, has been identified as structures for boiling brine, storing salt, or housing 

workers (McKillop, 2005, p. 5634, 2007b, 2007a; Sills, 2007). Regardless of structures, 
many modern salt workers divide their time seasonally between salt production and 

farming, for example at Michoacán, Mexico (Williams, E., 1999), northeast Thailand 
(Yankowski and Kerdsap, 2013) and some modern Maya (Andrews, A. P., 1983, p. 

112).  
  

Hearth or kiln features may also indicate salt production. Ovens and elongate or 
circular hearths have been identified in Maya contexts, for example Salinas de los 

Nueve Cerros (Dillon, B. D. et al., 1988), Guzmán Mound (Nance, 1992), and Stingray 

Lagoon (McKillop, 1995, 2002, pp. 48–49). Comparable features have also been 
attributed to salt making elsewhere, for example in Mexico (Santley, 2004; Valdez et 

al., 1996), China (Flad et al., 2005) and tentatively in Vietnam (Reinecke, 2010). 
Similarly, deposits of charcoal and ash, sometimes fused with amorphous clay lumps 

or sherds, are used to identify sal cocida (e.g. Hallock, 2009; McKillop, 1995, 2002, p. 
49; Mock, 1994; Nance, 1992). 

 

Artefact assemblage 
A typical salt production pottery assemblage consists of vessels to heat brine, cylinders 

to support vessels over a fire, spacers to separate vessels and perhaps discourage 

overheating, and sometimes sockets to connect cylinders and vessels (e.g. Mackinnon 
and Kepecs, 1989; Murata, 2011). This assemblage may be called ‘briquetage’, a term 

that was originally used for European assemblages (McKillop, 2007a; Murata, 2011). A 
high volume of fairly homogenous pottery has been used to identify sites and activity 

areas at Punta Ycacos Lagoon (McKillop, 1995, 2002, pp. 132–133, 2005, 2007a; Sills, 
2007), Northern River Lagoon (Mock, 1994), Colson Point (Graham, 1989, p. 150), 

Guzmán Mound (Nance, 1992), and Wits Cah Ak’al (McAnany et al., 2008; Murata, 
2011). Elsewhere, volume of homogenous pottery has been used as an identifier in 

Mexico (e.g. Charlton, 1969; Santley, 2004), Thailand  (e.g. Yankowski and Kerdsap, 
2013), China (e.g. Flad et al., 2005), Red Hill sites in Essex, and other northern 
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European sites (Borradaile et al., 1999; Riehm, 1961). Salt production sherds will often 

have calcium carbonate encrustations, which are thought to be caused by brine 
impurities that are deposited in low heat evaporation (Flad et al., 2005; Santley, 2004). 

At Sacapulas, cajetes (small, round, sun-dried, unfired clay bowls) (Fig. 2.12) are 
raised over a fire on a roughly 1 by 2 m packed earth platform (Reina and Monaghan, 

1981). The vessels are filled with brine, which is regularly replenished until either 

crystalised salt remains, that is transferred to a wooden mould, or a hard cake is 
formed in the cajetes. In the case of the hard cake, the vessels are broken to remove 

the salt, with sherds accumulating in large piles in association with clods of salt-
enriched charcoal dirt (Reina and Monaghan, 1981). Single-use vessels have been 

suggested for Aztec vessels (Charlton, 1969), at Halle, Germany (Riehm, 1961) and for 
many Maya sites (Andrews, A. P. and Mock, 2002) (see Coconut Walk below). 

 
Sal cocida vessels are commonly unslipped, coarse and friable (Borradaile et al., 1999; 

Charlton, 1969; Mackinnon and Kepecs, 1989; McKillop, 1995, 2007a; Nance, 1992; 
Nunley, 1967; Sisson, 1973; Yankowski, 2007). Poorly fired pottery is noted at K’ak’ 

Naab’ and Stingray Lagoon at Punta Ycacos Lagoon (McKillop, 1995, 2007a), for 

Texcoco Fabric-marked pottery in Mexico (Nunley, 1967)6, for the last phases at Halle 

in Germany (Riehm, 1961), and at Iron Age and Roman period sites in Lincolnshire, 

UK (Borradaile et al., 1999). Coarse tempers are also common. For Maya sites, these 
tempers include quartz sand or volcanic residues (Dillon, B. D. et al., 1988; McKillop, 

1995, 2002, p. 91, 2007a; Nance, 1992). Similarly, Early Formative pottery at El 
Salado, Mexico was quartz tempered (Santley, 2004), and later 16th century pottery at 

Lake Texcoco was fibre tempered (Charlton, 1969).  
 

The common forms for brine-heating vessels are jars (e.g. Placencia Lagoon: 
Mackinnon and Kepecs, 1989; Guzmán Mound: Nance, 1992), or bowls (e.g. Punta 

Ycacos Lagoon (with jars): McKillop, 1995, 2002, pp. 54–77, 2005, 2007a). Other 

forms include cylinder vessels and shallow, wide pans (Dillon, B. D. et al., 1988: 
Salinas de las Nueve Cerros). Jars for the storage and transportation of brine also 

occur at K’ak’ Naab’ and Stingray Lagoon in the Maya area (McKillop, 1995, 2007a) 
and also in Fiji (Burley et al., 2011). For a number of sites, vessels are believed to be 

formed by moulding, as at Sacapulas (Andrews, A. P. and Mock, 2002; Graham, 1994; 
Reina and Monaghan, 1981), but coil construction, in addition to moulding, is 

                                                        
6 Whether Texcoco Fabric-marked pottery was used for boiling or for transporting salt is 
somewhat debated (see Williams, E., 2002). 
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suggested for Northern River Lagoon (Mock, 1994). Although standardisation would 

have been advantageous for heating multiple vessels (McKillop, 2007a; Mock, 1994), 
the variable rim size at some sites suggests an absence of standardisation (e.g. 

Murata, 2011: Wits Cah Ak’al).  
 

 
Figure 2.12. Cajetes at Sacapulas, Guatemala (Reina and Monaghan, 1981, p. 22). 
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Figure 2.13. Coconut Walk Unslipped ceramic sherds from Marco Gonzalez (Photo: Elizabeth 
Graham). 

 
Coconut Walk Unslipped (CWU) has long been associated with salt production 

(Graham, 1994, pp. 153–156; Mock, 1994) (Fig. 2.13). CWU occurs at a number of 

sites, perhaps as early as the Early Classic, but it occurs far more extensively in the 
Late to Terminal Classic (and Postclassic at Barton Ramie) (Aimers, Haussner, et al., 

2016). CWU was first identified by Graham (1994) in Stann Creek District and has 
since been identified in large quantities at Midwinter’s Lagoon and Northern River 

Lagoon (Aimers, Haussner, et al., 2016; Andrews, A. P. and Mock, 2002; Mock, 1994, 
1997; Valdez Jnr. and Mock, 1991). Initially attributed to lime production, it is now 

considered a key salt production indicator (Andrews, A. P. and Mock, 2002). CWU are 
‘[c]rudely fashioned vessels; very soft paste; thin-walled; sand temper’, that are thought 

to have been manufactured on site with moulds, since they were too fragile to transport 
(Graham, 1994, p. 153). The vessels' friability suggests that they were either unfired, or 

not fully fired, prior to use (Mock, 1994). CWU is not yet placed in a ware since it is of 

irregular shape and temper (Aimers, Haussner, et al., 2016), although Graham (1994, 
pp. 153–156) originally classified it as a ware and not a type. A wide range of pottery 

has been referred to as CWU and conversely some CWU-like, friable pottery has 
instead been named according to locality, for example Hector Walk Unslipped at Wits 

Cah Ak’al (Murata, 2011); Andrews and Mock (2002), however, group these as CWU. 
Following Graham (1994), Andrews and Mock (2002) describe CWU as semi-

hemispherical with an orange/pink paste, thin walls c.3–6 mm, a smoothed interior 
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surface and a vessel diameter 24–30 cm. These features were functionally 

advantageous: thinner walls allow for a faster conductance of heat and reduce fuel 
use, whilst crudeness is suited to single-use (Andrews, A. P. and Mock, 2002).  
 

Cylinders, pedestals or bars, that function to prop vessels over the fire, are often used 
as key salt production identifiers. Cylinders initially belonged to the European 

briquetage assemblage (Riehm, 1961), and have also been recovered in high volume 

at Vietnamese sites (Reinecke, 2010). For Maya sites, cylinders (with sockets and 
spacers) were first reported at Placencia Lagoon (Mackinnon and Kepecs, 1989; 

Murata, 2011), and have also been recovered at Punta Ycacos sites (McKillop, 1995, 
2002, pp. 62–72, 2005) and Wits Cah Ak’al (McAnany et al., 2008; Murata, 2011). 

CWU was initially not related to cylinders, but they have now been found in association 
e.g. Wits Cah Ak’al (Murata, 2011). Cylinders without sockets and spacers have been 

recorded at False Cay, Frenchman’s Cay, Moho Cay, Northern River Lagoon, Pott’s 
Creek Lagoon, Little Rocky Point and Midwinter’s Lagoon (Andrews, A. P. and Mock, 

2002; McKillop, 2004, p. 268, 2007a, Mock, 1994, 1997; Valdez Jnr. and Mock, 1991). 
It appears that sockets and spacers may have been absent at central and northern 

sites, perhaps because they were unnecessary with the vessel forms in these areas 

(Andrews, A. P. and Mock, 2002; Mock, 1994). The identification of salt production 
sites in the absence of cylinders is rare, but in these instances it may be that other 

materials supported the vessels, such as at Sacapulas (Fig. 2.14) and also in the 
modern Philippines, which are both recorded to use stones as supports (Reina and 

Monaghan, 1981; Yankowski, 2007); at Guzmán Mound, Nance (1992) suggests the 
use of large rim sherds.  
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Figure 2.14. Cajetes raised over the fire with stone supports at Sacapulas, Guatemala (Reina 

and Monaghan, 1981, p. 26). 
 

 

Scale and organisation of production  

Production scale is associated with demand and thus with factors such as dietary 

need, salt appetite and activities such as the preservation of marine resources. The 
overall scale of salt production has been much debated (e.g. Andrews, A. P., 1983, pp. 

8–14, 1984; Andrews, A. P. and Mock, 2002; Mackinnon and Kepecs, 1989, 1991, 
Marcus, 1984, 1991; McKillop, 1995; Valdez Jnr. and Mock, 1991). The absence of 

production estimates for individual sites has also been noted, in accompaniment to 
issues such as the degree of specialisation and seasonality (Andrews, A. P. and Mock, 

2002; Kepecs, 2004; Rochette, 2003). The density of single-use vessels has been 
suggested as a potential source for production scale estimates (McKillop, 1995).  

 

Some sites appear to have produced salt for household consumption and others for 
more long-distance trade (McKillop, 2005). It appears that many Late Classic 

communities produced salt in a specialised economic capacity. Sites at Placencia 
Lagoon, Punta Ycacos and Wits Cah Ak’al appear to have been non-residential 
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specialist sites that produced salt at a large scale for local and inland, but not long-

distance, consumption (Mackinnon and Kepecs, 1989; McKillop, 1994a, 1995, 2002, 
pp. 175–176, 2005, 2007a; Murata, 2011; Sills, 2007). For sites such as Wits Cah 

Ak’al, it has been suggested that salt production occurred in the dry season (when 
salinity was highest), alongside other seasonal activities such as pottery production 

(Andrews, A. P. and Mock, 2002; Murata, 2011). In contrast, Northern River Lagoon, 

Wild Cane Cay and Frenchman’s Cay appear to have been permanently occupied 
(McKillop, 2007a; Mock, 1994; Valdez Jnr. and Mock, 1991); Northern River Lagoon 

appears to have produced beyond the level of household consumption, whereas Wild 
Cane Cay and Frenchman's Cay seem to have produced salt (in the Postclassic) at the 

household level. 
 

Environmental impact 

Several studies allude to the impact on vegetation from the fuelwood requirements of 
salt production, for example Mock (1994) suggests that fuelwood depletion contributed 

to settlement demise. In Europe, Dufraisse (2002) proposes that the large quantities of 
fuelwood for medieval French salt making was unsustainable. Actual quantification, 

however, appears absent. Fuelwood taxa have been identified for some sites at 
various levels of specificity: pine or mangrove at Wits Cah Ak’al (Murata, 2011); taxa at 

Northern River Lagoon that are presently not local, which Mock (1994) suggests is 
evidence for importation of fuelwood; and Rhizophora mangle at Stingray Lagoon, as 

one of a range of fuelwoods (Baker 1999 [unpubl.] in McKillop, 2002, p. 95). Yankowski 

and Kerdsap (2013) suggest for Thailand that vegetation-free areas were maintained to 
increase the availability of saline soils, which is an activity that would have impacted 

local ecosystems. 
 

Some studies have made observations that might suggest an association between 
increased soil fertility and Maya salt production locales (Graham, 1998). The salt 

production debris mounds at Wits Cah Ak’al (Mile 12) are noted as the area’s most 
fertile locations, with arboreal vegetation that contrasts the non-arboreal surroundings 

(Murata, 2011). At Guzmán Mound the site was used, post-salt production, for 
cultivation since it was more suitable than the surrounding salt flats (Nance, 1992). 

Organic-rich horizons have also been described for salt production areas at Emal in the 

Yucatán (Mehta and Johnson, 2014). 
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Marco Gonzalez salt production 

The evidence for salt production, and specifically sal cocida, at Marco Gonzalez is thick 

(>1 m) deposits with a large volume of charcoal and ash, as well as a high density of 
Coconut Walk Unslipped sherds (CWU) (Graham, 1994; Graham and Pendergast, 

1989, pp. 6–7; Graham and Simmons, 2012a; Pendergast and Graham, 1987). No 
cylinders have been found at Marco Gonzalez, but it is possible that vessels could 

have been propped up by stones as at Sacapulas (Reina and Monaghan, 1981), or 
otherwise it is conceivable that conch shells could have functioned as supports.  

 
The Coconut Walk Unslipped evidence at Marco Gonzalez suggests that salt 

production may have started at the very beginning of the Early Classic, or possibly 

even the end of the Preclassic, although production in these early periods would have 
been at a household level (Aimers et al., 2017, pp. 367, 370). Intensive salt production, 

at a scale beyond household industry, is thought to date to AD 600–800 (Late Classic), 
and dominates evidence for this period (Aimers et al., 2017, p. 370; Graham, 1989; 

Graham and Pendergast, 1987, p. 150, 1989, pp. 6–7; Pendergast and Graham, 
1987). Emery and Graham (2003, p. 81) propose that salt production at Marco 

Gonzalez would have required large amounts of wood for fuel, and caused 
environmental degradation, strain on vegetation resources and, as a result, erosion 

that would have negatively affected marine environments through runoff.  
 

Coconut Walk Unslipped at Marco Gonzalez is a bowl form that functioned as moulds 

for salt cakes (Graham, 1989, p. 150). The quartz temper for these vessels would have 
originated at an unknown location on the mainland coast (Mazzullo et al., 1994), a 

distance that is unusual for utilitarian pottery; quartz possesses some useful heat 
conductance properties (Mazzullo et al., 1994). CWU is also found at other sites on 

Ambergris Caye such as San Juan, Chac Balam, Guerrero, Ek Luum and San Pedro, 
although variations occur between sites (Aimers, Haussner, et al., 2016; Graham, 

1989, p. 152; Pendergast and Graham, 1991). CWU was also found at Santa Cruz, 
where it was attributed to lime processing; it is possible that CWU was a general 

pottery for multiple processing activities that involved heat (Mazzullo et al., 1994).  
 

Andrews (1983, pp. 46–47) suggests that salt may have been produced on Ambergris 

Caye via dry season sal solar that used the salt lagoons in the north of the island, as 
was the case in more recent times. Guderjan (1995) has also argued for season-

dependent use of both lagoonal evaporation and sal cocida. Archaeological evidence 
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for sal solar on Ambergris Caye, however, is not available at present. The findings from 

the 2013-onwards research (Graham et al., 2017; Macphail et al., 2017), that elaborate 
on salt production evidence at Marco Gonzalez – predominantly in relation to sal 

cocida – are discussed in Chapters 5 and 6. 
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CHAPTER 3 

Theoretical perspectives and modelling method 
 
A variety of approaches have been used in archaeology to investigate the relationship 

of humans and the environment, for example systems, landscape and cultural 
ecologies. This chapter discusses some theoretical perspectives and frameworks that 

guide, and share similarities with, my research. The end of the chapter details the 
method of the life cycle assessment (LCA) (section 3.4) that is used for an 

environmental impact analysis in Chapter 6, and which guides the data collection 
detailed in Chapters 4 and 5. The theories discussed in this chapter are also applied in 

Chapter 7 to inform suggestions for future research. 
 

Historical ecology and human niche construction are the first two approaches 

discussed in this chapter. These approaches share some features and are relevant to 
the thesis because they concern long-term human modification of the environment and 

long-term environmental histories, which contribute to an explanation of the shape of 
the modern environment. The discussions consider human participation in the local 

ecosystem and interactions with ecosystem biota and abiota, whilst also considering 
important social aspects such as intentionality and agency. The multi-scalar approach 

to investigation is also a feature of these perspectives, from microscopic to landscape 
scales, which is an approach taken by my research. Another common theme in 

historical ecology and human niche construction is the consideration of human 
enhancement of the environment, alongside other impacts such as degradation, and 

these themes are relevant to dark earth formation at Marco Gonzalez.  

 
Urban ecology (section 3.2) is discussed in this chapter owing to its consideration of 

various aspects that relate to the impact of human occupation, or disturbance, on soils. 
Urban ecology, like historical ecology and human niche construction, considers the 

interaction of social and ecological factors; my research also considers the interaction 
of social and ecological factors. Urban ecological approaches, in addition, frequently 

employ a systems-based perspective that complements the systems approach used in 
the LCA study in Chapter 6. The discussion of dark earths (section 3.3) details valuable 

anthropogenically enriched soil-specific approaches that may guide methods at Marco 



 124 

Gonzalez. This guidance is inclusive of the features to prioritise, the type of datasets to 

collect, methods for the inclusion of the impact of wastes and the transformation of 
materials, and approaches to investigating the association between soils and 

occupation history. These method-based details guide much of the method-based 
decisions detailed in Chapters 4 and 5, while also satisfying the data requirements for 

the LCA in Chapter 6.  

 
 

3.1 Archaeological approaches to long-term environmental 
histories 
3.1.1 Historical Ecology 
Historical ecology emerged as a reaction to adaptation-based approaches such as 

cultural ecology and also increased interest in sustainability and resilience (Isendahl, 
2016, p. 128). Whereas ecologists most frequently apply historical ecology to 

restoration or conservation ecology, with the aim to restore ecosystems to pre-
disturbance or pre-degradation phases (Balée, 2006, pp. 76, 90; Isendahl, 2016, p. 

128; Petty et al., 2015, p. 2), anthropological frameworks consider humans to be 
integral to ecosystem histories, rather than simply a source of disturbance (Graham, 

1998, 2006; Isendahl, 2016, pp. 129, 142). Historical ecology has been referred to as a 

‘research program’ – as opposed to a theoretical approach – that encourages a 
transdisciplinary study of human-environment relationships and impact with a wide 

range of datasets, for example the application of linguistic, paleoecological and 
ethnohistorical datasets (Balée, 2006, p. 75,90-91; Balée and Erickson, 2006, p. 1,5; 

Crumley, 2007; Petty et al., 2015, p. 8). Historical ecology was initiated in North 
America (Isendahl, 2016, pp. 135, 143); research from the Americas has therefore 

dominated (e.g. Erickson and Balée, 2006; Melville, 1997). The definition and 
application of historical ecology, however, has been somewhat varied (Isendahl, 2016, 

pp. 131, 134). Historical ecology has been used as a research method, a perspective 
for specific research questions, to address system relationships, as a new science that 

incorporates a range of disciplines, or as a paradigm shift (Isendahl, 2016, p. 130). 

Over the last decade, anthropological historical ecology has become a more unified 
concept, but its application and definition remain diverse (Isendahl, 2016, p. 142). As 

an example, in reaction to concerns about the lack of consensus, in 2014, early career 
researchers, myself included, gathered for the ‘1st International Workshop on Historical 

Ecology’ in Uppsala, Sweden, with the aim to produce a list of key defining points and 
thus proceed as a more cohesive programme (Armstrong et al., 2017).  
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Historical ecology takes an anthropocentric stance (as opposed to eco- or geocentric), 

whereby humans are regarded as unique and key landscape modifiers (Balée, 1998, p. 
15; Balée and Erickson, 2006, pp. 2, 5). Environmental transformations are typically 

examined as long histories and not singular events: the notion of the ‘longue durée’ 
(Balée, 2006, p. 76). Adaptation-based approaches do address long-term impact, but 

typically only through negative concepts such as degradation and extinction: the idea 

of Homo devastans (Balée, 1998, pp. 3–4, 16, 2006, pp. 77, 81, 83; Balée and 
Erickson, 2006, p. 3). Whereas systems and cultural ecological approaches regard 

disturbance as an interruption to ecological succession, historical ecology recognises 
that disturbance may also enhance ecosystems, such as increased biodiversity or soil 

fertility (Balée, 1998, p. 16, 2006, pp. 77, 81, 83; Balée and Erickson, 2006, pp. 3, 6; 
Graham, 1998, 2006). Whilst historical ecology rejects humans as mere disturbers, the 

impact of disturbance is nonetheless recognised, in opposition to system models of 
equilibrium (Balée, 1998, p. 16, 2006, pp. 77, 81, 83; Balée and Erickson, 2006, pp. 3, 

6; Graham, 1998, 2006). Neither enhancement nor degradation is prioritised by 
historical ecology (Balée, 1998, pp. 14, 22–23; Isendahl, 2016, p. 142), a perspective 

adopted in my focus on human modification of the environment via activities and waste 

disposal, and the consideration of potential positive impacts alongside degradation.  
 

Humans and the environment are considered distinct but inseparable elements that 
unite and interact in the concept of landscape (Balée, 1998, p. 14, 2006, pp. 75, 77–78, 

81; Balée and Erickson, 2006, p. 2; Crumley, 2007; Isendahl, 2016, p. 130). The 
attention to landscape is a contrast to the focus of systems ecology on ecosystems 

(Balée, 2006, p. 75). Petty and colleages (2015, p.2) define landscape as a social-
ecological space, but also the ‘epistemological focus’. Landscape may be considered 

an extension of the built environment (Balée and Erickson, 2006, p. 3), whereby culture 
‘reside[s] in...trees as well as in people’s minds’ (Balée, 1998, p. 24). Physical 

transformation of land will produce a landscape, through which historical ecology 

examines socio-cultural perception and construction of the environment (Isendahl, 
2016, p. 138). Culture is embedded and inscribed in landscape as nonrandom patterns 

that produce a palimpsest of continuous and discontinuous human-environment 
interactions that can, in some sense, be ‘read’ (Balée and Erickson, 2006, p. 2; 

Isendahl, 2016, pp. 130, 142). In reaction to adaptation-based approaches that present 
humans as powerless in the face of limiting environmental forces, historical ecology 

recognises human agency, decision-making and problem-solving (Balée, 1998, pp. 15, 
19; Balée and Erickson, 2006, pp. 1–5; Isendahl, 2016, p. 129; Petty et al., 2015, p. 2). 

An example is resource management, which shapes the environment to suit the needs 
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of individuals. Historical ecology accounts for both intentional and unintentional human 

acts; the landscape is a record of both human modification and also past 
environmental events that have shaped human decisions and activities (e.g. Crumley, 

2007, p. 17). I similarly investigate both intentional and unintentional acts, but 
methodologically do not assume intentionality for any environmental modifications.  

 

Historical ecology examines systems and processes at a variety of temporal and 
spatial scales to reflect the multiple scales at which human agency and environmental 

transformation occur (Balée, 2006, pp. 75, 79; Balée and Erickson, 2006, p. 12; 
Isendahl, 2016, pp. 131, 142; Petty et al., 2015, p. 2). An understanding of the effects 

of different temporal scales of socio-ecological dynamics on landscape variation and 
diversity is a key aim for historical ecology (Isendahl, 2016, p. 142). The multiscalar 

approach necessitates the use of multiple and diverse datasets (Balée, 2006, pp. 75, 
79; Balée and Erickson, 2006, p. 12; Isendahl, 2016, pp. 131, 142; Petty et al., 2015, p. 

2). Local levels of investigation are commonly used as a baseline, the results of which 
can be combined cumulatively to investigate at larger scales (Balée 2006, 75, 79; 

Balée & Erickson 2006, 12). Historical ecology uses a case study approach that 

acknowledges the uniqueness of landscapes and their histories, and permits an 
examination of complex interactions (Balée, 2006, p. 83; Isendahl, 2016, p. 130; Petty 

et al., 2015, p. 3). The specificity is associated with unique socio-political and economic 
systems that produce alternative biospheric effects, and subsequently ecosystem 

trajectories; historical ecologists aim to understand the human role in the creation and 
maintenance of distinct landscapes (Balée, 1998, p. 14; Balée and Erickson, 2006, p. 

6). My research applies a case and local study approach, with an in-depth investigation 
of the Marco Gonzalez site at a variety of scales, from microscopic to landscape, and 

also combines a variety of datasets.    
 

Historical ecology aims to participate in modern socio-ecological sustainability, 

resilience and vulnerability discussions via the contribution of datasets relating to long-
term processes and variability, and the provision of case studies that would otherwise 

be unavailable (Isendahl, 2016, pp. 130, 142). A long-term perspective and a 
comprehension of the association between social and ecological systems permits the 

identification of factors that promote resilience or those that introduce vulnerability, in 
institutions and ecosystems (Isendahl, 2016, p. 142; Petty et al., 2015, pp. 1, 3). Long 

environmental histories also support an understanding of the present, from the stance 
that it is impossible to fully understand the present without a scientific understanding of 

the past (Isendahl, 2016, pp. 130, 141–142). The notion of long and human-modified 
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landscape histories across the globe has consequently challenged the notion of 

pristine environments, most notably in the Amazon (e.g. Balée, 1998, p. 14, 2006, p. 
77). I also intend in my research to produce results that have value for modern 

environmental issues, particularly those relating to land use and soil resilience, and life 
cycle assessment is applied as a means to connect archaeological data and modern 

sustainability discussions and solutions.      

 

3.1.2 Human niche construction 
Niche construction ‘refers to the activities, choices, and metabolic processes of 
organisms, through which they define, choose, modify, and partly create their own 

niches’ (Laland et al., 2000, pp. 132–133; cf. Odling-Smee, 1988; Odling-Smee et al., 

2013, p. 5). Organisms co-construct and co-evolve with their environments and, 
consequently, change the structure of ecosystems (Arroyo-Kalin et al., 2017, p. 106; 

Laland et al., 2014, p. 162). Niche construction theory (NCT) is an approach that is 
used to examine the mechanisms that explain long-term environmental histories 

(Odling-Smee, 1988). Importantly, the approach examines organism-induced 
modification of selection pressures and not solely environmental change (Kluiving, 

2015, p. 560). Thus through niche construction – for example the construction of 
burrows to avoid the cold – organisms may counteract natural selection (Laland et al., 

2000, p. 133). Whilst climate is accepted as a source of selection, NCT prioritises the 
internal examination of ecosystems (Laland and O’Brien, 2010, pp. 314–5). Selection 

pressures may be modified by organisms via perturbation – the physical modification of 

environmental factors at specific locations and time – or relocation – the movement of 
organisms in space (Laland and O’Brien, 2010, pp. 306–307). Perturbations may be 

inceptive – they generate change – or counteractive – they oppose or cancel currently 
or previously shifting environmental factors (Arroyo-Kalin, 2017, p. 123; Laland and 

O’Brien, 2010, p. 307). Perturbations are considered positive where fitness of the 
niche-constructing organism is enhanced. Increased fitness is often measured by a 

higher abundance of individuals as a result of increased fecundity or longevity (Arroyo-
Kalin, 2017, p. 123; Odling-Smee et al., 2003, pp. 44–50, 2013, p. 5). Negative niche 

construction includes activities such as those that cause habitat destruction, where the 
expected outcome is population decrease (Arroyo-Kalin, 2017, p. 123; Laland et al., 

2000, p. 133; Odling-Smee et al., 2003, pp. 44–50, 2013, p. 5). The active agency of 

an organism and its role in ecological and evolutionary change is important for NCT 
(Laland and O’Brien, 2010, p. 312). Intentionality, however, is not essential. Niche 

construction includes the metabolic, physiological, and behavioural activities of 



 128 

organisms, in addition to the decision-making of organisms (Odling-Smee et al., 2013, 

p. 5). Furthermore, it is possible for ‘seemingly inconsequential and inadvertent acts’ to 
aggregate into significant effects (Odling-Smee et al., 2013, p. 17). 

 
‘Ecosystem engineering/engineers’ and ‘niche construction/constructors’ are often 

used somewhat synonymously (Laland et al., 2000, p. 133; Laland and O’Brien, 2010, 

p. 306). In more traditional ecological literature, niche constructors include different 
ecological categories of species, of which ‘ecosystem engineers’ is one category 

(Odling-Smee et al., 2013, p. 5). A defining feature of NCT, compared to ecosystem 
engineering, is the attention of NCT to activities with evolutionary consequences 

(Odling-Smee et al., 2013, p. 9). Furthermore, more traditional approaches to 
ecosystem engineers focus on nontrophic behaviours and relationships, whereas more 

recent niche construction discussions consider trophic factors to be important (Laland 
and O’Brien, 2010, p. 305; Odling-Smee et al., 2013, p. 7). I use the terms ecosystem 

engineering and niche construction interchangeably, in consonance with the majority of 
archaeological literature.  

 

Niche constructors play a key role in hydrological, nutrient and element cycling (Laland 
and O’Brien, 2010, p. 306). NCT provides a means to examine feedbacks between 

organisms and ecosystems (Lullfitz et al., 2017, p. 204), whereby modifications occur 
when dynamics disturb ecosystem equilibria (Arroyo-Kalin et al., 2017, p. 108). The 

interaction of niche constructing organisms with other parts of the ecosystem is integral 
to NCT. Niche constructing activities will have direct and indirect effects on biotic and 

abiotic features of the ecosystem (Laland and O’Brien, 2010, pp. 303–306; Odling-
Smee et al., 2013, p. 5). Abiota may be modified physically or chemically. Abiotic 

resources, impacted by generations of modification, may leave thermodynamic 
equilibrium and come to ‘occupy states that could not occur, or would be highly unlikely 

to occur, on a ‘dead planet’’ (Odling-Smee et al., 2013, p. 11). Niche constructors, via 

their engineering activities – in what is known as ‘ecological spillover’ – may produce, 
modify and destroy the habitats and resources of other organisms (Laland and O’Brien, 

2010, pp. 303, 305–6; Odling-Smee et al., 2013, pp. 5–6). By modifying natural 
selection in their own environment, organisms also modify the selection pressures for 

other organisms, the outcome of which may be coevolution (Laland and O’Brien, 2010, 
pp. 303, 305–6; Odling-Smee et al., 2013, pp. 5–6). In contrast to abiota, biota may 

respond to modifications and engage in niche construction of their own (Odling-Smee 
et al., 2013, p. 11). The modification of an ecosystem will most often involve exchange 

between multiple agents (Arroyo-Kalin et al., 2017, p. 108). At its inception, niche 
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construction investigations would focus on a particular species or modification, but 

studies have since expanded to larger spatial scales (e.g. regional) and apply a 
systems view that encompasses a broad range of species and habitats (Odling-Smee 

et al., 2013, p. 22; Smith, B. D., 2007, p. 1797). This ‘engineering web’ comprises all of 
the engineering interactions of a diverse array of species (Laland and O’Brien, 2010, p. 

306) or, in other words, the connected and collective influence of various species on 

the energy flows, mass flows, and trophic patterns in an ecosystem (Odling-Smee et 
al., 2013, pp. 7–9). Simple and isolated eco-evolutionary associations of niche 

constructing activities and their outcomes are unlikely; ‘interwoven causal chains that 
thread ecosystems’ are a more expected ‘norm’ (Odling-Smee et al., 2013, p. 20). The 

definition of the system boundary for an engineering web will be dependent on 
research interests and resources (Odling-Smee et al., 2013, p. 24). The use of an 

approach that examines the interaction of all elements within an ecosystem is apparent 
in my systems-based modelling method, LCA, and also in my consideration of how the 

form of the modern environment reflects the interaction of different elements.  
 

As an evolutionary approach, NCT emphasises the legacy effects of niche 

construction, via ecological inheritance (Odling-Smee, 1988; Odling-Smee et al., 2013, 
p. 5). Modifications may outlive the lifespan of organisms, alter selection pressures in 

future populations over long time periods, and as a result provide a source for 
evolutionary change (Arroyo-Kalin, 2017, p. 122; Arroyo-Kalin et al., 2017; Laland et 

al., 2000, p. 133; Odling-Smee et al., 2013, p. 5). This perspective, concerning the 
persistence of modifications, is a useful one for the study of the long-term effects of 

human actions, such as at Marco Gonzalez. Ancestral population response to the 
modifications and selection of the preceding generations may consist of continued 

evolution in the same direction (momentum effects), or a delayed response for a 
number of generations (inertia effects), or opposite and sudden catastrophic responses 

(Laland and O’Brien, 2010, p. 305). The consequences of niche construction may 

therefore show time-lagged effects (Odling-Smee et al., 2013, p. 6). For evolution to 
occur, the modification of an ecological variable must become a component of 

ecological inheritance and be translated into ‘at least one modified natural selection 
pressure for at least one population’ (Odling-Smee et al., 2013, p. 14). The effects of 

some niche construction activities, in contrast, may fade, or be obscured by larger 
effects, or otherwise be counteracted by other processes such that they become 

‘evolutionary negligible’ (Odling-Smee et al., 2013, pp. 7, 14).  
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Niche construction, inheritance, and the processes of selection may be determined by 

genetic, ecological or cultural factors; NCT recognises that niche construction, and 
subsequent evolution, is only partly determined by genes (Ellis et al., 2016; Laland et 

al., 2014, p. 162; Laland and O’Brien, 2010, pp. 311–312). This multi-factor 
evolutionary perspective complements multidisciplinary datasets that can include 

archaeology; a multidisciplinary approach is actively encouraged by NCT advocates 

(Ellis et al., 2016; Laland et al., 2014, pp. 162, 164; Laland and O’Brien, 2010, p. 318). 
Archaeology is considered to hold particular value for NCT, owing to its deep time and 

anthropogenic perspectives, and its ability to contribute to the understanding of modern 
ecosystems that are to varying extents shaped by anthropogenic modifications (Boivin 

et al., 2016, pp. 6393–6394; Laland and O’Brien, 2010, pp. 303, 318).  
 

Human niche construction (HNC) examines the role of humans as niche constructors. 
Some ecological approaches have, historically, tended to omit humans, but more 

recent calls for niche construction have stressed the importance of embedding humans 
in ecosystems (Laland and O’Brien, 2010, p. 306). Humans are now deemed to be the 

ultimate niche constructors or ecosystem engineers, in terms of our broad range of 

activities and magnitude of impact (Arroyo-Kalin, 2017, p. 122; Arroyo-Kalin et al., 
2017; Laland and O’Brien, 2010, p. 307; Smith, B. D., 2007). Extinction is an extreme 

anthropogenic impact, but human niche construction has also widely and enduringly 
impacted species abundance, composition, community structure, richness and genetic 

diversity (Boivin et al., 2016, p. 6389). Humans have a great ability to build natural 
selection-modifying artefacts, that include ‘constructed resources’ such as fields, 

irrigation and forest clearings (Odling-Smee et al., 2013, p. 12). An ecosystem 
engineering approach for humans frequently emphasises technology and ecosystem 

management, such as the need to understand ecological interactions in soil-crop-
nutrient dynamics within an agricultural system (Renard et al., 2012, pp. 34, 36). 

Human ecosystem engineering may be approached as a process of ‘strategising’ and 

problem-solving to address environmental constraints. The construction of ditches and 
canals in raised fields, for example, performs a multitude of water management 

functions to extend the growing season, inclusive of drainage, transport, fish reserves 
and water conservation (Renard et al., 2012, p. 34). The Late Classic period Maya 

terraces and dams around La Milpa were designed to use soil moisture and divert 
runoffs, which maintained reservoirs, minimised erosion and sustained functioning soil 

platforms (Dunning and Beach, 2000, p. 197). The concept of environmental limitations 
against which humans must strategise, is counteracted by the notion of ‘ecosystem 

services’, which refer to beneficial environmental provisions. The interplay between 
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ecosystem services and humans is analysed via resource feedbacks that occur as a 

consequence of human management strategies (or niche construction) (Renard et al., 
2012). 

 
Human niche constructing activities have had large impacts on the distribution of 

species locally, regionally, and intercontinentally. In island settings, activities designed 

to increase habitability have often radically restructured island environments and 
unintentionally introduced species such as parasites and weeds that are adapted to the 

human niche (Boivin et al., 2016, pp. 6391–6392). With urbanisation, such as took 
place among the Precolumbian Maya, niche construction is increased in complexity 

and intensity, resulting in dramatic impacts on species diversity and distribution (Boivin 
et al., 2016, p. 6392). Proponents of HNC, like historical ecology, emphasise that an 

‘appropriate default expectation is one of anthropogenic transformation, regardless of 
how pristine a modern landscape may superficially seem’ (Boivin et al., 2016, p. 6393). 

Researchers also stress that the consequences of niche construction may include 
enhancements, such as the creation of landscapes that are able to support increasing 

populations (Boivin et al., 2016, p. 6393). It is common in HNC research to associate 

results with their potential for applied archaeology. HNC contributes to an 
understanding of how humans have influenced the evolution of a wide range of 

species, so that we may understand present ecosystems, predict future trends, and 
design solutions to address problems (Boivin et al., 2016, p. 6393). By consciously 

engaging in ecosystem engineering it may be possible to reduce or reverse negative 
human modifications of environments (Smith, B. D., 2007, p. 1797). A HNC analysis of 

pre-colonial evidence, for example, was used to address continued human-induced 
pressures on modern plant communities in the South West Australian Floristic Region 

(Lullfitz et al., 2017). 
 

HNC or ecosystem engineering approaches have been successfully applied to a 

number of projects in the Americas. HNC has been used for Precolumbian Amazonia 
to examine the legacy effects from occupation activities. These legacies include terras 

pretas and terras mulatas, which are anthropic soils that are now used and managed 
by current farmers, owing to their higher yields (Arroyo-Kalin, 2017, p. 125) (Section 

3.3, Dark earths). Occupation activities also engineered the Amazonian landscape 
through the construction of rectangular and circular bank-and-ditch features, mounded 

middens, and raised house platforms that survive topographically today (Arroyo-Kalin, 
2017, p. 126). Post-abandonment, cleared areas and enriched soils hosted formerly 

managed tree species and crop-enriched seed banks that then attracted people for re-
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occupation and became niches for domestication (Arroyo-Kalin, 2017, p. 128). 

Increased population growth in the late Holocene is attributed to the modification of 
selection pressures caused by the human-altered landscape (Arroyo-Kalin, 2017, p. 

129).   
 

McKey and colleagues (2010) apply the concept of ecosystem engineers to the flooded 

savannas of French Guiana. Here, farmers – as ecosystem engineers – constructed 
raised fields that created heterogeneity in the environment and initiated self-organising 

processes by non-human ecosystem engineers. Mound erosion would be expected in 
the tropical environment, but the activities of ecosystem engineers have caused 

persistence of mounds following their abandonment by humans. In the local area, leaf-
cutter ants (Acromyrmex octospinosus), predatory ants (Actatomma brunneum) and 

termites (Nasutitermitinae spp.) only occur in the raised fields, since these areas do not 
flood seasonally. These insects bring organic matter to the raised fields, and nest 

construction brings subsoil to the surface; the activities compensate for erosion loss 
and attract earthworms that further contribute to mound processes. By these processes 

organic matter has accumulated and the levels of total and plant-available nutrients 

(nitrogen, phosphorous, potassium, calcium) have been enhanced and stabilised. The 
aerated and nutrient-rich soils have attracted dense plant cover. Woody plants 

predominantly occur on raised fields and their roots and litter further enhance the 
fields. In addition, the combined aeration effects (e.g. nest construction, earthworms, 

roots) facilitate the percolation of water through the mounds, further reducing the 
effects of erosion. It appears that these self-organising mechanisms would also have 

occurred during fallow periods at the time of occupation, and would have enhanced the 
quality of mounds and reduced the labour cost required to refresh the mounds. McKey 

and colleagues highlight the potential application of their results to modern 
sustainability solutions, in resilient agricultural design, and perhaps also the 

employment of areas that are currently under-utilised. They also stress how the 

example demonstrates the importance of recognising that present-day ecosystems are 
syntheses of cultural and natural processes.  
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3.2 Urban ecology  

 
Cities are some of the most profoundly altered ecosystems on the planet; within their 
boundaries are also found some of the most diverse ecological conditions  

(Collins et al., 2000, p. 416). 
 

Urban ecology considers the impact of intense human settlement, the interaction of 

humans with a wide variety of ecosystem components, and frequently a consideration 
of soils. Although a number of features of urban ecology are similar to historical 

ecology and human niche construction, the subject warrants attention owing to its 
consideration of specific features of urban systems. Since Preclassic times, the 

community at Marco Gonzalez did not stand alone; its economy and members’ 
livelihoods were tied to cities based on the mainland. Thus its activities were part of an 

urban system.   
 

‘Urban ecology’ traditionally investigated the distribution and abundance of organisms, 
or biogeochemical budgets, or prioritised green areas, but more recent research 

attends to the entire urban complex and its heterogeneity (Pickett et al., 2011, p. 333). 

Urban ecosystems are affected by the same state factors (variables that affect 
ecosystem form) as other ecosystems: climate, substrate, resident organisms and their 

residual effects, system history, and relief – elevation, slope, aspect (Pickett et al., 
2011, p. 334). Urban systems, however, are anticipated to have higher temperatures 

and rainfall, extensive man-made materials as physical or chemical inputs, 
characteristic physical properties such as compacted soils and surface crusts that 

restrict aeration and downward percolation of water, interrupted nutrient cycles, 
modified soil organism activity, greater and less predictable vertical and spatial 

variation (Hollis, 1991, p. 12).  
 

Urban ecology research recognises the important role of social and demographic 

factors, alongside biogeophysical and biotic components and disturbances (Amundson, 
Ronald and Jenny, 1991, p. 108; Pickett et al., 2011, p. 348; Pickett and Cadenasso, 

2009, pp. 29–31, 37). It is widely acknowledged that traditional ecological models fail to 
account adequately either for urban processes and dynamics or for the incorporation of 

human activity and behaviour (e.g. Collins et al., 2000, p. 416). The inadequate 
inclusion of humans is significant since humans ‘are the dominant organisms in urban 

systems, and their ecology is especially complex and highly differentiated, with many 
layers of social structures and dynamics’ (Pickett et al., 2011, p. 345); human activity is 

anticipated to affect all element cycles in urban areas (Kaye et al., 2006, pp. 193, 197). 
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Urban soils in particular are not sufficiently explained by traditional models; where 

human influence is included, reference is to agricultural contexts (Hollis, 1991, p. 24). 
Urban soils are sometimes characterised as divergent from ‘natural’ trajectories, or 

seen as ‘regionally novel’, with different structure and function compared to non-urban 
soils (Pavao-Zuckerman, 2012, pp. 270–271). Specialised – or at least inclusive – 

models have been suggested for urban soils to account for their complex modification 

processes and features (Bullock and Gregory, 1991, p. 1; Kaye et al., 2006, pp. 193, 
197; Pickett and Cadenasso, 2009, p. 37), which are at odds with traditional definitions. 

To be inclusive of urban soils, Hollis (1991, p. 5) suggests the use of a more general 
definition of soil as any ‘unconsolidated mineral or organic material at the Earth’s 

surface that has the potential to support plant growth.’  
 

Urban environments, inclusive of soils, are often modelled with system-based 
approaches and associated concepts such as feedback mechanisms (e.g. Pickett and 

Cadenasso, 2009, p. 38). A system-based approach lends itself to hybrid engineering-
ecology models that can be used to predict the effects of the built environment on 

nutrient and energy cycles (Kaye et al., 2006, p. 195). Interdisciplinary collaborations 

between the biological and social sciences are frequently encouraged in urban ecology 
research, towards an understanding of urban ecosystems that integrates human choice 

and ecosystem dynamics (Amundson, Ronald and Jenny, 1991, p. 108; Collins et al., 
2000, pp. 424–425; Kaye et al., 2006, p. 197; Pickett et al., 2011, p. 348); my research 

similarly combines a variety of methods and datasets that consider the human and 
non-human factors in an ecosystem. Bolund and Hunhammar (1999, p. 294) present 

cities as part of a global network of ecosystems; the city may be defined as one 
ecosystem or as composed of several different ecosystems. The urban ecosystem, as 

with other ecosystems, is dynamic and shifting (Collins et al., 2000, p. 421). In the 
application of state factor theory, models may examine the relationship of state factors 

(variables that affect ecosystem form or soil formation) with physical conditions and 

biotic agents (Pickett and Cadenasso, 2009, p. 25). Humans may be modelled as a 
state factor to quantify and conceptualise human impact on the environment 

(Amundson, Ronald and Jenny, 1991, p. 108; Pickett and Cadenasso, 2009, p. 25). 
Alternatively, state factors in urban environments may be modelled to filter through 

anthropogenic factors, which shifts their effects (Pickett and Cadenasso, 2009, p. 40).  
 

Urban ecosystems may be modelled with ‘black boxing’ – whereby the entire system’s 
inputs and outputs are calculated – or the system can also be examined internally in 

regard to the land, atmosphere and hydrosphere (Kaye et al., 2006, p. 193). 
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Alternatively, an input-output model can be used to look at flows between an urban 

ecosystem and other ecosystems (Collins et al., 2000, p. 418). Kaye and colleagues 
(2006, p. 193) focus on hydrology, atmospheric chemistry, climate, nutrients, 

vegetation and land-use to perform mass balances at different scales – from household 
to the larger city – to identify whether a city is a source or a sink of resources (Kaye et 

al., 2006, pp. 193, 198). Their model considers the transformation of materials by 

urban activities, and predicts shifts in mass that might occur as a result of population 
size, biophysical factors (e.g. climate), urban form and social factors (e.g. household 

size) (Kaye et al., 2006, pp. 193, 198). The input-output approach has also been used 
to examine cities purely from an energy perspective. Collins and colleagues (2000, p. 

418), for example, discuss the unique energy signature, and intensive and unbalanced 
nature, of an urban ecosystem compared to other ecosystems; cities are classed as 

heterotrophic ecosystems, since they predominantly rely on external energy (Collins et 
al., 2000, p. 418). Recovery is a recurrent theme in urban ecology research. The 

trajectory of recovery for urban land is considered less predictable than for non-urban 
areas, owing to the effects of human disturbance (Ash, 1991, p. 158; Collins et al., 

2000, p. 421; Kaye et al., 2006, p. 197). Analogies for human disturbance may, 

however, also be found in known ecological regimes, to assist predictions for the 
pathways of recovery (Collins et al., 2000, p. 423). Although my research is not 

concerned with recovery – which is too closely associated with the concept of ‘pristine’ 
– the notion of unpredictable environmental trajectories from human activities is 

applicable, since the detailed case study approach allows an investigation of the 
unique environmental history at Marco Gonzalez. The systems and input-output 

approach also shows a number of similarities with the life cycle assessment method 
detailed at the end of this chapter.  

 
Urban ecology research anticipates the environmental effects of urbanisation to be 

widespread. For soils in particular, modification is the assumed norm; urban soils are 

sometimes referred to as ‘artificial’, although they retain some of the physical 
properties that occur in unmodified situations (Bridges, 1991, p. 29; Mullins, 1991, p. 

87; Pickett and Cadenasso, 2009, p. 40). Urban ecosystem services may be impacted 
directly or indirectly (Pavao-Zuckerman, 2012, pp. 270–272). Direct effects include 

shifts in the physical properties of soils or soil inputs, and include soil compaction, 
which may affect water-holding capacity or biota. Indirect effects and outcomes include 

urban heat islands, and changes in hydrology, food webs and biogeochemical cycling 
(Pavao-Zuckerman, 2012, pp. 270–272). Urban ecology research also highlights the 

internal heterogeneity of urban areas, with patches or mosaics of ‘green’ and ‘grey’ that 



 136 

result from the layered interaction of the variability of human activity (or social aspects) 

with biophysical variability (Kaye et al., 2006, p. 197; Pickett et al., 2011, p. 343; Pickett 
and Cadenasso, 2009, pp. 24–25, 37). Urban soils reflect this heterogeneity, for 

example in their structure and function, and are inclusive of a wide variety of 
compositions and levels of development (Mullins, 1991, p. 87; Pickett and Cadenasso, 

2009, p. 34). At one extreme, abandoned areas of rubble may function as ‘soils’ and be 

colonised by plants (Bullock and Gregory, 1991, p. 2). Soils, both anthropogenic and 
native, play a dominant role in the expression of urban heterogeneity, and also the 

response to heterogeneity (Pickett and Cadenasso, 2009, p. 37). Urban ecosystems, 
inclusive of soils, may be described in terms of patchworks and patch dynamics 

(Collins et al., 2000, p. 420; Pickett and Cadenasso, 2009, pp. 35, 38). Patches are 
defined by homogeneity in a feature or characteristic that contrasts the adjacent patch; 

patches may, however, be internally heterogeneous in other characteristics (Pickett 
and Cadenasso, 2009, p. 37). The patterns of patches, in relation to land use, 

biogeochemical processes, distribution of organisms and resources, and interaction of 
species, may be examined to investigate associations (Collins et al., 2000, pp. 420–

421). Urban ecological research stresses that ecological function persists in an urban 

area (Pickett et al., 2011, p. 355). An understanding of the impact of humans on patch 
dynamics must integrate historical, political, cultural and economic factors with 

ecosystem variables such as competition, predation and nutrient availability (Collins et 
al., 2000, p. 421) 

 
Pickett and Cadenasso warn against the labelling of urban areas as uniquely disturbed, 

although they acknowledge that urban and non-urban ecosystems ‘differ in the 
potential targets and agents of disturbance’ (Pickett and Cadenasso, 2009, p. 32). 

Urbanisation can indirectly impact the biotic and abiotic aspects of soils, and as such 
affect soil development (Pickett et al., 2011, p. 336). Negative environmental impacts 

from urbanisation have been recognised since the mid-20th century, for example 

contamination, erosion, acidification, and compaction (Bullock and Gregory, 1991, p. 
1). Urban soils may be problematised in regard to features such as poor physical 

structure and reduced species richness and abundance (Bullock and Gregory, 1991, 
pp. 3–4). Mullins (1991, p. 88) attributes soil damage assessments to intended use, so 

that a soil may be defined as ‘unacceptably damaged when its intended use is no 
longer permanently sustainable.’ Pickett and Cadenasso (2009, pp. 31–32) note, 

however, that human disturbance may have positive or negative effects, a notion to 
which I ascribe, and which is also recognised in historical ecology and human niche 

construction. 
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Soil sealing as the result of infrastructure and activities – and compaction of unsealed 

surfaces that results in similar effects – is a common consequence of urbanisation. Soil 
sealing is generally extensive, permanent, and will also modify neighbouring 

ecosystems (Scalenghe and Marsan, 2009, p. 2). Sealing disconnects soils from the 
surrounding ecosystem, and may modify thermodynamics, chemistry, hydrology, and 

ultimately soil forming factors (Pavao-Zuckerman, 2012, pp. 271–272; Pickett and 

Cadenasso, 2009, p. 26; Scalenghe and Marsan, 2009, p. 2). Impacts are dependent 
on the original conditions, but consequences can include heat islands, reduced 

chemical reactivity, decreased filtration, decreased soil moisture, loss of biomass, 
diminished recharge of aquifers and consequent lowering of water tables, increased 

ponding and erosion in adjacent areas, increased risk of flash floods, anaerobiosis, the 
transfer of contaminants to other areas, and a reduced carbon sink (Pavao-Zuckerman, 

2012, p. 272; Pickett et al., 2011, p. 335; Pickett and Cadenasso, 2009, p. 26; 
Scalenghe and Marsan, 2009, pp. 3–8). Increased soil temperatures may greatly affect 

chemical processes including those that protect organic compounds via adsorption and 
desorption onto mineral surfaces and aggregates (Sollins et al 1996 in Scalenghe and 

Marsan, 2009, p. 6). In addition, construction may also disturb soil profiles, or 

translocate soil; buried materials may also alter soil hydrology and plant growth 
(Mullins, 1991, p. 87; Pickett and Cadenasso, 2009, p. 34). 

 
Anthropogenic waste materials and their decomposition products are considered 

dominant in urban soils, where they form the parent materials of soils, and cause urban 
soils to depart from expected compositions and profiles (Bridges, 1991, p. 44; Pavao-

Zuckerman, 2012, p. 270). The consideration of anthropogenic waste as potential 
parent material is very much in line with the aims of my research. Urbanisation, 

inclusive of the effects of waste, impacts water, carbon and nitrogen dynamics, base 
cations and heavy metals in soils (Pickett et al., 2011, p. 338; Pickett and Cadenasso, 

2009, p. 26). The erosion of building materials, for example, may create an abundance 

of base cations in soils (Pickett and Cadenasso, 2009, p. 27). Urban soils may present 
metal toxicity, elevated pH, high calcium content (from mortar), low nitrogen and 

phosphate, or ash-rich deposits that can become cemented and do not retain nutrients 
(Bridges, 1991, pp. 29–31). Leachates, with potentially harmful effects, can be 

particularly problematic where rainfall exceeds evaporation, although topography, soil 
type, groundwater level and geology – for example attenuation when filtered through 

permeable rock – also factor in the spread and effect of leachates (Bridges, 1991, pp. 
39–40). Urban waste is also a substrate for vegetation. The relationship between soils 

and vegetation, however, is poorly understood (Bullock and Gregory, 1991, p. 3). The 



 138 

effects of urban soils on plants, particularly in relation to nutrient (notably nitrogen and 

phosphorous) and water availability, appear to be strongest for early successional 
vegetation (Ash, 1991, p. 153). For flora atop waste, however, Ash (1991, p. 162) 

believes that it is best to classify waste according to pH. In modern cities, particular 
species appear to show preference for particular waste or abandoned land types (Ash, 

1991, p. 153). Brick rubble, for example, dependent on the clay, is generally nitrogen 

deficient but adequate in phosphorous and attracts pioneer communities (Ash, 1991, 
pp. 155–156). Since urban soils are frequently nitrogen deficient, local eutrophication 

can produce noticeable impacts on vegetation (Ash, 1991, p. 165).  
 

The classification of anthropogenic soils is particularly relevant to urban ecology. 
‘Metapedogenesis’ is used in urban contexts to denote a departure from natural soil 

formation, and refer to soil formation that includes a human factor (Effland and Pouyat, 
1997, p. 224). Effland and Pouyat (1997, pp. 224–5) propose a model for urban soil 

with three outcomes, to facilitate the prediction of harmful effects on soils from human 
activities: 

 

1. Natural profiles – formed under natural conditions of pedogenesis.  
2. Modified profiles – formed when natural profiles are modified by human 

activities and develop distinctive characteristics that differ from the original. The 
character of these modified profiles is relative to the duration of the 

metapedogenic processes, either acute disturbance over a short period, or 
stress over longer periods of time that eventually causes change. In rapid, 

episodic, human disturbances pedogenic processes may again dominate after 
the metapedogenic processes cease. 

3. Quasi-natural profiles – a profile formed under natural conditions is later 
influenced by metapedogenesis, but does not develop distinctive morphological 

characteristics. Profiles in this classification may have recognisable 

characteristics of the original profile, a natural horizon that has had time to 
develop after metapedogenesis, or changes in soil physical or chemical 

properties but no morphological changes. As such, quasi-natural profiles 
generally represent transition points. 

 
Effland and Pouyat (1997, p. 226) propose that soil variability should be intensely 

studied at various observational levels along the ‘urban-rural land use gradient’ to 
produce reference data that could be used to create a ‘more comprehensive soil 

classification system that considers soils significantly influenced by nonagronomic 
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human activity’ (Effland and Pouyat, 1997, p. 226). Pickett and Cadenasso (2009, pp. 

38–39) promote the use of an event-based approach – instead of ‘aggregate 
phenomena’ – to identify the ‘interactions, actions, and mechanisms that control soil 

formation’ (p. 38). Events that alter the structure of a system will have a sudden onset, 
short duration, and a persistent or transient effect (Pickett and Cadenasso, 2009, pp. 

38–39). The authors state that ‘[d]isturbance affects structure, while stress affects 

function’ (Pickett and Cadenasso, 2009, p. 39). They suggest that the events that can 
impact urban soils are far more varied than considered in prior concepts of 

disturbances, a variation which in turn will affect models for impact (Pickett and 
Cadenasso, 2009, p. 39). Certainly, soil formation under intense human occupation 

needs to be better accommodated in soil classification systems, and the processes 
need further research to better understand formation. It is hoped that research at 

Marco Gonzalez will contribute to this discussion. 
 

 

3.3 Dark earths  

Dark coloured, organic-rich, anthropogenically-enriched soils have been found in 
various areas of the world. Plaggen soils are a well-known type of intentionally 

enriched soil, ‘formed by the long-continued practice of using turves, forest litter or 
heather sods as winter bedding for farm animals, and spreading the resulting manure 

on sandy arable land’, which creates soils 40-50 cm thick that are fertile and well-suited 
to arable or horticultural use (Fullen and Catt, 2004, p. 135). Amazonian dark earths 

(ADEs) and Maya Dark Earths (MDEs), however, are enriched, Neotropical, 
anthropogenic deposits that appear to be closely associated with the waste created 

from the occupation of a site. Marco Gonzalez shows evidence for MDE deposits that 
appear to have developed atop the remains of the ancient occupation (Beach et al., 

2009; Graham et al., 2017; Macphail et al., 2017) (Chapter 1). Of ADEs and MDEs, the 

ADEs have a far greater body of research that has been recognised over a long period 
of time, whereas MDEs are still in the very early stages of recognition and 

investigation. ADEs and MDEs share some similarities, but also have notable 
differences in relation to environmental situation and cultural aspects. The similarities 

extend far enough, however, that an evaluation of ADE research programmes is a 
valuable exercise to assist MDE research. The second part of this section examines a 

framework for the investigation of Neotropical dark earths, inclusive of Maya dark 
earths, that aims to create a cohesive programme to advance research towards an 
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understanding of the development, variety, and significance of dark earths in a 

Neotropical setting. 
 

Amazonian Dark Earths (ADEs) 

Dark earths in the Amazon had been reported by the end of the 19th century, and also 
attributed an anthropogenic origin, although a number of publications in the 1940s–

1960s still ascribed a natural cause (Woods, W. I. and Denevan, 2009, pp. 6–7). Since 
the 1960s, however, the soils have been decisively categorised as anthropogenic. Wim 

Sombroek, starting in the 1960s, was a key figure in ADE research, particularly in 
regard to their potential for application in the modern world, such as their 

reconstruction to combat forest soil degradation, and to assist tropical agriculture via 

increased yields and thus a reduced need for deforestation (Mann, 2009, p. xi). 
Research continues to recognise the value in understanding ADE formation for modern 

tropical soil management, to increase productivity, efficiency and sustainability 
(Schmidt and Heckenberger, 2009, p. 188). 

 
ADEs are dark, fertile, anthropogenic soils, resulting from the remains of ancient 

occupation, that are categorised as terra preta or terra mulata. Terra pretas are 
pottery-rich dark soils with a deep A Horizon, whereas terra mulatas feature an 

absence of artefacts and a lower level of enrichment (Arroyo-Kalin, 2014, p. 169); the 
following discussion primarily refers to terra pretas. ADEs contrast the surrounding 

infertile Ferrasols and Acrisols that have high weathering rates and are problematic for 

farming without intensive fertilisation or long fallow periods (Schmidt and 
Heckenberger, 2009, p. 163; Steiner et al., 2009, p. 193). The ADEs are thus a 

demonstration of the transformation of infertile soils that has sometimes been attributed 
to the conquering of environmental limitations (Steiner et al., 2009, p. 193). ADE 

research has been able to undermine previous environmentally-deterministic ideas that 
had deemed areas unable to support settled farming or large populations based on the 

presence of infertile soils (Fairhead and Leach, 2009, p. 265). ADEs are valued by 
modern farmers for their high yields of staple cultivars (Arroyo-Kalin, 2014, p. 175). 

Owing to the anthropogenic origin of ADEs, they represent an example of human 
modification, or environmental disturbance, that resulted in the enhancement of 

settlement areas (Rebellato et al., 2009, p. 21). ADEs have been referred to as a 

‘legacy’ (Fairhead and Leach, 2009, p. 265), since their modern use cannot be 
separated from the historical ecologies that created them (Fraser et al., 2009, p. 260).  
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The majority of ADEs occur on Tertiary-age sediments in riparian and interfluvial 

locations of the Amazon Basin, although they may occur on Quaternary alluvial 
sediments and human-made earthworks (Arroyo-Kalin, 2014, p. 169). ADEs are 

distinguished by dark and deep A horizons that contrast the thin A horizons of regional 
soils (Arroyo-Kalin, 2014, p. 169). The A horizons commonly contain elevated cation 

exchange capacity, pH, organic carbon and various metals (Arroyo-Kalin, 2014, p. 169; 

Schmidt and Heckenberger, 2009, p. 186). A Horizons from Hatahara, Lago Grande, 
Osvaldo, Açutuba and Nova Cidada, for example, exhibited high pH, high enrichment 

of cobalt, phosphorous, calcium, manganese, barium, copper, potassium, magnesium, 
sodium, strontium and zinc, elevated magnetic susceptibility, and micromorphological 

features from the decomposition of settlement debris that include pottery, rubified clay, 
burnt soil, aquatic sponge spicules and phytoliths (Arroyo-Kalin et al., 2009, pp. 101–

104). ADEs, however, exhibit a high physical and chemical variability, and have 
therefore sometimes been somewhat problematically identified with ambiguous 

classifications relating to soil fertility or crop productivity (Falcão et al., 2009, p. 214).  
 

Charcoal is a dominant feature of ADEs and has received a great deal of attention. 

Microscopic charcoal, in particular, is believed to be a significant anthropogenic input 
(Arroyo-Kalin et al., 2009, p. 112). The charcoal is thought to originate from a variety of 

activities including domestic fires for cooking, mosquito repelling, pottery firing, the 
burning of refuse, and cultivation (Rebellato et al., 2009, pp. 26–27; Woods, W. I. and 

McCann, 1999, p. 10). WinklerPrins (2009, p. 208) suggested that charcoal may 
originate from charring rather than burning, such as the charring of household refuse. 

Charcoal is associated with melanisation and its potential to increase organic matter 
and moisture retention; the organic content of ceramics may also have melanising 

effects (Arroyo-Kalin et al., 2009, pp. 113–114, 119). As another product of burning, 
ash also appears to contribute to the character of ADEs by increasing pH, at least 

temporarily, and by the contribution of elements such as calcium, potassium, 

magnesium, silicon and also possibly aluminium, sodium, manganese, phosphorous, 
iron and other trace elements; these elements may vary according to the ashed plant 

taxa (Arroyo-Kalin et al., 2009, pp. 115–116, 118; Hecht, 2003, p. 365). Pottery sherds 
are another common feature of ADEs and they are thought to contribute different 

elemental compositions according to clay source, temper and residues from past use 
(Arroyo-Kalin et al., 2009, p. 111). Pottery is present in ADEs at various stages of 

decomposition, dependent on temper fabric; pottery with organic temper, for example, 
may decompose more rapidly (Arroyo-Kalin et al., 2009, p. 111). The variation in 

ceramic decomposition rates may also have effects on soil magnetic susceptibility 
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(Arroyo-Kalin et al., 2009, p. 111). Research in Belize has shown that it is not temper 

alone but the minerals used as temper in combination with the acidity (pH) of the soil 
matrix that affects decomposition rates (Graham, 1994, pp. 234, 345–346). Pottery 

composition analyses have therefore been considered an important component of the 
life cycle assessment method in my research, in terms of how pottery waste may have 

impacted soils at Marco Gonzalez. Fish bone is another common component of ADEs, 

and may be a potential contributor of calcium and phosphorous, although these 
elemental contributions are true of bone in general (Arroyo-Kalin et al., 2009, p. 110; 

Rebellato et al., 2009, pp. 26–27). The strong influence of aquatic resources has also 
been noted for dark earths in Africa (Fairhead and Leach, 2009, p. 269). The deposits 

at Marco Gonzalez also contain a large amount of fish bone, particularly in the earlier 
levels; this is therefore an important waste type to consider at the site.  

 
In addition to the contribution of cultural materials, ADE soil formation appears to also 

be impacted by non-human factors such as microbial activity (Fairhead and Leach, 
2009, p. 269; Steiner et al., 2009, pp. 200–202) and soil texture that affect preservation 

and therefore soil chemistry and physical properties (Arroyo-Kalin et al., 2009, p. 109). 

Bioturbation is often cited as an important contributor to formation via sediment mixing. 
The contribution of organic matter and the homogenising effect of soil fauna, 

dominated by ants and worms, is cited by Fairhead and Leach (2009, p. 266). The 
occurrence at some sites of defined archaeological features such as post holes, 

however, demonstrates that the soils are not entirely homogenised by bioturbation 
(Arroyo-Kalin, 2009, p. 34). ADE research frequently studies micro- and macroscopic 

cultural content (pottery, bones, lithics et cetera), chemical and physical properties (for 
example texture, organic component phosphates and magnetic susceptibility), 

palaeobotany (often phytoliths), and colour (Rebellato et al., 2009, p. 25; Woods, W. I., 
1995, p. 163). To this end, multiple lines of evidence are frequently applied to 

investigations and certainly advocated (Woods, W. I., 1995, p. 163), including soil 

micromorphology, soil cores, excavations, geophysical and geochemical analyses 
(Arroyo-Kalin, 2009; Arroyo-Kalin et al., 2009, p. 100; Schaan et al., 2009, p. 137). The 

cultural content of ADEs is considered to be particularly important, with a focus on 
materials brought onto the site that produced sediments ‘very different chemically and 

physically from those resulting from natural in situ forest growth’ (Woods, W. I., 1995, 
p. 162). The concept of material imported to site and ultimately incorporated into the 

soil matrix is critical in my research, which uses the hypothesis that discarded waste 
has to some extent impacted the pedogenetic history of Marco Gonzalez.  
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From a landscape perspective, ADEs are viewed as important records of ‘the dynamics 

of past anthropogenic landscape transformations’, with each soilscape a product of its 
particular history (Arroyo-Kalin et al., 2009, p. 99; Rebellato et al., 2009, p. 17). Modern 

observations of Kuikuro communities suggest the effect of multiple activities on soils; 
soil modification was observed throughout the entire village and surroundings (Schmidt 

and Heckenberger, 2009, p. 188). Midden areas appear to have strongly contributed to 

ADEs through potential charring or burning of refuse, a high rate of soil formation, good 
preservation of lower levels and greater biotic activity (Fairhead and Leach, 2009, p. 

266; Rebellato et al., 2009, pp. 20–21; Schaan et al., 2009, p. 139; WinklerPrins, 2009, 
p. 208; Woods, W. I., 1995, pp. 162–163). Ethnographic observations support the 

strong role of middens (Schmidt and Heckenberger, 2009, p. 175); Schmidt and 
colleagues (2014, p. 161) refer to ‘middenscapes’ in relation to ADE landscapes, owing 

to the perceived importance of middens. It is possible that cultivation may also have 
contributed to ADE formation, since phytolith evidence indicates cultivation at some 

ADE sites (Bozarth et al., 2009, pp. 91–96), but the association is not simple, since 
intensive agriculture often causes physical and chemical soil degradation (Steiner et 

al., 2009, p. 193). Schmidt and Heckenberger (2009, p. 167) stress that domestic and 

ritual areas are also contributors. The accumulation of small-size particles inside 
houses with earthen floors, for example, may contribute some of the most important 

constituents of ADEs (Arroyo-Kalin, 2009, pp. 53, 77). Schaan and colleagues (2009, 
p. 139) also note the potential contributions from the post-depositional disturbance of 

burials. While some have suggested that intensity of activities, for example repetitive 
occupation, is critical to ADE formation (e.g. Rebellato et al., 2009, p. 19; Woods, W. I., 

1995, p. 163), others have suggested that formation is more associated with particular 
cultural practices, such as a reliance on riverine fauna; the ADE site of Leal, for 

example, showed evidence for a lower intensity of occupation than the non-ADE site of 
Rio Branco (Schaan et al., 2009, p. 137). The distinction between terra preta (black) 

and terra mulata (brown, less fertile) soils is thought to be associated primarily with 

land use (Arroyo-Kalin, 2009, p. 77), although habitation and post-habitation 
preservation conditions may play a greater role than generally acknowledged (Graham, 

2006, p. 63). It is unlikely that a single, Amazon-wide, explanation could be applied to 
the development of ADEs (Arroyo-Kalin, 2014, p. 171; Graham, 2006). What is clear, 

however, is that ADEs form as a result of a variety of factors, and therefore that it is 
important to understand settlement dynamics (Arroyo-Kalin et al., 2009, p. 109; Woods, 

W. I., 1995, p. 162).  
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Intentionality and agency are an important feature of ADE research: soils as ‘relict 

signatures of past human agencies’ (Arroyo-Kalin et al., 2009, p. 99). Intentionality 
refers to whether fertile soil development occurred as a result of planned additions to 

the soils with the aim to enhance (Rebellato et al., 2009, p. 22). Observations of 
modern sweep and char behaviours – for example the creation of terra queimada or 

‘burned earth’ that is used in homegardens – have suggested that there may be some 

intentionality behind the deposition of material that formed ADEs (WinklerPrins, 2009, 
pp. 205, 208). Schmidt and Heckenberger (2009, p. 166), however, in their Upper 

Xingu study, conclude that modern activities suggest blurred intentionality boundaries. 
Graham (2006) also discusses the problems with ‘reading’ intentionality given the 

nature of the evidence.  
 

A Neotropical Dark Earth Framework 

Anthropogenic fertile soils, with some similar characteristics to ADEs, are found in 
other Neotropical areas, including the Maya area. Research for these areas, however, 

is comparably underdeveloped and the frameworks with which to include these 
alternative cultural situations are thus unconstructed. ADE-type deposits have also 

been recognised in other tropical areas, such as Central and West Tropical Africa 
(Fairhead and Leach, 2009), but here I discuss an approach for the Neotropics: Central 

and South America, and the Caribbean.    
 

The origins of a Neotropical framework for dark earths lie in Graham's (1989, 1994, 

1998, 2006) recognition at Maya sites of distinctive vegetation associated with 
archaeological deposits that could be attributed to the dark-coloured anthropogenic 

sediments below and therefore to long-term impacts. Sites on the coast of Stann Creek 
District in Belize, for example, were identifiable by either distinct broadleaf forest taxa 

or modern crops such as coconut (Graham, 1994, pp. 19–23); Watson’s Island 
supported broadleaf vegetation in an area of red and white mangrove, and the sites of 

Indian Hill 1 and Pedro Rubio were actually located by their distinct vegetation 
observed in aerial photography (Graham, 1994, pp. 22, 60). The distinctive vegetation 

was associated with site sediments via anthropogenic changes to organic content, 
topography and soil chemistry (Graham, 1994, p. 65). The deposition of occupational 

debris, for example, had increased the elevation of site areas to transform mangroves 

into dry land, and change the conditions for vegetation (Graham, 1994, p. 27). For 
these Neotropical sites, the coastal situation was key to the recognition of 

anthropogenic patterns since the contrast with the reddish, sandy parent sediments of 
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the mainland in the Stann Creek District assisted the recognition of dark-coloured 

earths (Graham, 1998, p. 130), the narrower range of undisturbed coastal vegetation 
species facilitated the identification of vegetation shifts (Graham, 1989, pp. 143–153), 

and the more even topography enabled the recognition of mounds or elevated 
vegetation stands (Graham, 1994, p. 71). The broadleaf forest patterns recognised by 

Graham (1989, 1994, 1998, 2006), demonstrated the increased fertility of 

anthropogenic sediments in an analogous manner to Amazonian dark earths. 
 

The Neotropical dark earth (NDE) framework outlined by Graham (2006) is a soil and 
material-centric approach to the study of long-term human shaping of landscapes. 

Soils are central to understanding long-term environmental impact owing to the 
persistence of signatures (Graham, 1998, p. 125), and dark earths are key as they 

demonstrate an example of possible environmental enhancement by human activities 
(Graham, 2006, p. 57). The role of decay in soil formation is emphasised by the 

framework. Human action is reduced to physical characteristics so that cultural and 
built environment materials are considered to be part of ‘geological metamorphism’ 

(Graham, 1998, pp. 121, 125). Humans take part in material-transforming activities – 

for example the transformation of clay to pottery – that alter the availability of materials 
on-site (Graham, 1998, pp. 128–129). The framework also expands the definition of 

‘ecofacts’ so that the term is inclusive of additional factors that are relevant to dark 
earths, such as enhanced organic content, micromorphological factors, vegetation 

selection and decomposed organic artefacts (Graham, 2006, p. 62). Despite the 
chemical and physical nature of transformations, the framework emphasises the 

importance of cultural context, for example the impact of soil protection through shelter 
construction, or the variability in chemical input dependent on artefact type, or the 

occurrence of specific activities (Graham, 1998, pp. 126, 131–132, 2006, p. 67). The 
framework does not assume intentionality for the soil contributions, and caution is also 

taken to avoid causal associations between human activities and sediments, so that 

relationships are perceived as a complex web of associations between human and 
non-human factors (Graham, 2006, pp. 57–58, 61, 71–72).  

 
Graham (1994, p. 333, 2006, pp. 68, 73, 79–80) proposed that NDE research should 

address the definition of human activities and activities areas, specific behaviours and 
the material results of behaviour, through an interdisciplinary approach that 

incorporates specialists in soil chemistry and micromorphology, macro and 
microbotanical data, vegetation surveys, a study of nutrient cycling, waste 

management, land use, and modern botanical data. Finally, the framework seeks to 
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examine the potential value of this research for modern land use studies, for example 

waste management (Graham, 1998, p. 126, 2006, p. 68). My research, as part of the 
larger project at Marco Gonzalez led by Graham, applies the approaches outlined in 

this NDE framework.   
 

 

3.4 Life cycle assessment  

3.4.1 LCA background 

The intention of the Marco Gonzalez project to produce results relevant to modern 

world issues relies on an effective demonstration of the relevance of archaeological 
data and on successful communication to non-archaeological stakeholders. Thus the 

use of tools and terminology that are familiar to non-archaeologists has obvious merit. 
In addition, non-archaeological disciplines have well-established tools for approaching 

sustainability-based problems, for example scenario-based testing whereby 
hypothetical situations with differing variables are tested, and the results compared to 

determine the effects from a change in variables. One commonly applied tool is life 

cycle assessment (hereafter LCA). As a materials and activity-led analysis that 
investigates environmental impact, LCA appears to promise compatibility with 

archaeology and the research at Marco Gonzalez. LCA is a system-based approach 

that accounts for and quantifies the environmental impacts for all inputs7, outputs8 and 

flows9 (raw materials, energy use, emissions and waste products) of a defined 

system10. The results are expressed as categorised potential environmental impact 

indicators11 that permit intra- and inter-system comparisons.  

 

 
 

 

                                                        
7 input: ‘product, material or energy flow that enters a unit process.’ ‘Products and materials 
include raw materials, intermediate products and co-products’ (ISO, 2006a, p. 4). Co-product: 
‘any of two or more products coming from the same unit process or product system’ (ISO, 
2006a, p. 3). 
8 output: ‘product, material or energy flow that leaves a unit process’ (ISO, 2006a, p. 4). 
9 either intermediate flow: product, material or energy flow occurring between unit processes of 
the product system being studied’; or product flow: ‘products entering from or leaving to another 
system’ (ISO, 2006a, p. 4). 
10 product system: ‘collection of unit processes with elementary and product flows, performing 
one or more defined functions, and which models the life cycle of a product’ (ISO, 2006a, p. 4). 
11 impact category indicator: ‘quantifiable representation of an impact category’ (ISO, 2006a, p. 
6). 
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According to ISO14040 (ISO, 2006a, p. v), LCA: 

addresses the environmental aspects and potential environmental impacts (e.g. use of 
resources and the environmental consequences of releases) throughout a product's life 
cycle from raw material acquisition through production, use, end-of-life treatment, 
recycling and final disposal (i.e. cradle-to-grave). 

 
Developed in an industry-based setting, life cycle conceptualisation was seen as an 

‘integral part of the environmental management tool-kit’ by the late 1990s (European 

Environment Agency, 1998, p. 16). LCA is commonly used to produce assessments of 
modern industrial or product-centred scenarios, for example relating to: concrete 

aggregates (e.g. Estanqueiro et al., 2018) and cement manufacture (e.g. Huntzinger 
and Eatmon, 2009); the construction industry and building materials (e.g. Bribián et al., 

2011; Ortiz et al., 2009); bioenergy/ biofuel/ renewable energy technologies (e.g. 
Cherubini et al., 2009; Cherubini and Strømman, 2011; Lardon et al., 2009; Pehnt, 

2006; Sander and Murthy, 2010; von Blottnitz and Curran, 2007); food products (e.g. 
Roy et al., 2009); livestock products (e.g. de Vries and de Boer, 2010); and polymer 

production (e.g. Vink et al., 2003). The widest application of LCA has been ‘to create 
decision support tools for distinguishing between products, product systems, or 

services on environmental grounds’, but also product improvements, strategic planning 

and policy, marketing and ‘[g]overnmental policy making in the areas of ecolabelling, 
green procurement and waste management opportunities’ (European Environment 

Agency, 1998, p. 29). LCA is designed to be widely applicable to any system that 
performs a ‘function’ (Boustead, 1996, p. 148). The results are intended to be simple 

and provide overall estimates that highlight products or system components with the 
greatest impact potential. These estimated results can then be targeted at higher 

resolution with other tools. LCAs are often used alongside other environmental 
management techniques such as risk assessment and environmental impact 

assessment (European Environment Agency, 1998, pp. 4, 9; ISO, 2006a, p. 9).  
 

Although much of LCA appears commonsensical, the procedures are very structured to 

ensure consistency and comparability of results. As a frequent decision-making tool, 
this structure allows compliance with standards, to facilitate the identification of reliable 

results. Guidance is provided by the ISO standards (ISO, 2006a, 2006b) and additional 
documents such as the ILCD Handbook (European Commission, 2010). LCA software 

is often used for the analyses, which provides further consistency and replicability. 
Popular packages include SimaPro (PRé et al., 2016), Ecoinvent (Wernet et al., 2016), 

CML2011 (Oers, 2015), ReCiPe (Goedkoop et al., 2009; Huijbregts, Steinmann, et al., 
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2016) and GaBi (PE International, 2012); their contents include databases for materials 

and conversion of data to impact indicators.  
 

To my knowledge LCA has not previously been applied to archaeological data. 
Schiffer, for the formation of the archaeological record, used a system approach that 

constructed a flow model for the life cycle of elements in a cultural system and related 

these to how elements transition to the archaeological record; elements were identified 
as ‘foods, fuels, tools, facilities, machines, human beings, and all other materials which 

one might list in a complete inventory of a cultural system’ (Schiffer, 1972, p. 157). For 
example he proposed that for consumables the life cycle would include procurement, 

preparation, consumption, discard, and sometimes storage and transport (Schiffer, 
1972, p. 158). Although there are obvious similarities with the LCA method, Schiffer did 

not use the method itself and the aims in the construction of his life cycle model were 
also very different: Schiffer’s model aimed to understand the formation of the 

archaeological record, whereas here I aim to investigate environmental impact. By 
performing an experimental application using data from Marco Gonzalez, my research 

aims to evaluate whether LCA holds value as an archaeological tool and for the project 

at Marco Gonzalez. As outlined in the introduction to this thesis, the anticipated value 
includes relatability to the modern world, flexibility in the absence of a complete 

dataset, evaluation and accountability for a multitude of components in the system, and 
relevance to waste, which is a key feature of modern LCAs. This experimentation 

requires a detailed examination of LCA before further methods can be developed to 
facilitate the use of archaeological data. The following description of LCA is taken from 

the standards and guidelines and describes the typical application of LCA. This method 
forms the basis for the experimental application of LCA, with data from Marco 

Gonzalez, in Chapter 6, and thus an examination of compatibility.     
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3.4.2 LCA structure 

LCA follows four defined phases (ISO, 2006a, p. 7)(Fig. 3.1). LCA is an iterative 

approach, meaning that the stages are revisited, and analyses repeated, through a 
process of continuous re-assessment and adjustment, which ensures that the initial 

goals are achieved (ISO, 2006a, p. 13). The four phases are: 
1. Goal and scope definition: identify the intended use for the data and the required 

breadth and depth of the study. 
2. Inventory analysis: quantify input and output data. 

3. Impact assessment: convert the inventory’s results to impact potentials, to assess 
environmental significance. 

4. Interpretation: summary, evaluation and conclusions from phases 1–3.  

 

 
Figure 3.1. The LCA framework and its typical application (ISO, 2006a, p. 8).  

 

The scope outlines the method and data treatments to support consistency and 
reproducibility; an explicit documentation of decision-making and the selection of 

methods and data facilitates the revision of different parts of the LCA if the analysis is 
repeated in another iteration (European Commission, 2010, p. 51). The system 

8 
 

4.2.3 LCA results may be useful inputs to a variety of decision-making processes. Direct applications of the 
results of LCA or LCI studies, i.e. the applications intended in the goal and scope definition of the LCA or LCI 
study, are depicted in Figure 1. More information on application areas for LCA can be found in Annex A. 

 

Figure 1 — Stages of an LCA 

4.3 Key features of an LCA 

The following list summarizes some of the key features of the LCA methodology: 

a) LCA assesses, in a systematic way, the environmental aspects and impacts of product systems, from raw 
material acquisition to final disposal, in accordance with the stated goal and scope;  

b) the relative nature of LCA is due to the functional unit feature of the methodology; 

c) the depth of detail and time frame of an LCA may vary to a large extent, depending on the goal and scope 
definition; 

d) provisions are made, depending on the intended application of the LCA, to respect confidentiality and 
proprietary matters; 

e) LCA methodology is open to the inclusion of new scientific findings and improvements in the state-of-the-
art of the technique; 

f) specific requirements are applied to LCA that are intended to be used in comparative assertions intended 
to be disclosed to the public; 

EN ISO 14040:2006
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boundary12 defines the processes13 that are included in the analysis. Ideally all 

processes that occur within the boundary fulfill the system's function. LCA literature 
discriminates between the technosphere (man-made environment) within the 

boundary, and the ecosphere (natural environment, with which the system interacts) 
outside of the boundary (European Commission, 2010, pp. 93–94). By this definition, 

single substances or energy should enter the system from the ecosphere (without 

previous transformation), and single substances or energy should exit the system to 
the ecosphere without further human transformation (European Commission, 2010, p. 

94). Thus in a full LCA only elementary flows14 and the product should cross the 

boundary, and all transformation should occur within the boundary (European 

Commission, 2010, pp. 94–96). In practice, however, the majority of LCA boundaries 
are not as all-inclusive and are instead defined in relation to the goals, as well as 

considerations such as manageability and data availability (European Commission, 
2010, pp. 81–82). In this pragmatic approach, all quantitatively relevant activities are 

included within the boundary, but aspects with lower relevancy or lower quality of data 
can be removed. System cut-offs may also be selected via approaches such as, in 

later iterations, the removal of flows with <5% total impact (European Commission, 

2010, pp. 102–103). When the system boundary is defined it is usual to present a 
semi-schematic diagram that depicts the life cycle stages that are included in the LCA 

(European Commission, 2010, pp. 100, 381–382). A technical flow chart of the 
foreground system (the processes and their relationships within the boundary) should 

be presented (European Commission, 2010, p. 101). 
 

A critical step during the ‘scope’ stage is the definition of the functional unit15, since this 

is the scale to which all data are adjusted during quantification; the functional unit 

therefore standardises data and facilitates comparison. The functional unit names the 
primary function of the system by a particular quantity, duration and quality that is 

relevant to the LCA goals (European Commission, 2010, p. 68). As an example, for the 

comparison of external paint products, a functional unit could be complete coverage of 

                                                        
12 system boundary: ‘set of criteria specifying which unit processes are part of a product system’ 
(ISO, 2006a, p. 5). 
13 process: ‘set of interrelated or interacting activities that transforms inputs into outputs’ (ISO, 
2006a, p. 3) 
14 elementary flow: ‘material or energy entering the system being studied that has been drawn 
from the environment without previous human transformation, or material or energy leaving the 
system being studied that is released into the environment without subsequent human 
transformation’ (ISO, 2006a, p. 3).  
15 functional unit: ‘quantified performance of a product system for use as a reference unit’ (ISO, 
2006a, p. 4). 
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a 1 m2 outdoor wall for 10 years at 99.9% capacity (European Commission, 2010, p. 

60). A system may sometimes be 'multifunctional' where it produces more than one 
useable output, consumes the same materials as another process, or recycles 

materials (European Commission, 2010, pp. 22, 72; ISO, 2006a, p. 13). To accurately 
assess the impact of one product the inputs and outputs for each product require 

isolation, which can be achieved by one of three approaches, dependent on 

circumstances (European Commission, 2010, pp. 72–73). The first is subdivision, 
whereby the system is separated into mono-functional units. The second is system 

expansion, in which the system boundary is expanded to permit the comparison of 

several systems. The last is allocation16, which partitions inputs and outputs between 

functions according to defined criteria and uses approximations for each product or 
function (European Commission, 2010, pp. 73–81; ISO, 2006a, p. 4). The partitioning 

may be equal or use a weighted approach, for example based on mass or economic 
value (European Commission, 2010, pp. 79–81; ISO, 2006b, p. 22). The scope stage 

also defines the categories for the environmental impact assessment. These 
categories should be consistent with the study's goals and should include all system-

relevant categories, unless the goal specifies one impact; exclusions should be 

addressed in interpretation (European Commission, 2010, p. 109).  Impact categories17 

may include climate change, (stratospheric) ozone depletion, human toxicity, 

respiratory inorganics, ionising radiation, (ground-level) photochemical ozone 
formation, acidification (land and water), eutrophication (land and water), ecotoxicity, 

land use, and resource depletion (minerals, fossils, renewable energy resources, 
water) (European Commission, 2010, p. 109).  

 

3.4.3 Inventory (LCI) 

The life cycle inventory (LCI) is the data collection phase that quantifies the system's 

processes. Data, with emphasis on the most goal-relevant parts of the system, are 
collected for: elementary flows (raw material resources, emissions to the environment, 

other ecosphere interactions such as land use), product flows (goods and services), 
waste flows, and any other appropriate information (European Commission, 2010, p. 

153). Data are frequently obtained from a variety of sources such as actual 
measurements, corporate data, literature review or environmental databases. Some 

LCA software packages include inbuilt emissions data, for example Ecoinvent (Wernet 

                                                        
16 allocation: ‘partitioning the input or output flows of a process or a product system between the 
product system under study and one or more other product systems’ (ISO, 2006a, p. 4). 
17 impact category: ‘class representing environmental issues of concern to which life cycle 
inventory analysis results may be assigned’ (ISO, 2006a, p. 5). 



 152 

et al., 2016). Sources of data, assumptions and calculations should be well 

documented. Data are allocated between processes where necessary, preferably 
during collection, and inputs and outputs are inventoried separately. Inputs include 

product flows (materials, services, parts, consumables) and elementary flows (from 
nature: ground, water, air, biosphere, land et cetera). Outputs include elementary flows 

(emissions to air, water and soil), waste flows (solid, liquid and gaseous, managed in 

the technosphere) and product flows (valuable goods and services) (European 
Commission, 2010, pp. 196–197). Outputs should be expressed, where possible, as 

mass and as individual substances, although some exceptions, such as dioxins, are 
commonly grouped (European Commission, 2010, pp. 203, 216–217). It is essential 

that all data are expressed as flows per functional unit i.e. that the data are scaled 
(European Commission, 2010, p. 200). 

 
Guidelines suggest best practice for how to record flows. For example, owing to effects 

on toxicity, easily water soluble ionic compounds (solubility above 10 ug/litre in 20oC 
water) should be inventoried as ions, whereas insoluble particulate matter should be 

divided by particle size (European Commission, 2010, p. 218).  Different physical forms 

should also be differentiated, for example water inventoried separately as liquid or 
steam (European Commission, 2010, p. 222). Aside from the physical mass of 

substances crossing the system boundary, other aspects should also be inventoried, 
such as renewable energy resources that should be inventoried as ‘usable energy 

extracted from nature' (European Commission, 2010) or biomass as a lower calorific 
value (MJ) of dry material. Land use can also be inventoried as CO2 emissions (from 

soil or loss of biomass) unless other data are available, such as NO3
– losses to water, 

burning emissions or soil erosion (European Commission, 2010). The removal of CO2 

in a process can be inventoried, but it is frequently not included in the impact 
assessment owing to a general prioritisation of Global Warming Potential (GWP); 

carbon storage should, according to guidelines, be considered if it is ‘explicitly required 

to meet the needs of the goal of the study' (European Commission, 2010).  
 

The accounting of all system components (even if noting absent data) and 
documentation of every part of the analyses are essential for LCA. LCA is an iterative 

process, so documentation produces transparency and also allows a reexamination of 
the data, the addition of updated data, or scenario-based testing, to test the effect of 

changes in the system (European Commission, 2010, pp. 3–4, 26). Where product or 
waste flows are omitted from the analysis they should appear in the inventory as a 
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'partly terminated system’ (European Commission, 2010, p. 214). LCA guidelines note 

that data gaps are acceptable for methodological studies but otherwise inhibit result 
quality. Where it will increase overall data quality, gaps should be removed through 

calculations using known system data, the application of data from similar processes, 
or estimations based on prior experience. It is important, however, to note any 

assumptions, and note any remaining gaps (European Commission, 2010, p. 207). It is 

not uncommon for modern analyses to use proxies or estimates when actual values 
are unavailable (ISO, 2006b, p. 10). Estimates and conservative values can be applied 

in the first run of the analysis to determine how these values impact results and thus 
what should be included. These estimated data should initially include a mean or range 

where possible, including standard deviation and distribution. Guidelines suggest that 
these estimated data should not be aggregated in the LCI result, and instead should be 

marked as zero 'missing important/ unimportant' depending on their significance during 
the trial application. Complete absence of data should be inventoried as 'missing 

important' (European Commission, 2010, pp. 207–210). In the LCI results, the data for 

all unit processes18 are collected, scaled in relation to the functional unit, and 

aggregated over life cycle stages or the whole system. The final LCI results are 

generated by the sum of all inputs and outputs, and list only the reference flow (the 
final product, referred to in the functional unit) and elementary flows (which cross the 

system boundaries)(European Commission, 2010, pp. 273–274).  
 

3.4.4 Impact Assessment (LCIA) 

The life cycle impact assessment (LCIA) is the 'phase in an LCA where the inputs and 
outputs of elementary flows that have been collected and reported in the inventory are 

translated into impact indicators related to human health, natural environment, and 
resource depletion' (European Commission, 2010, p. 275). The association of LCI data, 

impact categories19 and indicators,20 aims to present information that relates to 

environmental impact (ISO, 2006a, p. 14). LCIA differs from other environmental 

evaluations owing to the simple comparative nature of the results and the use of a 
functional unit (ISO, 2006b, p. 16). As throughout the LCA, the LCIA can be used in the 

iterative process to review the goal and scope and assess their viability, before 

                                                        
18 unit process: ‘smallest element considered in the life cycle inventory analysis for which input 
and output data are quantified’ (ISO, 2006a, p. 5). 
19 impact category: ‘class representing environmental issues of concern to which life cycle 
inventory analysis results may be assigned’ (ISO, 2006a, p. 5). 
20 impact category indicator: ‘quantifiable representation of an impact category’ (ISO, 2006a, p. 
6). 
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returning to earlier phases for another iteration (ISO, 2006a, p. 14). The LCIA is divided 

into four stages. The first two stages are mandatory: Classification and 

Characterisation. The other two stages are optional: Normalisation21 and Weighting 

(European Commission, 2010, p. 275; ISO, 2006b, p. 16, 2006a, p. 15, Fig.4).  
 

The LCIA applies the methods outlined in the scope phase (European Commission, 

2010, p. 276). Classification outlines the environmental impact categories, category 
indicators and characterisation models that will be applied (ISO, 2006a, p. 15, fig. 4), 

all of which should be consistent with the goal and scope, and also should be 
internationally accepted (ISO, 2006b, pp. 17, 19). The inventory flows from the LCI are 

assigned to one or more relevant impact categories (Fig. 3.2) (European Commission, 
2010, p. 276; ISO, 2006b, p. 19, 2006a, p. 15, Fig.4). As stated for goal and scope, 

these include: climate change, (stratospheric) ozone depletion, human toxicity, 
respiratory inorganics, ionising radiation, (ground-level) photochemical ozone 

formation, acidification (land and water), eutrophication (land and water), ecotoxicity, 
land use, and resource depletion (minerals, fossils, renewable energy resources, 

water) (European Commission, 2010, p. 109). Where LCI results have the potential to 

cause more than one impact they may be assigned to more than one category; the full 
value is assigned to each category and is not divided.  

 
Characterisation converts the LCI results to common units that can be aggregated and 

compared within categories to compare the relative magnitude of different flows (ISO, 
2006b, p. 20; SAIC, 2006, p. 78). The elementary flows from the LCI results can each 

have impacts to a different extent in each environmental impact category. To account 
for this, the LCI results are converted to an equivalent value by multiplication with a 

characterisation factor22 that 'expresses how much that flow contributes to the impact 

category indicator' (European Commission, 2010, pp. 276, 280). The categorisation 

factors are widely available in LCA packages such as CML2011 (Oers, 2015) and 

ReCiPe (Goedkoop et al., 2009; Huijbregts, Steinmann, et al., 2016). The 
characterisation factors are formed from characterisation models that reflect 

environmental mechanisms such as the ease of distribution and uptake of different 
substances in different environments (ISO, 2006b, p. 17). These factors are sometimes 

                                                        
21 normalisation: ‘calculating the magnitude of category indicator results relative to reference 
information’ (ISO, 2006b, p. 20). 
22 characterisation factor: ‘factor derived from a characterization model which is applied to 
convert an assigned life cycle inventory analysis result to the common unit of the category 
indicator…The common unit allows calculation of the category indicator result’ (ISO, 2006a, p. 
5).  
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available for specific geographical locations, for example in ReCiPe2016 (Huijbregts, 

Steinmann, et al., 2016). The categorisation models, however, cannot account for all 
variables within the scenario and there is a trade-off between the simplicity of the 

method and the accuracy of the characterisation model (ISO, 2006b, p. 20). The 
characterisation models that are applied in LCA should be appropriate, referenced, 

considered scientifically and technically valid, be well documented, and any 

assumptions in the model should be disclosed (ISO, 2006b, pp. 17, 19–20). 
Considering and documenting these features of the characterisation models is 

important since the LCIA results are dependent on the accuracy, validity and 
characteristics of the models (ISO, 2006b, p. 20). Where a factor is missing for an 

elementary flow that is known to contribute to an impact category, its potential 
importance should be checked, and if found significant the categorisation factor should 

be estimated (European Commission, 2010, p. 279). If the factor cannot be estimated, 
the flow should be reported and its potential influence considered in the interpretation 

of results (European Commission, 2010, p. 279). Temporal and spatial factors, fate and 
transport (environmental mechanisms), and reversibility should also be considered in 

relation to impact (ISO, 2006b, p. 19). Guidelines suggest that long-term impact should 

be calculated separately from short-term impact (European Commission, 2010, p. 280), 
a feature that is important for research at Marco Gonzalez, as I intend to study the 

impact from waste from the time of deposition to the present day. The time period 
generally used in LCA to distinguish between long and short is 100 years (European 

Commission, 2010, p. 304). This issue is discussed in Chapters 6 and 7.  
 

It is important to note that impact categories differ in their perceived reliability, 
depending on the availability of appropriate, and tested, characterisation models (ISO, 

2006a, pp. 15–16). The ILCD guide to characterisation (European Commission, 2012, 
pp. 3–4) ranks the recommendation levels for the different impact categories and notes 

the characterisation models with the highest level of confidence for each category 

(Table II.I, Appendix II). The least reliable categories are frequently avoided in 
assessments. Land use and water are two problematic areas. Models are being 

developed for land-use (e.g. Fehrenbach et al., 2015; Koellner et al., 2013; Milà i 
Canals, Bauer, et al., 2007; Milà i Canals, Müller-Wenk, et al., 2007; Milà i Canals, 

Romanyà, et al., 2007; Taelman et al., 2016; Vidal-Legaz et al., 2016), but they are 
often location-dependent and have a low level of recommendation (European 

Commission, 2012, pp. 3–4). The variation in the quality of indicators can therefore 
influence the overall accuracy of results and should be considered in interpretation 

(ISO, 2006b, p. 20). A further consideration, particularly pertinent for Marco Gonzalez, 
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is that the environmental impacts included in LCA are generally ‘negative’ i.e. related to 

environment degradation or contamination; it is the opinion of some LCA analysts that 

any human-induced change constitutes negative impact23 (Anon., pers. comm. 2016). 

This issue is particularly problematic for a site such as Marco Gonzalez, where it is 
thought that some of the human modifications of the environment could constitute 

‘enhancement’. This issue is further discussed in Chapter 7.   

 
At the end of characterisation the sum of each impact category is calculated. The 

results are given as per kg elementary flow, and are known as midpoint impact 
indicators (European Commission, 2010, p. 280). With further characterisation factors, 

the midpoint impact indicators can be converted to endpoint level indicators that further 
group the results into Areas of Protection (AoPs): human health, natural environment, 

and natural resources (European Commission, 2010, pp. 109, 280) (Fig. 3.2). A full 
LCA would take categorisation to this endpoint stage, but the use of further 

characterisation models brings in additional aspects of uncertainty, and studies often 
finish at the midpoint stage. The aggregated results of each category are presented as 

the 'characterised impact profile of the product', LCIA results, or LCIA profile (European 

Commission, 2010, p. 277; ISO, 2006a, p. 15, fig. 4). The inventory results that have 
not been assigned to impact categories should also be listed (ISO, 2006b, p. 20).  

 
The final two optional stages of LCIA – normalisation and weighting – are less relevant 

to the research at Marco Gonzalez but, as part of the standard LCA, I will briefly outline 
them. These final stages are more subjective than the preceding stages. Where LCIA 

results all trend in one direction, for example in favour of one product, normalisation 
and/or weighting are not necessary. Where LCIA results are not consistently in one 

direction, normalisation and weighting may be used to assist interpretation, although 
weighted results cannot be used to support decisions that are publicly disclosed 

(European Commission, 2010, p. 279). In normalisation the relative magnitude of the 

category indicator results is given in relation to reference information (ISO, 2006b, pp. 
20–21, 2006a, p. 15, fig. 4). The midpoint or endpoint results are divided by a 

'normalisation basis' (reference value) that is relevant to each impact category, and the 
outcomes indicate a relative share in the total impact of a reference comparison such 

as emissions per capita or national limits (European Commission, 2010, p. 275,281). 
Weighting, if used, is usually applied after normalisation. Weighting assigns value to 

                                                        
23 Where more beneficial impacts are acknowledged, these are considered to be more 
appropriately included in an ecosystem services analysis (Anon., pers. comm. 2016).   
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the normalised results based on their perceived relative importance in relation to the 

LCA goals, and thus ranks and prioritises particular impacts. The results for each 
category are multiplied by a weighting factor and then the results from the impact 

categories or the Areas of Protection are aggregated (European Commission, 2010, 
pp. 275, 282–283; ISO, 2006b, p. 21). 

 

 

 
Figure 3.2. Schematic for the stages of the life cycle impact assessment, from inventory, to 
midpoint impact categories, to endpoint categories, with a demonstration of how methane 

emissions (CH4) could be attributed to different categories 
(European Commission, 2010, fig. 15). 

 
 

3.4.5 Interpretation 
The results from the LCIA produce impact potential indicators and not predictors of 
actual effect (European Commission, 2010, p. 275; ISO, 2006a, p. 14). They also do 

not provide any indication of the exceedance of thresholds, safety margins or risks 
(ISO, 2006b, p. 23). The results will be limited by the quality of the LCI data, the 

selection of the system boundary and the level of development of the characterisation 
models that only account for limited temporal and spatial dimensions (ISO, 2006a, pp. 

15–16). The LCIA results do, however, allow comparisons of different elements or 
scenarios within – not between – the impact categories (European Commission, 2010, 

p. 277). This facilitates the identification of hotspots, or the parts of the system with the 

highest potential for environment impact. 
 

The interpretation phase addresses the questions posed in the goal and scope, reports 
the final results, and evaluates the overall assessment. In the iterative approach, the 

interpretation phase also guides improvements so that the LCA closely fits the goals of 
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the study (ISO, 2006a, p. 16). After iterations, and with the production of the final 

results, the interpretation phase provides conclusions and suggestions (European 
Commission, 2010, p. 285). The phase can be divided into three stages: the 

identification of significant issues; evaluation (completeness, sensitivity, consistency); 
conclusions, limitations and recommendations (ISO, 2006b, p. 23). To identify 

significant issues, a contribution analysis (weak point/ gravity analysis) can statistically 

determine which data contribute the greatest amount to the indicator result (ISO, 
2006b, p. 22). This is typically performed for all levels of the LCA and is often included 

in the LCA toolkits (European Commission, 2010, pp. 286–287). The significant 
choices that could have impacted the final results should also be highlighted, for 

example for the inventory data, assumptions, and LCIA methods. Scenario analysis 
techniques may be used to test the impact of modifications to the method (European 

Commission, 2010, p. 287). 
 

Based on the identification of significant issues, the reliability and robustness of results 
can be evaluated (European Commission, 2010, p. 288). This evaluation can include 

checks for completeness24, sensitivity25 and consistency26, but is also dependent on 

the goal and scope (European Commission, 2010, pp. 288–289). The achievement of 
the data requirements, defined in the goal and scope, is evaluated; failure to meet the 

requirements should result in adjustments during the iterations. Where data are 
missing, it is evaluated whether they are essential for fulfilling the study's goals (ISO, 

2006b, p. 26). To calculate completeness, estimations are applied for missing data to 
approximate a complete model. The final results are compared against this model to 

estimate completeness (%) and evaluate any variation in result (European 
Commission, 2010, pp. 289–292). The sensitivity check evaluates the reliability of 

results by determining the impact of uncertainty throughout the analysis (European 
Commission, 2010, pp. 295–296; ISO, 2006b, pp. 22, 26). The sensitivity check uses 

scenario testing (see introduction to this section 3.3), where appropriate, to determine 

how changes in the data or method impact the results. For the LCI it is recommended, 
as a minimum, to test the areas of significant issues identified previously. For the LCIA, 

the contrast in uncertainties between the different impact categories should be 

                                                        
24 completeness check: ‘process of verifying whether information from the phases of a life cycle 
assessment is sufficient for reaching conclusions in accordance with the goal and scope 
definition’ (ISO, 2006a, p. 6). 
25 sensitivity check: ‘process of verifying that the information obtained from a sensitivity analysis 
is relevant for reaching the conclusions and for giving recommendations’ (ISO, 2006a, p. 6). 
26 consistency check: ‘process of verifying that the assumptions, methods and data are 
consistently applied throughout the study and are in accordance with the goal and scope 
definition performed before conclusions are reached’ (ISO, 2006a, p. 6). 
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prioritised (European Commission, 2010, p. 297). The consistency tests examine all 

methods, assumptions and data, including the goal and scope, the temporal, 
geographical and technological factors, the application of the functional unit, the 

system boundary, and the application of the characterisation factors (European 
Commission, 2010, pp. 299–300; ISO, 2006b, p. 26). 

  

If the primary conclusions are considered consistent with the goal and scope (data 
quality requirements, assumptions, values, limitations) then they can be presented as 

full and final conclusions (European Commission, 2010, p. 301; ISO, 2006b, p. 27). 
These conclusions should be presented clearly to allow evaluation, potentially by a 

variety of audiences. They should also acknowledge the potential, and not actual, 
nature of the results (European Commission, 2010, p. 285; ISO, 2006a, p. 16). 

Guidelines advise that long- and short-term emissions (<100 years) should be 
discussed separately (European Commission, 2010, p. 304). Any impacts that fall 

outside of the LCA's scope should also be discussed (European Commission, 2010, 
pp. 304–5). The conclusions should reflect on the evaluation, and list all limitations of 

the study, including the consequences and magnitude of the limitations (European 

Commission, 2010, p. 301; ISO, 2006a, p. 16). For the majority of modern analyses, 
the conclusion also makes recommendations such as the superiority of one product, or 

areas of the system where improvements could most feasibly be made (European 
Commission, 2010, pp. 302–303). If two systems are compared, the consistency 

between systems should be discussed to allow fair comparison, and any limitations in 
the systems should be reiterated to avoid misinterpretation (European Commission, 

2010, pp. 301–302, 304). Recommendations should be a 'logical and reasonable 
consequence of the conclusions' (ISO, 2006b, p. 27), they should be conservative, and 

only based on significant findings (European Commission, 2010, p. 305).  
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CHAPTER 4 

Field and laboratory methods 
 
 
The majority of the data for the LCA and other assessments of environmental impact 

originate from two field seasons in August 2013 and July/August 2014. This chapter 
discusses the archaeological data that can be applied in LCA and also, more generally, 

data that can be used to associate human activities, waste, and long-term 
environmental impact. The data that associate human activities and environmental 

impact, but go beyond the requirements for the LCA, provide context for the evaluation 
of LCA. In Chapter 7, for example, the additional data permit the consideration of 

known information from a human niche construction perspective, as one way to 
evaluate LCA method. Chapter 4 describes the field and laboratory methods that have 

been used to address prior absences of data and fulfill the data requirements for LCA 

and the assessment of long-term human-environment relationships at Marco Gonzalez. 
The primary aim of current research at Marco Gonzalez is to understand on-site soil 

formation in relation to soil chemistries and increased soil mass. LCA considers 
impacts beyond soils that contextualises the impacts on soils, for example the 

consideration of environmental trade-offs alongside perceived gains. An understanding 
of trade-offs is particularly important for the application of ideas to modern world 

scenarios, to justify methods and perceived benefit. The laboratory and field methods 
discussed below investigate the environmental history of Marco Gonzalez and also 

seek to define cultural activities so that human-environment relationships, from a long-
term perspective, may be investigated.  

 

 

4.1 Potential for environmental impact: LCA 

In light of the LCA method described in Chapter 3, it follows that appropriate 

archaeological data would include a detailed understanding of on-site activities, a 
profile of cultural materials, an idea of the scale of resource use and waste output, and 

additional information such as trade relationships, which form the chains of supply for 
‘products’. For archaeological data it might also be possible to compare the LCA's 

potential impact results to proxy evidence for actual change. Proxy evidence could 
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include the presence of indicator species for ecosystems, changes in diversity, or 

bioarchaeological indicators of health. The agreement or dissonance between the life 
cycle impact assessment results and proxy information might then contribute to the 

understanding of how pathways create actual impact. The requirements for an LCA 
hold several challenges for archaeological data owing to the need for detailed and 

quantified data. Quantification issues are, however, familiar to archaeologists, because 

we work with: 
  

a sample of the material remains that have been preserved, which is only a sample of 
all of the materials that entered the archaeological record, which is only a sample of all 
of the materials that humans have produced  

(VanPool and Leonard, 2011, p. 2).  
 

Quantification concerns are particularly visible for population estimation (e.g. Zorn, 

1994, pp. 32–33) and in environmental archaeology, for example minimum number of 
individuals (MNI) (e.g. Giovas, 2009, pp. 1563–1564: molluscs), or archaeobotanical 

density/abundance and diversity (Pearsall, 2010, pp. 196–216; Piperno, 2006, p. 123). 
Issues with quantification raise concerns for the LCA, in which input and output 

quantification are critical to measure impact. Access to ‘imperfect and limited data’ 

(VanPool and Leonard, 2011, p. 2), however, is a situation familiar to LCA. Emission 
data, for example, are not consistently available owing to the lack of measurement or 

otherwise corporate restrictions on data access. Chapter 3 described the LCA 
guidelines for dealing with incomplete data in the inventory, whereby absent data are 

marked or substitute data are applied.  
 

A complete LCA at Marco Gonzalez is not presently viable owing to the early state of 
research and also the need to develop methods to work with archaeological data. A 

greater understanding of the scale of activities and occupation is required, which will 
come with time and further, large-scale, excavations. A partial LCA, however, enables 

an examination of how LCA can be applied in archaeology and also highlights datasets 

that should be addressed in future research. My review of existing data identified areas 
that require further detail to facilitate LCA and its evaluation. LCA-applicable data 

available prior to my research included: an overall chronology; a survey of the site's 
spatial extent; an overview of the diachronic nature of occupation and activities; 

artefact profiles (pottery, lithics); environmental data (zooarchaeology and a pilot 
charcoal study); bioarchaeological data, including diet and isotopes; a small-scale 

geomorphological study; a preliminary vegetation survey; and a pilot investigation of 
surface soils (Beach et al., 2009; Dunn and Mazzullo, 1993; Emery and Graham, 2003; 
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Graham and Pendergast, 1987, 1989; Graham and Simmons, 2012a; Morris, 2011; 

Pendergast and Graham, 1987, 1990; Ting, 2013; White et al., 2006; Williams, J. S. et 
al., 2005, 2009).  

 
My data review revealed that, to address LCA and environmental change more 

generally as well as soil/sediment history, further data were required for: the 

characterisation of on-site activities, particularly salt production; the characterisation of 
on-site environmental history; a greater understanding of resource use; a profile of 

waste disposal and its quantification; and a fuller understanding of formation processes 
and their relationship to cultural material. Several data requirements were fulfilled by 

other researchers working at Marco Gonzalez (see section 4.5). To attend to the 
remaining data gaps, I aimed to: address the absence of archaeobotanical data, to 

enhance the understanding of environmental history, resource use and activities; 
profile the materials in the archaeological deposits as waste products with the potential 

for environmental impact; assimilate activity-related information to produce data 
relevant to LCA system flows. Multi-disciplinary approaches have also been applied in 

Amazonian dark earth research that aims to characterise all materials and activities 

that contributed to the soil matrix; these projects actively emphasise the importance of 
diverse evidence (e.g. Schaan et al., 2009, p. 137). Woods (1995, p.163) suggests that 

dark earth research programmes should use a variety of datasets that include 
archaeobotany, physical and chemical characterisation, soil micromorphology, 

zooarchaeology and radiocarbon dating. Amazonian studies such as Herrera and 
colleagues (1992) and Mora (2003, p.9) have included palaeobotanical data, but these 

data typically receive less attention than other datasets. As an experiment in 
archaeological LCA, my research uses a multidisciplinary approach to identify data 

requirements and also assesses the availability of these data, which are affected by 
site-specific factors. The preceding data gaps included many prior unknowns regarding 

preservation and availability of different datasets, which are issues that my research 

aims to illuminate.  
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4.2 Excavation 

My research centres on material excavated during a field season headed by Elizabeth 

Graham in August 2013, and also applies supporting data from the work of others 
during the same season and another in July–August 2014 (Graham et al., 2014, 2017). 

The 2013 excavations primarily aimed to expose deep soil profiles in central areas to 

permit soil micromorphology and other sediment analyses, and produce a diachronic 
understanding of sediment and landscape transformation. Test pit-sized excavations 

were conducted at two structures towards the site's centre and one towards the 
periphery, namely Structure 14 (Op 13-1), Structure 19 (Op 13-2) and Structure 8 (Op 

13-3) (Fig. 4.1, 4.2). ‘Structures’ are identified by mounds 30 cm – c.8 m in height 
(Graham et al., 2017). Structures were targeted owing to the protection afforded lower 

levels. The three locations also comprised two operations in areas with dark surface 
soils (Op 13-1 and Op 13-2, although Op 13-1’s upper levels had been removed by 

previous excavation) and one with a lighter colour of surface soils (Op 13-3). During 
excavation a new lot was assigned when a new surface was encountered or a depth of 

c.20 cm was reached. Excavations for each operation continued down to water level, 

which amounted to c.165 cm for Op 13-1, 205 cm for Op 13-2 and 140 cm for Op 13-3. 
Several burials were encountered during excavation but were left in situ; the pit size 

was instead reduced at this level and below. Throughout excavation, bulk sediment 
samples were collected and used for archaeobotanical flotation and separately for wet-

sieving in the sea (1/8, 1/4, 1/2 inch mesh)27 to retrieve smaller-sized cultural material 

(henceforth 'micro-artefacts'). The wet-sieved samples were then sorted into material 

types and quantified by undergraduate students. The profiles exposed by excavation 
were used by me for phytolith sampling and by Richard Macphail for soil 

micromorphology and bulk soil chemistry samples (see section 4.5).   
 

                                                        
27 Op 13-1: 20 litres MG 367, 369, 371, 374, 377 and 383; 10 litres MG 364; 8 litres MG 390. Op 13-2: 20 
litres MG 375, 389, 391 and 392; 40 litres MG 393. 
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Figure 4.1 Map of the Marco Gonzalez site with structure numbers. The 2013 excavations were 

located at Structure 14 (Op 13-1), Structure 19 (Op 13-2) and Structure 8 (Op 13-3)  
(Graham et al., 2017, fig. 4). 

 
 



 166 

 
 

 

 

 

 
 
 
Figure 4.2. The 2013 operations, left to right, top to bottom: Op 13-1,Structure 14; Op 13-2, 
Structure 19; Op 13-3, Structure 8 (Photos by author). 
 

 
4.3 Archaeobotanical methods 

Archaeobotanical data has the potential to fulfill LCA data requirements via the 

detailing of on-site activities, which informs system processes, and also the profiling of 

a waste product. Archaeobotanical results contribute to an understanding of long-term 
human-environment relationships, and the conditions under which soil and sediment 

change occurred. Archaeobotanical results permit a critique of the LCA by facilitating a 
comparison with additional environmental data that may be used in other approaches 

such as human niche construction. Owing to the on-site conditions it was charred 
material, rather than desiccated or waterlogged, that was investigated. The analyses 

focused on non-wood material, since the wood charcoal is being investigated by Phillip 
Austin as part of the larger Marco Gonzalez project. I also conducted a phytolith pilot 

study, which aimed to investigate phytolith preservation and the potential value of this 

A 
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dataset for research at Marco Gonzalez. Aside from a small wood charcoal study 

(Morris, 2011), no archaeobotanical investigation had previously been carried out at 
Marco Gonzalez. The investigations therefore began with many unknowns such as 

preservation, expected taxa and density of non-wood macrobotanical remains. The 
archaeobotanical aims were to: determine preservation conditions; identify taxa that 

contributed to black carbon waste; identify any botanical indicators for particular 

activities; identify evidence for resource use; identify indicator species for 
environmental reconstruction. In addition the research intends to contribute to tropical, 

Maya and coastal Maya archaeobotany, where comparatively little research has been 
completed compared to temperate regions. The botanical names used throughout this 

thesis are those accepted by ‘The Plant List’ (2013).   
 

4.3.1 Tropical and Maya archaeobotany 

The problematic historical perception of archaeobotanical preservation in the tropics 
has been well documented (e.g. Hagemann and Goldstein, 2009, p. 2842). The key 

considerations for Mesoamerican and other tropical areas are: investigation of charred 
remains owing to the rapid decay of other organics; the potential for poor preservation; 

potential for high level of mixing owing to biological activity (Miksicek, 1983, p. 95). 
Whilst archaeobotanical studies are now more common in Maya archaeology, the 

historical legacy means that for the American tropics, a comparatively small number of 
published examples of systematic and intensive recovery and sampling exist to date 

(e.g. Lentz, 1991; McKillop, 1994b; Miksicek et al., 1981). Furthermore, the application 

of archaeobotanical results, particularly pertaining to economy and environment, is 
somewhat limited compared to temperate regions. Other tropical areas such as Central 

Thailand have experienced similar scenarios, although researchers such as Weber and 
colleagues (2010, p.84) have demonstrated that intensive flotation can produce 

valuable results; simple adjustments, such as increasing the volume of sediment 
processed, can significantly improve results (Castillo and Fuller, 2010, p. 93). Despite 

the historical problems, researchers such as Barton and colleagues (2012, p.1) 
emphasise the important contributions that microbotanical and systematic 

macrobotanical data have made to the study of past human occupation in the tropics. 
 

Comparative archaeobotanical research for scenarios similar to Marco Gonzalez, as a 

coastal Maya site, are few; Table 4.1 summarises the available data for coastal sites. 
The shortage of comparable sites and previous archaeobotanical work at Marco 

Gonzalez, necessitated the creation of a database that collates Maya archaeobotanical 
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research to date. This database is intended to facilitate the identification and 

interpretation of material identified at Marco Gonzalez. The database records 
information concerning the type of material recovered, the geographic region, date of 

context (by period) and nature of context, as well as ecological and ethnobotanical 
details for the taxa. As a new site archaeobotanically, this information is valuable for 

Marco Gonzalez, and provides a buffer for some of the unknown variables such as the 

state of preservation. The information is particularly useful in a tropical area with a 
large flora. The database is presented in tabular form in Appendix III and will be 

referred to in the results (Chapter 5).  
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 Site Chan B’i 
(Robinson 

and 
McKillop, 

2014) 

Pelican 
One Pot 
(McKillop 

1996; 
2002) 

Wild Cane 
Cay 

(Lentz, 
1999; 

McKillop, 
1994b) 

Tiger 
Mound 
(Lentz, 
1999; 

McKillop, 
1994b) 

Frenchman’s 
Cay 

(McKillop, 
1996b) 

Orlando’s 
Jewfish 

(McKillop, 
1996b)  

 Area Southern 
Coastal 
Belize 

Island 
Belize 

Island 
Belize 

Island 
Belize 

Island Belize Island 
Belize  

 Period Early 
Classic 

Late 
Classic 

Late 
Classic – 

Early 
Postclassic 

Late 
Classic 

Late Classic Late 
Classic  

 Character Salt 
production 

Salt 
production

? 

Salt 
production

? 

Salt 
production

? 

Salt 
production? 

Salt 
production

? 
 

Family Binomial        
Acanthaceae Avicennia 

germinans 
wood       

Anacardiaceae Anacardium 
occidentale 

wood       

Apocynaceae Aspidosperma 
desmanthum 

wood       

Aquifoliaceae Ilex sp. wood       
Arecaceae Acrocomia 

aculeata 
 endocarp endocarp/ 

seed 
endocarp/ 

seed 
endocarp/ 

seed 
endocarp/ 

seed 
 

 Attalea cohune  endocarp endocarp/ 
seed 

endocarp/ 
seed 

endocarp/ 
seed 

endocarp/ 
seed 

 

 Bactris major  endocarp/ 
seed 

endocarp/ 
seed/ 
wood 

endocarp/ 
seed/ 
wood 

   

Bignoniaceae Crescentia 
cujete 

  rind     

Chrysobalanaceae  wood       
 Chrysobalanus 

icaco 
wood       

Combretaceae Laguncularia 
racemosa 

wood       

 Terminalia 
Amazonia 

wood       

Lauraceae Persea 
americana 

  wood     

Euphorbiaceae Alchornia 
latifolia 

wood       

Malpighiaceae Byrsonima 
crassifolia 

 pyrene pyrene pyrene    

Melastomataceae Mouriri sp. wood       
Moraceae Brosimum 

alicastrum 
wood       

 Ficus sp. wood  wood     
Myrtaceae Psidium sp. wood       
Phyllanthaceae Hieronyma sp. wood       
Pinaceae Pinus sp. wood       
Poaceae Zea mays   cob 

fragment 
not 

specified 
   

Polygonaceae Coccoloba sp. wood       
Rhizophoraceae Rhizophora 

mangle 
wood       

Salicaceae Casearia sp. wood       
Sapotaceae    wood     
 Chrysophyllum 

sp. 
wood       

 Manilkara 
zapota 

  seed frag     

 Pouteria sp. wood       
 Pouteria 

sapota 
  not 

specified 
    

Trigoniaceae Trigonia 
eriosperma 

wood       

Table 4.1 Collated archaeobotanical data from Maya coastal sites (selection from the data 
presented in Appendix III). 
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4.3.2 Archaeobotany and LCA 

Maya archaeobotanical results have most frequently been used to indicate activity 

areas (e.g. middens, homegardens), subsistence and economic strategies (e.g. Morell-
Hart 2011; Lentz 1991; Wyatt 2008). Wood charcoal, for example, has been used to 

indicate burning of fuel for Maya salt production and fuel use strategies at Chan B’i 
(Robinson and McKillop, 2014). The identification of activities and activity processes is 

useful for LCA to define system boundaries and system processes. 
 

Archaeobotanical evidence may also be used to suggest the character and disturbance 
of past environments, whether anthropogenic or not. Alongside geological and 

geomorphic history from Dunn and Mazzullo's (1993) research and Simon Turner’s 

2013 cores around Marco Gonzalez, indicator species, or taxa diversity, have the 
potential to provide evidence for broad environmental changes (e.g. coastal scrub to 

littoral forest) or otherwise indicate disturbance. McKillop's (1994, 1996) coastal and 
Wild Cane Cay studies of dietary palms, for example, pointed to transformation in palm 

communities that challenged the then prevailing characterisation of native flora. Local 
taxa can often be separated from those imported based on habitat viability and known 

information about local conditions such as salinity and soils. Pine charcoal at 
Pulltrouser Swamp, for example, was characterised as imported since the local soils 

could not have supported this acid and sand-loving species (Miksicek, 1983, p. 99). 
Shifts in floral communities may have anthropogenic or non-anthropogenic causes; 

anthropogenic stimuli may be suggested through archaeobotanical evidence that 

indicates intensive resource exploitation. Details relating to environmental history could 
be applied both in the LCA and in the examination of LCA results. The 

archaeobotanical results could highlight activities with potential environmental 
significance that should be included in an LCA such as harvesting of fuelwood. Data 

could be examined to determine the indications for actual impact, which in turn could 
be used to challenge or support the LCA's impact results. 

 
Finally, archaeobotanical data could be applied in an LCA as a waste product or 

system output; the charred material itself has potential environmental impacts. 
Macrobotanicals can be viewed as black carbon (Lehmann et al., 2006) that increases 

the surface area for higher Cation Exchange Capacity (CEC) and cation retention in 

sediments. CEC is believed to be closely associated with soil fertility through nutrient 
availability and moisture retention (Glaser and Birk, 2012, p. 42; Liang et al., 2006, p. 

1728; Rebellato et al., 2009, pp. 26–27). The identification of plant taxa might also be 
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used to detail waste and impact by suggesting the identity of some of the now 

decomposed botanical waste; some species are heavy metal concentrators, that 
deposit metals when they decay (Jayasekera and Rossbach, 1996; Tangahu et al., 

2011). Macrobotanical identifications might also be used to suggest the origins of ash 
in the deposits; Arroyo-Kalin and colleagues (2009, pp.115–116) discuss ash as a 

likely significant contributor to Amazonian dark earths, the composition of which (Ca, K, 

Mg, N and P) is dependent on taxa (as shown by Hecht, 2003). 
 

4.3.3 Macrobotanical method  

Reference collection 

Macrobotanical identification (identification level and result reliability) is dependent on 

the availability of reference material. Very few American tropics reference specimens 
were available at University College London prior to my research, and so the 

development of a Belize reference collection was essential for the identification of 
material. The timetable for research and fieldwork only permitted collection during one 

field season and within a limited geographical area. Nonetheless the reference material 

provides a substantial basis for interpretation and a valuable resource for future 
research.  

  
The reference specimens were collected from a number of different sources. Material 

in Belize was collected in June and July 2014 from the mainland Maya site of Lamanai 
(and the adjacent Lamanai Outpost Lodge), from Marco Gonzalez, from the environs 

and shops of Ambergris Caye and from Indian Creek village near Lamanai. Material 
was also obtained from the United States National Plant Germplasm System (NPGS) 

and from retailers in the UK and online. The material was identified, depending on 
location, by a combination of local Maya guides, other Belizeans, botanists Richard 

Whittet and Cristina Rosique (surveying Marco Gonzalez), and finally myself and Phillip 

Austin (who collected wood reference concurrently). Details of the reference collection 
are presented in Appendix III. All material was collected and exported with permission 

from the Forest Department, Ministry of Forestry, Fisheries and Sustainable 
Development and Belize Agricultural Health Authority, Belmopan, Belize (Permit ref. 

CD/60/3/14; Phytosanitary certificate 51417; CITES permit 4594), and the Institute of 
Archaeology, Belmopan, Belize (IA/H/2/1/13(20)). The collected specimens were a 

good representation of taxa at the sample locations, which included economic and non-
economic, native and non-native plants; the non-native plants are beneficial for the 

identification of intrusive material. Collection focused on fruit-like material (e.g. 
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pyrenes, seeds, pods, achenes), although material such as Piperaceae inflorescences 

and Arecaceae peduncular bract fragments were also collected. The sampling was 
biased in favour of fruit-like material owing to our limited resources and the dominance 

of this type of material in Maya non-wood archaeobotanical assemblages (see 
Appendix III.I). I manually defleshed fruit in Belize and then air-dried prior to 

exportation with silica gel between sample bags to maintain aridity. Material was 

catalogued prior to export and photographs were taken at all stages including in-situ 
plants, fruit cross-sections, and cleaned, exported material. Once in the UK, the 

botanical material was frozen in two stages to prevent insect activity, followed by 
labelling and storage. A total of 83 different specimens were collected. For a tropical 

environment this represents a small fraction of species, but these include a large 
proportion of coastal taxa, which are lower in diversity compared to mainland forest.   

 
During macrobotanical identification, some specimens were also charred to aid 

reference. These were Conocarpus erectus (fruit), Thrinax radiata (fruit and endocarp), 
Byrsonima crassifolia (pyrene) and Spondias sp. (pyrene), the latter from the UCL 

reference collection. Material was charred in covered ceramic dishes in a Nabertherm 

GmBH furnace with open air vents. The samples were put into the furnace cold, heated 
to 230oC and kept at this temperature for 6 hours. Owing to insufficient burning after 

this period, material was then further heated for 3 hours at the same temperature (from 
cold). This resulted in sufficient charring for comparison with archaeobotanical 

samples. Zea mays cob and kernels were also charred in a conventional home oven at 
c.200oC for 4 hours.   

 

Macrobotanical sampling strategy 

Macrobotanical samples were taken from the lots excavated in 2013. Samples were 

collected and processed following recommended practice for the tropics (Dorian Fuller 
and Cristina Castillo 2013, pers. comm.), to allow for potential poor preservation and 

considerations such as portability of processing equipment. The methods supported 
the recovery of charred material, as the preservation conditions favour this type of 

material.  
 

Efforts were made to sample every lot from each of the three operations, but this was 

not entirely achieved (Table 4.2); barring Op 13-1, the lots that were floated were 
sampled from the ground surface to the water table, with the intention to produce a 

diachronic archaeobotanical profile for each operation. Excavators separated 
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excavated sediment into lot-specific piles, which were then sampled for flotation from 

the centre of the pile to limit contamination; this collection method is not ideal, but it 
was the optimal option available. The delineation of lots, and therefore flots, represents 

broad changes in deposits or depth, aside from burials. One exception is Flot2013.7 
which was unfortunately mixed by excavators. This flot mixed lots MG 391 and 392 that 

are of a very similar, or identical, nature, so it is anticipated that their mixing should not 

adversely impact results.   
 

The lot-led sampling does not follow the oft-used strategy to target contexts with 
specific functions such as hearths. Lennstrom and Hastorf (1995, p.702) warn against 

targeting anticipated archaeobotanically-rich areas and instead emphasise the 
importance of examining the diachronic patterns of botanical deposition. In doing so, a 

wider variety of comparisons is permitted, and features can be addressed such as the 
absence of remains in certain areas. Research designs from other tropical sites also 

show evidence of sampling from most or all strata (e.g. Weber et al., 2010, p. 84: 
Thailand).  

 

Sample size and recovery method  

A clear definition of recovery techniques – system type, mesh size, screening/drying 

stages, sampling procedure, treatment for different fractions – is essential for 
archaeobotanical method (Watson, P. J., 1976, p. 86). The choices pertaining to these 

factors depend on environment, preservation, nature of remains, sediment type, time, 

manpower and available resources. For the 2013 season the key decision-making 
factors were: the tropical environment; the wet season; anticipated poor preservation; 

the recovery of charred remains; a mixture of clayey and non-clayey sediments; time 
pressures; low person power; portability.  

 
Recovery method options for charred remains include opportunistic grabs, dry and wet 

sieving, and flotation. Wet and dry sieving were historically preferred in the Neotropics, 
but flotation has been increasingly favoured since the 1980/90s (Hagemann and 

Goldstein, 2009, p. 286); it is not yet standard practice tropics-wide (Castillo and Fuller, 
2010, p. 92: Southeast Asia). Miksicek (1983, pp.94–95) called for a greater application 

of flotation and systematic sampling in Maya archaeobotany to challenge the notion of 

poor preservation. Flotation is particularly effective for charred remains as it recovers 
all size classes, separates according to materials, and minimises damage, which is a 

risk in sieving as a result of increased mechanical abrasion (Fuller, 2007a, p. 194; 
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Struever, 1968, p. 357). Sieving is particularly problematic for clayey sediments as an 

excessive amount of water or mechanical pressure is required for separation (Pearsall, 
2010, p. 13). Comparisons of sieving and flotation in northwest Belize found a trend 

towards far higher recovery of seeds, fruit and flower parts with flotation28 (Hagemann 

and Goldstein, 2009, pp. 2848–2849).  

 

Flotation may be manual or mechanised. The latter allows for faster processing and 
high consistency by less-experienced individuals but uses a more complex set-up and 

lacks portability (Fuller, 2007a, p. 196). Mechanical flotation, with a variety of devices, 
has been used in a number of Central American projects (e.g. Hagemann and 

Goldstein, 2009; Morell-Hart, 2005, 2008, 2011). Manual flotation is simple, reliable, 
portable, low-cost, and uses widely available resources (Fuller, 2007a, p. 196). These 

features are advantageous in remote or difficult to access locations, or areas with 
limited resources. As a result, manual flotation was the most viable method for Marco 

Gonzalez.  
 

Wagner (1982, p.131) suggests that mesh size and sample matrix have a greater 

influence on effectiveness in manual flotation that in machine flotation. Castillo and 
Fuller (2010, p.92) suggest that, for tropical southeast Asia, a mesh no larger than 500 

µm, and preferably 250 µm, should be used. The majority of Mesoamerican 
archaeobotanical reports do not provide mesh size, despite its influence on recovery. 

Where reported, the smallest mesh sizes include 425 µm (Hagemann and Goldstein, 

2009) and c.1.59 mm (1/16th inch) (Lange and Carty, 1975). To maximise recovery a 

250 µm mesh was used at Marco Gonzalez.  

 
Sample volumes exceeding 10 litres are preferable for tropical sites to mitigate 

preservation issues (C. Castillo 2013 pers. comm.). Where specified, the volume 
floated for Mesoamerican sites is around 4 to 10 litres per context (Hagemann and 

Goldstein, 2009, p. 2845; Morell-Hart, 2005, 2008, 2011, p. 75), with variable size and 

number of contexts according to excavation strategy. Some Mesoamerican studies 
have been of fairly large-scale, for example 116 bulk samples from four sites in 

northwest Honduras (Morell-Hart, 2011). Experiments at Marco Gonzalez confirmed 
that a sample volume of 20 litres would produce a sufficient quantity of 

archaeobotanical material. This volume provided some compensation for the effects of 
poor preservation, but was also achievable with the number of worker hours. 20 litres 

                                                        
28 A broader range of taxa, however, was discovered with the combination of dry sieving and flotation. 
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was floated where possible, and in smaller areas the maximum achievable volume was 

floated (Table 4.2). The volume of floated sediment amounted to c.2.39% of the total 

excavated volume from Op 13-1, 6.70% from Op 13-2 and 6.89% from Op 13-329.  

 

Marco Gonzalez processing 

Bucket flotation was primarily completed by me, but was only achieved with the 

assistance of some excellent volunteers (1–2 at one time) who were taught bucket 
flotation for the task. Samples from Op 13-2 were floated at the end of the 2013 field 

season. The remainder of the samples were floated during the summer 2014 field 
season, with sediment stored in sacks or plastic bags between the two periods.  

 

Bucket flotation followed the method used by Dorian Q. Fuller at UCL (Fuller, 2007b). 
The equipment comprised a clean white bucket for the sample and a base-less bucket 

with a 250 µm fabric sieve stretched over the top (Fig. 4.3). Sediment was processed in 
2 litre portions to ensure control of the material during floating and pouring. 2 litres 

were added to the white bucket and then water was added.30 The sediment and water 

mixture were gently agitated by hand and clods of earth were carefully disintegrated if 

required to release the charred material. After stirring by hand, the mixture was left for 

30 seconds to 1 minute to allow uncharred material to settle. The floating fraction was 

then carefully poured through the sieve.31 The process was repeated at least 6 times 

for every 2 litre sub-sample to ensure maximum separation of charred material; 
completion was assessed by eye as the light-coloured sandy matrix and dark charred 

material were clearly contrasted.  
 

                                                        
29 Op 13-1: 139.875 l floated of 5850.5 l. Op 13-2: 161.3 l floated of 2405.7 l. Op 13-3: 177.5 l 
floated of 2576.25 l. 
30 The water was added from a bowl, with as little force as possible to minimise damage. The 
water was sourced from a water storage tank and mains water (the end of the hose was 
covered with mesh to reduce contamination) 
31 An early description of this wash-over flotation method was provided by Matson (1955). 
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Figure 4.3 Flotation method. A: 250 µm sieve. B: Pouring the floating material through the sieve 
(Photos by author). 

 
 

Flotation was not without problems. Some of the lowermost sediments were very 
viscous and so pre-flotation drying was tested. This method has been used elsewhere 

with clayey soils to reduce clumping and reduce the risk of damage to the remains by 

decreasing the number of rounds of flotation (e.g. Lange and Carty, 1975, p. 120: 
Pacific Coast, northwest Costa Rica). Some have cautioned, however, that drying may 

actually increase specimen fragility (e.g. Schock, 1971, p. 230). For the Marco 
Gonzalez samples drying did not reduce the number of flotation rounds, so it was 

discontinued. Instead, careful manual disintegration of clods in the water was used. A 
further issue was buoyancy. Pendleton (1983, p.615) urges consideration of non-

buoyant charred material in the recovery method, owing to factors such as the high 
density of some taxa, the lower bulk density of fragmented pieces, or waterlogging. 

Non-buoyant charred material was an issue for the Marco Gonzalez samples. In the 
majority of the sediment samples, irrespective of repetitive processing, charred 

material remained in the bucket after flotation. The likely causes were: sandy sediment 

adhering to charred material; the salinity of sediments, which impacted water density; 
the high water content of the deposits; the potential presence of dense tropical 

hardwoods. Deflocculants may be added during flotation to aid separation of the 
sediment and encourage denser material to float (e.g. Morell-Hart, 2011, p. 66). I 

experimented with laundry detergent as a deflocculant but considered the method 
unsuccessful as the charred material still did not completely separate. Without a 

deflocculant, however, the heavy fraction was observed to float sufficiently to sit at the 
top of the sediment remaining in the bucket. The solution was, at the end of flotation, to 

pour or scoop this top mixture onto a 1 mm mesh to maximise the amount of charred 
material collected.    

A B 
A B 
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After the entire sample volume was floated, or earlier if the sieve became clogged, the 

fabric sieves containing the floated material were tied closed and hung to dry either 
indoors or outdoors (shaded) depending on the weather. The samples took from one to 

four days to dry. Where samples resisted drying using the line-dry method, the sieves 
were opened to allow the sample to air-dry with greater airflow. Some bulky samples 

were still resistant to drying. These stubborn samples were gently dried through the 

closed sieve with a hairdryer on a low setting; the risk of damage to the material was 
offset by the risk from transporting soft, wet samples, and also the large volume of 

these samples. After samples were dry they were sealed in resealable bags for 
transporting to UCL for sorting and identification.   
 
Table 4.2. Details of the archaeobotanical samples (PC = Postclassic, TC = Terminal Classic, 
LC = Late Classic, MC = Middle Classic, EC = Early Classic, TP = Terminal Preclassic). 
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2013.1 360 13-2 0–20 post-AD 1100/1200 20 Y N 
2013.2 361 13-2 20–31 Modern to early 

PC/TC 
20 Y N 

2013.3 365 13-2 31–40 c. TC to early PC 20 Y N 
2013.4 373 13-2 40–50 c. LC–TC 20 Y N 
2013.5 375 13-2 50–100 LC–TC (some PC mix) 20 Y Y 
2013.6 386 13-2 100–120 EC 20 Y N 
2013.7 391/392 13-2 c.130–190 TP 20 Y Y 
2013.8 393 13-2 190–205 TP 20 Y Y 
2014.12 363 13-3 16–23  early PC 20 Y N 
2014.13 364 13-1 30–50 LC (some early PC?) 20 Y Y 
2014.14 366 13-3 23–31 TC 20 Y N 
2014.15 367 13-1 50–60 LC (disturbed) 20 Y N 
2014.16 369 13-1 60–70 LC 20 Y N 
2014.17 371 13-1 70–90 LC 20 Y N 
2014.18 374 13-1 90–110 LC 20 Y Y 
2014.19 376 13-3 30–40 LC–TC 20 Y Y 
2014.20 377 13-1 110–c.140 MC and/or LC 20 Y Y 
2014.21 379 13-3 40–54 LC 19.75 Y N 
2014.22 380 13-3 54–74 LC 20 Y N 
2014.23 381 13-2 c.50–65 LC–TC 1.3 Y N 
2014.24 384 13-3 74–90 LC 20 Y N 
2014.25 385 13-3 90–110 LC 17.75 Y N 
2014.26 387 13-3 110–130 LC 20 Y Y 
2014.27 388 13-3 130–140 LC 20 Y Y 
2014.28 Mixed 

processing 
13-1 c.60–110 LC 11.25 Y N 
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Laboratory processing 

The total mass and volume of each flot was measured.32 Following procedures used 

elsewhere (e.g. Miksicek, 1983, pp. 95–96; Morell-Hart, 2008, p. 2), each flot was 

sieved with brass geological sieves of 4 mm, 2 mm, 1 mm and 500 µm gauges; each 

fraction was weighed. The light and heavy fractions of >4 mm, 2-4 mm and 1-2 mm 
size were sorted using a low power Meiji Techno EMZ-13TR and AmScope SM-1BSX-

64S microscope. All charred material was first separated from the non-charred material 
and quantified, before sorting into wood, non-wood and charred faunal. Non-wood 

material was then sorted and identified using the developed Belize reference collection 

and UCL reference specimens; type material was drawn, photographed and weighed. 

The 500 µm–1 mm fraction often contains ‘weedy’ species, so it is important to make 

some assessment of its contents. I was unable to sort this fraction fully within the 
scope of this project, but I instead scanned this fraction for the samples with the 

highest richness in the larger fractions (Table 4.2). The scanned samples contained 
very little identifiable material and so I was confident that the results were not greatly 

compromised through not fully processing this 500 µm – 1 mm fraction.   

 

4.3.4 Phytolith method 

Phytoliths are the silicified remains of plants. They are formed from monosilicic acid 

that is absorbed by plant roots and deposited in plant cell walls, cell interiors and 

intercellular spaces as solid silicon dioxide (Piperno, 2006, pp. 5–6). Phytolith 
development is affected by factors such as climate, soil conditions, age of the plant, 

and taxa. Taxa can impact phytolith abundance and specificity. Families with generally 
high abundance include Equisetaceae, Annonaceae, Arecacaeae, Cyperaceae, 

Poaceae, Moraceae, Chrysobalanaceae and Burseraceae. In contrast, families with 
uncommon to rare phytolith production include Apocynaceae, Bignoniaceae, 

Malphigiaceae, Polygonaceae and Lauraceae (Piperno, 2006, pp. 5, 7). Silicification in 
tissue results in a variety of forms, some of which have taxonomic significance. Broad 

morphotype groups can be attributed to general botanical groups: Poaceae (grasses); 
Cyperaceae (sedges); Dicotyledons; Arecaceae (palms); other monocots; or 

indeterminate (e.g. Weisskopf, 2010, pp. 491–493). At higher resolution, morphotypes 

may appear in many families, be specific to a particular family, or specific to a particular 
genus or species. A single plant may also have many morphotypes (Piperno, 1985a, p. 

202).  

                                                        
32 Using a Mettler BasBal balance. At this stage the samples contained some non-charred 
material. 
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Phytoliths are released into soils and therefore are mostly assumed to represent in situ 
decay or burning of vegetal matter (although they may also be transported in wind-

blown dust) (Piperno, 1985b, p. 264). Phytoliths have therefore been used to indicate 
past local environmental conditions, subsistence and activity or construction areas (e.g. 

Bozarth, 2000; Fernández et al., 2005; Hansen et al., 2002; Hare, 2011, p. 71; Piperno, 

1985b, p. 250; Solís-Castillo et al., 2015). Phytoliths are particularly valuable for 
indicating broad environmental shifts that result from anthropogenic disturbance, for 

example shifts from forest to grassland, or from wetland to agricultural ecosystems 
(Iriarte et al., 2010; Iriarte and Paz, 2009; McKey et al., 2010; Piperno, 1985a, p. 225, 

1985c, p. 18). Phytoliths are generally well preserved but are prone to dissolution in 
very wet and strongly alkaline deposits (Kibblewhite et al., 2015, p. 250). Carbonate-

rich deposits are therefore inhospitable for phytoliths; sites with shell middens (and a 
pH ≥9) can sometimes be devoid of phytoliths (Piperno, 1985b, pp. 255, 262). 

Research also suggests that morphotypes differ in stability, which may bias the 
composition of an assemblage (Cabanes and Shahack-Gross, 2015, pp. 2–3). 

 

Prior to my research, no phytolith investigation had been conducted at Marco Gonzalez 
and therefore the state of preservation and richness of samples were unknown. The 

site's carbonate sediments and geology, and high density of shell waste, were a 
concern for preservation. For this research my main aims were to determine 

preservation and to determine the potential value of this dataset, which I anticipated to 
be the documentation of broad vegetation changes and their relation to sediment 

history and resource use. As a result, this dataset was treated as a pilot study and, 
although I sampled throughout the three excavated operations, only two samples were 

fully processed.   
 

Sample collection and processing 

At the end of the 2013 field season, a total of fifteen sediment samples were taken 

from the profiles of all operations to ensure that material would be available for future 

research. The two samples analysed were Phyt2013.4 and Phyt2013.6 from the west 
face of Op 13-2, Structure 19. Phyt2013.4 was sampled from the charcoal-rich Late to 

Terminal Classic salt production levels, corresponding approximately to lot MG 375. 
Phyt2013.6 was sampled from the lower Early Classic midden layers that 

corresponded to the transition between lot MG 391 and MG 392 (Table 4.3, Fig. 4.4).  
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Table 4.3. Phytolith sample details. From 2013 sampling at Marco Gonzalez. 

Sample Operation Structure Face Description 

Depth 
below 

ground 
surface 

(cm) 

Distance 
from 

section 
midpoint 

(cm) 
(+ above, - 

below) 

Distance 
from left 
side of 
section 

(cm) 

Phyt2013.4 13-2 19 West 
Dark charcoal, 
Salt production? 95 +3 12-40 

Phyt2013.6 13-2 19 West 
Grey, midden 
deposit 159 -65 45 

 

 

  
Figure 4.4. Phytolith sample locations, Op 13-2, west face. Red = Phyt2013.4. Blue = 

Phyt2013.6 (Photo: author. Section drawing: modified from Graham et al., 2017, fig.7). 
 
 
 

 
Phytolith procedures adhered to standard practice at the Institute of Archaeology, UCL, 

following Alison Weisskopf's method (after Arlene Rosen e.g. Rosen et al., 2015; 
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Weisskopf, 2010, pp. 191–192) (full method in Appendix III). The dried33 sediment 

samples were ground with an agate pestle and mortar, sieved34, and treated with acid 

to remove carbonates (fizz scores were recorded) (Table 4.4). The samples were then 

washed and centrifuged to remove the acid. Clays were removed using a 5% sodium 

hexametaphosphate solution and Stokes’ Law,35 which was repeated until no clay was 

in suspension; the samples were clay-poor and needed only two rounds. Samples 

were then dried, followed by the removal of organic matter using a muffle furnace for 
2.5 hours (from cold) at 500oC. The silica bodies were separated from the remaining 

sediment with a sodium polytungstate solution (at 2.3 sp gravity) and a series of 
centrifuging, and then dried. The total residue for Phyt2013.6, but only a portion of 

Phyt2013.4, was slide mounted with Entellen. 
 
 

Table 4.4. Phytolith processing data. 

Sample 

Sample 
weight 
(mg) 

Fizz score 
with acid 
treatment 

(0–5, 
none–a lot) 

Loss on 
ignition (%) 

Total 
phytolith 
weight 
(mg) 

Weight 
mounted 

(mg) 

Phyt2013.4 878.32 4 7.485654 7.33 1.84 

Phyt2013.6 844.20 5 0.1342099 1.80 1.80 
 

 

Identification, counts and quantification method 

The phytolith slides were examined under 400x magnification with an Olympus BH-2 

microscope. It is not viable to count the entire slide and therefore the aim is to count in 
a way that is statistically reliable but time efficient (Strömberg, 2009, fig. 125). A 

sufficient count size is dependent on factors such as the research question and 
phytolith assemblage composition, but a count of c.200–300, with a scan for rare types, 

has been recommended (Piperno, 2006, p. 115; Strömberg, 2009, fig. 138). For this 
study, counts were recorded for 200–300 single cells and 100–200 multi-cells; this 

presents a good overview of morphotypes and preservation. Siliceous diatoms and 
sponge spicules were also recorded in the single cell count for their potential 

contribution to environment characterisation. Descriptors for phytoliths follow Madella 

                                                        
33 Phyt2013.6: oven dried c.50oC; Phyt2013.4: air dried 
34 Phyt2013.4 at 150 μm, Phyt2013.6 at 250 μm; the mesh size was increased owing to inefficiency. 
35 In an 8 cm column of water, in one hour, sand and silt particles will settle at the bottom of the 
column, leaving clay in suspension, which can be poured off (Pearsall, 2010, pp.418–420). 
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and colleague's (2005) International Code for Phytolith Nomenclature. In the absence 

of established morphotype names, new types were created following the nomenclature, 
in line with approaches used elsewhere (e.g. Weisskopf, 2010, p. 192).  

 
Phytolith slides can be divided into 2304 fields (each field = 0.5 mm, the slide = 24 mm, 

therefore 48 x 48 fields). Morphotypes were counted in consecutive fields and the 

counts for single and multi-cells were continued until each had reached its count target 
and a whole field had been completed. After the count, the slide was scanned for types 

that had not previously been recorded; these are noted in the discussions but not 
included in quantification. Quantification used absolute counts, after approaches 

elsewhere (e.g. Albert et al., 1999, p. 1252; Albert and Weiner, 2001, pp. 257–258; 
Weisskopf, 2010, pp. 195–196). It follows that:  

 
Morphotype	count
Fields	counted 	x	Total	fields = No. phytoliths	per	slide 

 
No.phytoliths	per	slide

mg	siliceous	material	mountedx
Total	mg	siliceous	material

Total	mg	sediment x	1000 = No. phytoliths	per	g	sediment 

 

This calculation allows for a comparison of phytolith density across samples but is 
affected by preservation and any non-phytolith material that is not removed in 

processing. The percentage of each morphotype in each sample was also calculated to 
enable a standardised comparison between samples (cf. Weisskopf, 2010, pp. 196–

197).  
 

 

4.4 XRF of materials 

An LCA of waste deposition at Marco Gonzalez requires data relating to the 
concentration of different cultural materials and their composition in order to determine 

their potential as contributors to sedimentary material. Pottery is of particular interest 
owing to its close relationship with sediments through its fabric. Pottery's raw materials 

can originate from near to or far from a production centre, from a few or many sources 
(Bishop et al., 1982, p. 276). With degradation, pottery could contribute a variety of 

'foreign' minerals to sediments, with the minerals then readily assimilated. Marco 
Gonzalez, as a trade port for much of its history, received pottery from a variety of 

sources, of a variety of fabrics (Graham et al., 2013; Graham and Pendergast, 1987, 

1989; Graham and Simmons, 2012a; Pendergast and Graham, 1987; Ting, 2013). The 
Caye itself appears to have had limited clay sources (Ting, 2013, p. 201), dictating that 
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all, or a majority, of pottery on-site is composed of 'foreign' material. The compositional 

profile of pottery may be quite varied owing to clay, temper, slip and pigment. 
Compositional analyses focus on paste because paste constitutes the bulk of the 

pottery body (Bishop et al., 1982, p. 277). Because the composition of pottery is highly 
variable, the compositional profile of the pottery excavated at Marco Gonzalez was 

thus more undetermined than many of the other waste materials that have more 

general compositions. I therefore elected to examine pottery composition via XRF, to 
create an approximate compositional profile for pottery through time and in relation to 

texture (which is to some extent a factor in degradation).  
 

Sample preparation and processing 

The ½ inch fraction of micro-artefacts from wet sieving of excavated material were 
used as the source of XRF samples. Sherds were selected solely from Op 13-1, as this 

was the only operation with samples across the entire depth. This comprised 8 
contexts (MG 364, 367, 369, 371, 374, 377, 383, 390), ranging from the Terminal 

Preclassic/Early Classic to the Early Postclassic (Fig. 4.5). Sherds were not grouped 
according to Type-Variety as they were too small for accurate classification; the variety 

of sherds suggested that classification would not significantly reduce the sample size. 
Sherds were instead selected according to size, which ensured a good range of pottery 

types and also a sufficient sample mass. All sherds greater than 5 g were removed for 
analysis, resulting in a total of 67 sherds for processing (Appendix III); a similar mass 

has been used in other compositional analyses (e.g. Ting, 2013, p. 136). Sampling 

according to size is at risk of discriminating against more friable sherds, but this 
method maximised the number of samples within the requirements of the chosen 

analytical method. In addition, some of the most friable pottery, Coconut Walk 
Unslipped, was sampled using the 5 g selection procedure (MG-SH2, MG-SH5, MG-

SH15, MG-SH16, MG-SH22 to 24, MG-SH27, MG-SH29, MG-SH32).   
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Figure 4.5. Section drawing of Op 13-1 that denotes lots ( ) from which sherds were sampled 
for XRF analysis (modified from Graham et al., 2017, p. 7). 

 

 

Sherds were washed to reduce contamination from residues and were then 
photographed, described (thickness, vessel part, paste type, surface treatment, firing 

core, colour) and weighed. Special attention was paid to detailed records because the 
analysis was destructive (Appendix III). Several sherds (MG-SH2, MG-SH8, MG-SH10, 

MG-SH12, MG-SH14, MG-SH18, MG-SH19, MG-SH26, MG-SH28, MG-SH40, MG-

SH46, MG-SH65) were noted to have rootlet marks, which was an illustration of the 
interplay between anthropogenic materials and the surface environment. Erosion was 

also observed in a large portion of the sherds, alluding to the degradation of materials. 
The non-slipped sherds were sanded on all surfaces with coarse sandpaper to further 

reduce the risk of contamination from residues or concretions. The sherds with visible 
slip were only sanded in non-slipped areas, to ensure that slip was included in the 

composition.  
 

! Quantification of selected environmental effects resulting from
the inputs and outputs of the production process (impact
assessment)

! Interpretation

At the current stage of investigations and as the preliminary
archaeological application of LCA, our analysis is highly localised,
reflecting our focus on surface soil formation at the specific loca-
tions at which diachronic change is accessible through stratigraphic
exposure, via excavation units, of sediments that have accumulated
over time. The detailing required for an excavation unit approach
(identifying the nature of the stratigraphic deposits and the ma-
terial character of contexts in each sounding, converting archaeo-
logical data to measurable inputs/outputs, and determining the
relevance of each dataset) will allow us to test the appropriateness
of LCA. This process will help us to identify the potential for
upscaling once more excavation data are available.

2.2. The present study

Structures 8, 14, and 19 (Fig. 4) served in 2013 as test pit sites
fromwhich the samples reported on herewere derived. ‘Structures’
are identified by the presence of mounds 30 cm to ca. 7e8 m tall.
The mounds represent the ruins of single or multiple-phase con-
structions, usually masonry platforms built of reefstone that

supported perishable superstructures. Three test pits, measuring
ca. 1.5 " 1.5 m, were laid out, one on the summit of each structure
(Figs. 6 and 7, Fig. 8). The presence of burials, which we did not
excavate, forced reduction of pit size at depth, hence the varying
widths represented in the section drawings. Structures rather than
flat areas were selected because features such as platform floors or
terrace faces serve to protect underlying deposits. As strata, sub-
strata, and features were excavated, they were assigned lot/
context numbers (e.g., MG 201, MG 202).

The construction efforts date largely to the 9th through 12th
centuries (Graham and Simmons, 2012; Simmons and Graham,
2015). Str. 14 was partially excavated in 1990 and had the bulk of
its dark soil surface layers removed; it was selected, however,
because it exhibited the full occupation sequence, and the dates
represented by the strata are known. Str. 19, like Str. 14, exhibited a
full stratigraphic sequence but had not previously been excavated
and retained the dark earth surface soil stratum. Str. 8 was selected
as an example of a locale at the site periphery; intensive mixture of
deposits afforded few datable contexts, but the section drawing is
included (Fig. 8) to show the effects of land crab burrowing.

The excavation, coring, and sampling that produced the results
described herein were undertaken in August of 2013; the vegeta-
tion survey was carried out in July and August of 2014. The field-
work and the ongoing analyses are geared to assess the nature of
the task as well as to test methods of investigation; the results will

Fig. 6. Section drawing, Str. 14, Op 13-1, E face. Width of test pit 1.30 m.

E. Graham et al. / Quaternary International xxx (2015) 1e28 7
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activities by examining diachronic processes at the local scale, Quaternary International (2015), http://dx.doi.org/10.1016/j.quaint.2015.08.079
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Sherds were ground by hand with an agate pestle and mortar36 (initiated, where 

necessary, with a hammer and barrier layer) (Fig. 4.6). The hand-grinding method 

replicated the methods used by Simon Turner to process the site's surface soils.37 The 

sherds were ground until homogenised and then sieved with a 63 µm brass geological 
sieve. This grain size was intended to reduce the danger of single-grain analysis; 

similar, or larger, grain sizes are reported by others (e.g. La Tour, 1989: 74 µm; 

Liangquan, 2008: 90 µm). The sieved material was measured (c. 3.5 g) into cuvettes 
with film barriers (Fig. 4.6). Owing to the manual grinding, in a few of the coarser 

sherds, some material could not be finely ground, although the sample was 
homogenised. This coarser material was analysed separately (MG-SH4B, MG-SH20B, 

MG-SH32B and MG-SH67B) to test for compositional variation compared to the sieved 
samples. Also prepared were 4 samples of unknown ‘conglomerates’ from the wet-

sieved samples from Op 13-1. Suspected to be a lime-type material, these were 
analysed to enable further characterisation of anthropogenic materials. The 

conglomerate samples were prepared as were the sherds, including photographing 
and grinding; they were lightly sanded, but not washed. The XRF analyses used a 

SPECTRO X-LAB 2000, which performs energy dispersive X-ray fluorescence analysis 

(EDXRF). Following standard practice, a reference sample was included alongside the 
Marco Gonzalez samples to confirm instrument accuracy. A total of 80 samples were 

analysed in 4 runs of the machine.  
 

 
Figure 4.6. The agate mortar and pestle used for grinding the samples (A); the powdered 

samples, in cuvettes, in the SPECTRO X-LAB 2000 (B) (Photos by author). 

                                                        
36 The pestle and mortar were cleaned between samples with a Kimberley-Clark medical wipe.  
37 A ball mill was tested for grinding sherds but it was found to be inefficient as the powdered material 
stubbornly adhered to the side of the mill. A ball-milled sample (MG-SH27B) was analysed by XRF to 
compare with the hand-ground samples.  

A B 
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4.5 Concurrent research: The Marco Gonzalez Project 

My effort, as part of a larger research project, was carried out alongside a number of 

other researchers whose work used the same lots, and/or delivered results that are 
relevant to my research questions (Glanville-Wallis, 2015; Graham et al., 2017; 

Macphail et al., 2017; Vieri, 2015). Results include data that facilitate quantification for 

the LCA, or enhance the understanding of the history and environment of Marco 
Gonzalez and its immediate environs. These datasets are: 

• Botanical survey (Richard Whittet & Cristina Rosique): A profile of current on-
site vegetation can be applied in my interpretation of archaeobotanical results. 
Furthermore, the habitat requirements of taxa may be used to explore impacts 

on the environment, for example, did some impacts produce (previously absent) 
viable habitats for particular taxa? 

• Soil micromorphology and bulk chemistry (Richard Macphail, John Crowther): 
The details regarding land use and activities that these datasets provide are 

incredibly useful for understanding the systems interpreted in LCA. Results may 
also be modified to assist the quantification of cultural materials. Furthermore, 

these datasets provide crucial information about deposit formation and 
chemistry, which contribute to an understanding of the interaction between non-

human processes and cultural deposits, and also between predicted impact and 
actual impact.    

• Sediment cores (Simon Turner): The coring of deposits in the area immediately 
surrounding the site may suggest contribution of on-site cultural materials to the 

greater local area, which is suggestive of impact. Furthermore, the analyses 
contribute to the understanding of environmental history which provide context 

for my impact analyses and archaeobotanical data.   

• Wood charcoal analysis (Phil Austin): This material, taken from the same flots 
as my non-wood macrobotanical material, is obviously highly relevant. The 

results enhance the interpretation of the botanical species used at the site and 
contribute to the detailing of human-environment relationships. The taphonomic 

information that wood charcoal can provide is also incredibly valuable for 

understanding site formation, and as a consequence sediment and soil 
formation.  

• Micro-artefacts and crab activity (Francesca Glanville-Wallis): An 
undergraduate dissertation that used the micro-artefact material to examine the 
relationship between the distribution of cultural material and land crab 

burrowing. This research contributes to an understanding of the multitude of 
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formation processes occurring on-site, which is informative for the consideration 

of post-depositional processes in my interpretation of datasets.  

• Zooarchaeology - fish remains (Jasmine Vieri): This undergraduate dissertation 
also examined the wet-sieved micro-artefact/ecofact material. For my research 

it provides constructive data on the disposal of fish waste, as one of the waste 

streams analysed in the LCA. Vieri’s analysis focused on taphonomy rather 
than identification, so that her results are relevant to understanding the on-site 

environmental history and the history of waste materials.  

• Pollen (Bronwen Whitney): A small pilot study that used samples from one of 
Simon Turner's cores, the results assist my interpretation of data relating to 

vegetation and environmental change.  
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CHAPTER 5 

Field and laboratory investigation results  
 
This chapter presents the results from the field and laboratory investigations described 

in Chapter 4, as well as quantitative analyses of the data. The results pertain to: 
excavation; macrobotanical and phytolith investigations; and XRF composition 

analysis. Some initial interpretations are presented to support the LCA in Chapter 6, 

but further interpretations are discussed in Chapter 7.  
 

 

5.1 Excavations38 
The 2013 excavations supported previous interpretations that characterised a site 

history of multiple land uses such as waste disposal (midden accumulation), domestic 
occupation and construction, industrial activity (salt production) and the interment of 

human remains (Graham et al., 2014, 2017; Macphail et al., 2017). Op 13-1 and 13-2 –
both located in areas of darker surface soils – were stratigraphically similar, with 

relatively well-defined sequences and distinctive Late Classic 'processing' levels that 

show strong evidence for burning. Attributed to salt production, ‘processing' levels are 
typical for Marco Gonzalez (Chapter 2). The processing deposits are characterised by 

masses of dense, but often friable, yellow-coloured matter, Coconut Walk Unslipped 
pottery and charred horizons. Op 13-3 also contained some processing material but, 

owing to the operation’s far greater homogeneity, the material occurred in less defined 
strata. The homogeneity of Op 13-3 is likely to be associated with a lower elevation 

and situation beyond the site's centre, where vulnerability to disturbance – for example 
from weathering, seasonal inundation, infrequent storm events, and crab burrowing–is 

increased.  
 

                                                        
38 The information in this section is taken from my field notes and the lot records completed by 
Elizabeth Graham. Results from the excavations are also detailed in Graham et al. (2017, 2014) 
and Macphail et al. (2017).  
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5.1.1 Op 13-1 

Op 13-1 was a 1.5 by 1.5 m pit located along the primary axis of Structure 14 on the 

main plaza. The upper levels showed a high level of mixing from faunal and floral 
activity, including a tarantula burrow; middle to lower levels were more stratigraphically 

defined (Fig. 5.1, 5.2). The character and chronology of the lots in Op 13-1 are 
provided in Table 5.1. 
 
 

Table 5.1. Details for Op 13-1, Structure 14. 
Lot 

(MG) 
Chronology Character Thickness 

(cm) 
Volume 

(m3) 
Notes 

359 Mixed Backfill 30–40 0.9 Backfill from old excavations; no 
intact land surface. 

364 Late Classic–
Early 
Postclassic 

Processing 20 0.45 Some hard yellow matrix; high 
charcoal density; Coconut Walk; 
some backfill contamination? 

367 Late Classic Processing 10–15 0.3375 Dark deposit containing yellow 
conglomerates; old excavation tag 
indicates bioturbation. 

369 Late Classic Processing 10 0.225 As above, with increasing charcoal 
concentration. 

371 Late Classic Processing 20 0.45 Dark and carbon-rich; some yellow 
solid deposits; grey-brown beds. 

374 Late Classic Processing 20 0.45 Dark and carbon-rich; some yellow 
solid deposits; more shelly/gravelly 
than above. 

377 Middle–Late 
Classic 

Processing 30 0.675 Earliest processing level; layers of 
shelly/gravelly material; yellow 
processing material; charcoal and 
white stratum;  grey fabric 
containing charcoal; distinctive 
white stratum.  

382 Early Classic Construction 90 2.025 Large stones overlying smaller 
ones; probable platform core. 

383 Terminal 
Preclassic–
Early Classic 

Midden 20 0.3371 Grey, viscous; high concentration 
of sherds, fish bone, shells; human 
mandible; water level reached; MG 
390 within this level. 

390 Terminal 
Preclassic–
Early Classic 

Cache 10  0.0009 Same level as MG 383; embedded 
in east wall at waterline; two lip-to-
lip basal flange polychrome vessels 
(Dos Arroyos Polychrome: 
Elizabeth Graham pers. comm. 
2013), with pseudo-glyph 
decoration (Fig. 5.3); lower vessel 
post-depositional encrustation with 
small bones.  
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Figure 5.1. Op 13-1, north face, from uppermost level to water level. Alternated yellow and black 
processing levels can be seen approximately mid-section, overlaying the platform construction 

level (Photo by author). 
 

 
Figure 5.2. Section, Op 13-1, east face. Width of section = 1.30 m  (Graham et al., 2017, fig. 6). 

! Quantification of selected environmental effects resulting from
the inputs and outputs of the production process (impact
assessment)

! Interpretation

At the current stage of investigations and as the preliminary
archaeological application of LCA, our analysis is highly localised,
reflecting our focus on surface soil formation at the specific loca-
tions at which diachronic change is accessible through stratigraphic
exposure, via excavation units, of sediments that have accumulated
over time. The detailing required for an excavation unit approach
(identifying the nature of the stratigraphic deposits and the ma-
terial character of contexts in each sounding, converting archaeo-
logical data to measurable inputs/outputs, and determining the
relevance of each dataset) will allow us to test the appropriateness
of LCA. This process will help us to identify the potential for
upscaling once more excavation data are available.

2.2. The present study

Structures 8, 14, and 19 (Fig. 4) served in 2013 as test pit sites
fromwhich the samples reported on herewere derived. ‘Structures’
are identified by the presence of mounds 30 cm to ca. 7e8 m tall.
The mounds represent the ruins of single or multiple-phase con-
structions, usually masonry platforms built of reefstone that

supported perishable superstructures. Three test pits, measuring
ca. 1.5 " 1.5 m, were laid out, one on the summit of each structure
(Figs. 6 and 7, Fig. 8). The presence of burials, which we did not
excavate, forced reduction of pit size at depth, hence the varying
widths represented in the section drawings. Structures rather than
flat areas were selected because features such as platform floors or
terrace faces serve to protect underlying deposits. As strata, sub-
strata, and features were excavated, they were assigned lot/
context numbers (e.g., MG 201, MG 202).

The construction efforts date largely to the 9th through 12th
centuries (Graham and Simmons, 2012; Simmons and Graham,
2015). Str. 14 was partially excavated in 1990 and had the bulk of
its dark soil surface layers removed; it was selected, however,
because it exhibited the full occupation sequence, and the dates
represented by the strata are known. Str. 19, like Str. 14, exhibited a
full stratigraphic sequence but had not previously been excavated
and retained the dark earth surface soil stratum. Str. 8 was selected
as an example of a locale at the site periphery; intensive mixture of
deposits afforded few datable contexts, but the section drawing is
included (Fig. 8) to show the effects of land crab burrowing.

The excavation, coring, and sampling that produced the results
described herein were undertaken in August of 2013; the vegeta-
tion survey was carried out in July and August of 2014. The field-
work and the ongoing analyses are geared to assess the nature of
the task as well as to test methods of investigation; the results will

Fig. 6. Section drawing, Str. 14, Op 13-1, E face. Width of test pit 1.30 m.

E. Graham et al. / Quaternary International xxx (2015) 1e28 7
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Figure 5.3. The lowermost vessel of the Early Classic basal flange polychrome vessels found 

lip-to-lip at the bottom of Op 13-1 (Photo: Marco Gonzalez Project). 
 
 
 

5.1.2 Op 13-2 

This 0.9 x 1.8 m operation, on Structure 19, was similar in character to Op 13-1, 

namely: high potsherd density; a number of uneven, dense strata; dark sediments. As 
elsewhere at the site, there was evidence for disturbance from plant roots, animals 

(e.g. crabs) and burials (Fig. 5.4, 5.5, Table 5.2). The burial in this operation (Fig. 5.6) 
was left in situ. The excavation area thus decreased to approximately half of the initial 

area from the burial downwards (MG 386 and below).   
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Table 5.2 Details for Op 13-2, Structure 19. 
Lot 

(MG) 
Chronology Character Thickness 

(cm) 
Approx. 
volume 

(m3) 

Notes 

360 Postclassic 
(c. post-AD 
1100–1200) 

Humic 10–20 0.243 Intact surface level; mixed 
potsherds.  

361 Postclassic Humic/ occupation 11 0.1782 Floor-like surfaces.  
365 Terminal 

Classic–Early 
Postclassic 

Construction/proce
ssing 

9–10 0.162 Probable last processing 
phase; hardened surface; 
human bone in southwest 
corner.  

373 Late Classic–
Terminal 
Classic 

Processing 10 0.162 Very dark; hard yellowy 
fabric; frags. of large red 
basin suggest disturbance 
by burial cuts. 

375 Late Classic–
Terminal 
Classic 

Processing 50 0.6885 Some Postclassic ‘Buk’ 
pottery (Graham, 1987b, 
2004; Howie, 2012; 
Pendergast, 1981, 1982; 
Ting, 2013) intrusion from 
above; undulating 
processing levels; 
stratigraphy unclear in 
excavation but visible in 
section.  

378 Late Classic–
Terminal 
Classic 

Burial fill 10–15 0.1215 Within MG 375; volume 
combined with MG 381.  

381 Late Classic–
Terminal 
Classic 

Burial 10–15 0.1215 Within MG 375; restricted 
orifice bowl (Fig. 5.6); 
volume combined with MG 
378. 

386 Early Classic Processing (early) 20 0.1215 Pre-dates main salt 
production period, but 
some processing debris; 
possible posthole. 

389 Early Classic Processing? 10 0.1215 Ashy; this or MG 386 were 
the earliest processing 
level.  

391 Terminal 
Preclassic 

Midden/occupation 30 0.1944 Wet, grey, viscous; 
artefact-dense (sherds, net 
sinkers, charcoal, fish 
bone); variation visible in 
section.  

392 Terminal 
Preclassic 

Midden/occupation 30 0.1944 As MG 391. 

393 Terminal 
Preclassic 

Midden 15  0.0972 Grey, viscous; high artefact 
density; collapsed skull at 
the lowermost level (Fig. 
5.7); water table at this 
level, but not sterile below. 
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Figure 5.4. Section, Op 13-2, west face. Width of section = 0.9 m (Graham et al., 2017, fig. 7). 

 

 
Figure 5.5. The west face of Op 13-2, as detailed in Fig. 5.4 (Photo by author).  

be applied to more extensive research at Marco Gonzalez and
possibly at other ‘dark earth’ sites along Belize's coast. We devised
approaches to assess both the factors that can affect soils and the
contexts in which soils change over time. Our approaches include,
in addition to archaeological methods to obtain cultural and
chronological information:

! Soil micromorphology and bulk analyses to assess the character
of the sediments over time: What materials comprise the sed-
iments, and what are their sources? Are the deposits natural,
cultural, mixed? What post-depositional processes (pedoge-
netic?) have or are affecting the deposits?

! Coring of sediments to obtain information on local environ-
mental changes: What was the environment prior to human
habitation? What effects on the environment can be attributed
to human activities?

! Macrobotanical studies of both plant and woody material
recovered from archaeological deposits to obtain information on
people and the environment over time: What plants were
available? Are imported species present? What fuel choices
were made? Did human activities affect the ecology?

! Identification of modern vegetation to begin to assess the re-
lationships between species, patterns of growth, and environ-
mental conditions: What species are present? Do these form
recognisable communities that reflect particular conditions of
growth? Can vegetation be linked to sub-soil conditions?

! Development of a model, based on LCA: Because we know the
impact of long-term human activity, can we quantify inputs,
particularly pyrogenic carbon, and the relationship of inputs to
output in a way that can inform modern environmental impact
assessment?

2.3. Hypotheses to be tested

The approaches described above, their attendant field methods,
and their preliminary results are reported below. We do not yet
have the data to answer all our questions, but progress made is best
measured by the extent to which our original hypotheses are being
addressed. These hypotheses are:

H1: That the MG site and its environs have changed over time,
and these changes bear some relationship to human activities
characteristic of each occupation period.
H2: That charcoal found with sherds from CoconutWalk pottery
is spent fuel associated with salt production.
H3: That evidence of salt production exists in the form of salt
pans, residues, and/or peripheral chemical changes in soils or
ceramics brought about by high salt concentrations.
H4: That fuel was obtained on the island.
H5: That the MG dark earths reflect interaction between resi-
dues of human behaviour and environmental processes over
time.

Fig. 7. Section drawing, Str. 19, Op 13-2, W face. Width of test pit 0.90 m.

Fig. 8. Section drawing, Str. 8, Op 13-3, S face. Width of test pit 0.70 m.
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Figure 5.6. Late to Terminal Classic burial (MG 378 & MG 381), Op 13-2  

(Photo: Marco Gonzalez Project). 
 

 

 
Figure 5.7. Pressure-compressed skull at the bottom of Op 13-2  

(Photo: Marco Gonzalez Project). 
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5.1.3 Op 13-3 

Op 13-3 (1.5 x 1.5 m), on Structure 8, was located towards the periphery of the site. 

The stratigraphy in Op 13-3 was far less defined (Fig. 5.8, 5.9) than Op 13-1 or 13-2. 
Palmetto roots and crab burrows appear to be the main culprits for recent disturbance 

– crabs seem to prefer to burrow at lower elevations. The upper levels of Op 13-3 
contained a high volume of pottery and the remnants of a number of burials. The 

processing levels were far more disturbed than in the other operations with, to the 
naked eye, an absence of defined ash and charcoal layers; this periphery location was 

likely more exposed to weathering. The distinctive grey clayey deposits that occurred 
at the base of the other operations were not found in Op 13-3; the water table was 

encountered more quickly in Op 13-3 due to the structure’s lower elevation.  

 
 

 
Figure 5.8. Op 13-3, south face. Width of section = 0.7 m (Graham et al., 2017, fig. 8). 

 
 
 
 
 

be applied to more extensive research at Marco Gonzalez and
possibly at other ‘dark earth’ sites along Belize's coast. We devised
approaches to assess both the factors that can affect soils and the
contexts in which soils change over time. Our approaches include,
in addition to archaeological methods to obtain cultural and
chronological information:

! Soil micromorphology and bulk analyses to assess the character
of the sediments over time: What materials comprise the sed-
iments, and what are their sources? Are the deposits natural,
cultural, mixed? What post-depositional processes (pedoge-
netic?) have or are affecting the deposits?

! Coring of sediments to obtain information on local environ-
mental changes: What was the environment prior to human
habitation? What effects on the environment can be attributed
to human activities?

! Macrobotanical studies of both plant and woody material
recovered from archaeological deposits to obtain information on
people and the environment over time: What plants were
available? Are imported species present? What fuel choices
were made? Did human activities affect the ecology?

! Identification of modern vegetation to begin to assess the re-
lationships between species, patterns of growth, and environ-
mental conditions: What species are present? Do these form
recognisable communities that reflect particular conditions of
growth? Can vegetation be linked to sub-soil conditions?

! Development of a model, based on LCA: Because we know the
impact of long-term human activity, can we quantify inputs,
particularly pyrogenic carbon, and the relationship of inputs to
output in a way that can inform modern environmental impact
assessment?

2.3. Hypotheses to be tested

The approaches described above, their attendant field methods,
and their preliminary results are reported below. We do not yet
have the data to answer all our questions, but progress made is best
measured by the extent to which our original hypotheses are being
addressed. These hypotheses are:

H1: That the MG site and its environs have changed over time,
and these changes bear some relationship to human activities
characteristic of each occupation period.
H2: That charcoal found with sherds from CoconutWalk pottery
is spent fuel associated with salt production.
H3: That evidence of salt production exists in the form of salt
pans, residues, and/or peripheral chemical changes in soils or
ceramics brought about by high salt concentrations.
H4: That fuel was obtained on the island.
H5: That the MG dark earths reflect interaction between resi-
dues of human behaviour and environmental processes over
time.

Fig. 7. Section drawing, Str. 19, Op 13-2, W face. Width of test pit 0.90 m.

Fig. 8. Section drawing, Str. 8, Op 13-3, S face. Width of test pit 0.70 m.

E. Graham et al. / Quaternary International xxx (2015) 1e288

Please cite this article in press as: Graham, E., et al., The Marco Gonzalez Maya site, Ambergris Caye, Belize: Assessing the impact of human
activities by examining diachronic processes at the local scale, Quaternary International (2015), http://dx.doi.org/10.1016/j.quaint.2015.08.079
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Table 5.3 Details for Op 13-3, Structure 8. 
Lot 

(MG) 
Chronology Character Thickness 

(cm) 
Volume 
(cm3) 

Notes 

362 Early 
Postclassic 

Humic/ post-
abandonment 
accumulation 

15 0.3375 Surface soil horizons; large 
volume of Buk sherds; strong 
disturbance from biological 
activity, particularly crabs. 

363 Early 
Postclassic 

Humic/ post-
abandonment 
accumulation 

7 0.1575 Some humic material; large 
volume of Buk pottery; some 
up-mixed Late/Terminal 
Classic sherds; one near 
complete vessel; disarticulated 
bone. 

366 Terminal 
Classic? 

Post-
abandonment 
accumulation/ 
processing/burials 
(mixed) 

5–8 0.14625 Roots and rootlets at this level; 
matrix darker than above; 
some processing debris; 
distinct absence of 
disarticulated bone. 

368 Terminal or 
Late Classic 

Burial 10 0.04125 Burial 8/1; cut into MG 372; 
face down; right humerus, 
radius, ulna present (no left 
arm); half-present skull; no 
artefacts. 

370 Terminal or 
Late Classic 

Burial < 10 0.006 Burial 8/3; two arm bones; no 
associated artefacts; crab 
disturbance. 

372 Terminal or 
Late Classic 

Burial < 10 0.006 Burial 8/2; MG 368 cut into 
this; two long bones (arm?), 
ribs, vertebrae; burial 
extended beyond operation 
footprint.  

376 Late–
Terminal 
Classic 

Processing 
(mixed) 

10 0.17175 Dark matrix than above; 
fragmented yellow processing 
material; disturbed by burials 
above and crabs.  

379 Late Classic Processing 
(mixed) 

13–14 0.2925 Matrix less dark than levels 
above; some yellow 
processing fabric. 

380 Late Classic Processing 
(mixed) 

20 0.45 Continued lighter matrix; some 
yellow processing fabric; 
posthole (10 cm diameter); 
conch shells from possible 
burial (MG 394) in northeast 
corner; excavation area halved 
below this level to leave 
potential burial in situ (Fig. 
5.10). 

384 Late Classic Processing 16 0.18 Processing material, more 
durable than above; continued 
evidence for disturbance.  

385 Late Classic Processing 20 0.225 As MG 384, with possible 
floor. 

387 Late Classic Processing 20 0.225 Wetter than levels above; 
disturbed processing material; 
some pebble-rich friable 
material; evidence for 
disturbance by roots and 
crabs.  

388 Late Classic Processing 10 0.1125 As above (MG 387); water 
level reached.  

394 Late Classic Burial (?) 20 0.225 Dark-coloured, filled pit; 
equivalent to MG 380; cut into 
levels below; feature continued 
into north section; absence of 
bones, but possible head of a 
burial. 
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Figure 5.9. The west face of Op 13-3 and its homogenous profile (Photo by author). 

 
 

 
Figure 5.10. The south face of Op 13-3. Conch shells in the northeastern corner are visible in 

the foreground; these may mark the edge of a burial that extends into the section  
(Photo by author). 
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5.1.4 Artefacts 

Artefact counts are presented in Table IV.II, Appendix IV, and are applied in the LCA in 

Chapter 6. The sorted fractions from wet sieving (Chapter 4.2) provide mass and count 
results for different ‘micro-artefact’ materials (Table IV.I, Appendix IV). Unfortunately, 

wet sieving results for all lots, at all size fractions, was not achieved. Quantification was 
possible, to some extent, for: MG 364, 367, 369, 371, 374, 377, 383, 390 (Op 13-1); 

and MG 375, 389, 391, 392, 393 (Op 13-2). For the 1/2 inch fraction, Glanville-Wallis 
(2015) found that Terminal Preclassic and Early Classic levels were associated with 

shell, fish bone, chert and obsidian. This association was attributed to marine resource 
processing. Late Classic salt production levels were seemingly associated with 

charcoal and pottery. Inter-operation variation, however, was suggestive of location-

dependent processes (Glanville-Wallis, 2015). Smaller fractions did not show the same 
association, a difference that Glanville-Wallis attributed to post-depositional processes. 

The wet sieved material was also used by Vieri (2015, pp.33–38) to quantify NISP 
(number of identified specimens), MNI (minimum number of individual) and skeletal 

element frequencies for fish bone; data which are applied in the LCA.  
 

 

5.2 Macrobotanical results 

In the absence of prior systematic archaeobotanical sampling at Marco Gonzalez, the 

macrobotanical results addressed unknowns such as preservation and expected taxa. 

Whilst dark horizons suggested the presence of charred organics, the degree of 
diagnostic material was anticipated to be low, owing to the tropical climate, disturbance 

from flora and fauna, the tidally-shifting water table, and irregular disturbance from 
other factors such as hurricanes. Skeletal isotope data that suggested the dominance 

of marine fauna in the ancient Ambergris Caye diet (Williams, J. S. et al., 2009), further 
lowered expectations for the occurrence of non-wood botanical material.  

 
The flots did, however, provide diagnostic material that was distinguishable between 

horizons, and contributed to the characterisation of occupation activities. Nonetheless 
volume and preservation were noticeably lower than at other coastal sites (e.g. 

McKillop, 1994: Wild Cane Cay) and taxa diversity was somewhat lower than at inland 

sites such as Cuello, Pulltrouser Swamp, Bronco, Guijarral and Chispas (Hagemann 
and Goldstein, 2009, p. 2850; Lentz, 1999; Miksicek, 1984, 1991; Turner II and 

Miksicek, 1984, pp. 185–188) (Appendix III.I). The material at Marco Gonzalez was 
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quite eroded, fragmented and coated with sand and other residue,39 the combination of 

which hindered identifications. Very few clear diagnostic examples were recovered, 
which (frustratingly!) stand in contrast to material published for other Maya sites, 

despite efforts in flotation to maximise recovery and minimise damage. I was unable to 
test the removal of residue post-flotation, but this may need investigation prior to 

further research. The result is that identifications are to some extent tentative (many 

cf., for example); in future, further sampling and an extended reference collection, will 
assist more secure identification. The identification and quantification achieved is 

sufficient to support the diachronic characterisation of site activities, and also contribute 
to the evaluation of LCA via quantification, the identification of systems, and the 

consideration of evidence for potential local environmental impact.   
 

5.2.1 Operation overview 

Op 13-1 and Op 13-2 exhibit similar archaeobotanical preservation and material, while 

Op 13-3 is noticeably different in character. These archaeobotanical observations are 
consonant with the general excavation observations. By far the best preserved 

archaeobotanical material is from the lower, wetter levels that have been subject to 
periodic wetting from the shifting water table; material in these levels (MG 391/392, MG 

393) is far more robust, with a semi-mineralised appearance. These lower levels, being 
colluvial (Graham et al., 2014, 2017; Macphail et al., 2017), are also displaced 

material, but this dislocation does not appear to have had as great an impact on 

preservation as other factors in the upper levels, where material is considerably more 
friable and less identifiable. Remains in the upper levels have more intrusive granular 

material and iron oxide staining (e.g. MG 361), which hindered distinction between 
modern and ancient material. The flots also contained evidence for disturbance, via 

rootlets (Table 5.4), insects, crab remains (MG 360, Op 13-2) and frass/droppings (Op 
13-1: MG 371, 374; Op 13-2: MG 365, 373, 375, 391/392, 393; Op 13-3: MG 366). 

Some frass was identified as termite due to its hexagonal cross-section (Op 13-1: MG 
369, 374, 377) (cf. Ebeling, 1975; Moore, 1992).  
   
 
 
 
 

                                                        
39 MG 369 from Op13-1, MG 360, 365, 373 and 375 from Op 13-2, and MG 363, 366, 376 and 379 from 
Op 13-3 were noted as particularly 'dirty’ during sorting. 
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Table 5.4. Qualitative assessment of rootlet density in the flot samples (0 = none; 1 = v. few; 2 = 
few; 3 = moderate; 4 = dense; 5 = v. dense), as an indicator for floral pedoturbation. Some 

rootlets may have been removed prior to the laboratory rating. Nonetheless, high ratings are 
representative of dense rootlets. 

Op Lot Rootlet rating 
13-1 364 2 

367 3 
369 3 
371 2 
374 3 
377 2 
Mixed processing 2 

13-2 360 3 
361 3 
365 2 
373 2 
375 1-2 
381 2-3 
386 3-4 
391/392 2 
393 2 

13-3 363 3-4 
366 5 
376 4 
379 0 
380 4 
384 4 
385 3 
387 3 
388 3-4 

 

 

The density of >1 mm charred plant material is uneven across the samples, but Op 13-
1 is consistently the most dense (Fig. 5.11). Some of the lowest densities occur 

nearest the surface in each operation, a situation which is likely the result of 

environmental (increased biological activity near the surface) and cultural (more 
intensive burning in earlier periods) factors.  
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Figure 5.11. Density of total charred plant remains >1mm in the samples. 

 
 

 
Figure 5.12. The proportion of wood and non-wood material, by density, as part of total charred 

plant material >1 mm for each sample. 
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All of the macrobotanical samples are dominated by wood charcoal40 (Fig. 5.12), with 

one sample (MG 381) entirely wood, and several others 99% wood (MG 367, 369, 371, 
374, 377, Mixed processing, and MG 365). Op 13-1 is strongly dominated by wood 

charcoal and also has the highest densities for total archaeobotanical material (Fig. 
5.11). This operation contains processing horizons best preserved as strata; all flots 

were sampled from lots with processing debris (Graham et al., 2014, 2017; Macphail et 

al., 2017). Salt production, via heating of brine, is expected to have required large 
amounts of fuel. Processing material was also encountered in the other operations, 

however, so this activity cannot be the sole explanation for elevated wood presence in 
Op 13-1. In Op 13-2, densities are elevated in the processing levels (MG 365, 373, 

375, 386) compared to the upper levels, (MG 360, 361). Archaeobotanical material, 
however, is more dense in MG 391/392, and to some extent MG 393, both of which are 

midden deposits (Fig. 5.11). The two uppermost lots in Op 13-2 contain the greatest 
proportion of non-wood remains (Fig. 5.12). MG 365 and 386, at either end of the 

processing sequence, contain the lowest non-wood proportions. The midden levels 
(MG 391/392 and 393) contain similar ratios as MG 375 in the middle of the processing 

sequence. MG 381, a burial cut into the centre of the processing levels, was without 

non-wood material. The MG381 sample, however, was very small (1.3 litres) and so 
the sample may not be a true representation of the context. The wood: non-wood ratio 

is broadly similar across Op 13-3 (Fig. 5.12). This distribution is not consonant with the 
expectation that the salt production phases represent an increase in burning activity. 

Explanations could include: that post-depositional disturbance comminuted the material 
to a size beyond that which was quantified; that disturbance in the upper levels 

destroyed identifiable non-wood material; that salt production activities, or the disposal 
of waste, was less intense at what is now the site’s periphery. The operation’s more 

homogenous profile, visible Thrinax radiata roots, high flot rootlet rating (Table 5.1), 
and many crab burrows, suggest that Op 13-3 was the operation that was likely the 

most disturbed by post-depositional pedoturbation.   
 
 
 
 
 
 
 

                                                        
40 The wood charcoal is currently being analysed by Phillip Austin, UCL.  
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5.2.2 Taxa 

The full count and mass results are presented in Table IV.II, Appendix IV.III. Taxa 

presence/absence is displayed in Table 5.5. The following section details 
identifications, the morphology of specimens and distribution across samples. Due to 

the broad characterisation of activities at the site, identifications are grouped into 
economic trees, palms, other trees, weedy and early successional shrubs, mangrove 

and wetland, and crops. The broad groups echo approaches used elsewhere (e.g. 
Slotten, 2015).  
 
5.2.2.1 Economic trees 

Byrsonima cf. crassifolia/ Malpighiaceae (craboo, nance) 
I identified pyrene fragments, using the reference collection at UCL, in Terminal 
Preclassic midden deposits MG 391/392 and 393, in Op 13-2 (Fig. 5.13), and also in 

Op 13-3: MG 366 (post abandonment accumulation/ some Late Classic processing) 
and MG 379 (Late Classic 'processing'/salt production deposits). Cf. Byrsonima sp. 

also occurs in Late Classic salt production contexts, MG 384 and 387. Pyrenes are 

reported at the coastal/island sites of Wild Cane Cay (Lentz, 1999; McKillop, 
1994b),Tiger Mound (McKillop, 1994b) and Pelican One Pot (McKillop, 2002), in Late 

Classic, Terminal Classic and Early Postclassic contexts that include salt production 
(Appendix III.I). Byrsonima crassifolia is not present at modern Marco Gonzalez but 

has been reported anecdotally for Ambergris Caye (Anon.). Byrsonima sp. occurs in a 
wide range of environments that include moist or dry thickets, open forest particularly 

pine, grassy savanna, coast, rocky areas and disturbed areas. Byrsonima crassifolia is 
particularly characteristic of Belize’s coastal savanna/ pine ridge savanna/ savannas 

more generally (Farruggia et al., 2008, pp. 59, 63, 65; Meerman and Sabido, 2001, p. 
63). The genus is drought tolerant, grows well in sandy and alkaline-sandy soils, and 

may often be found in large stands (Orwa et al., 2009; Standley and Steyermark, 

1946a) (Appendix III.I).  
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Byrsonima is a cultivated genus with domesticated variants (Colunga-GarcíaMarín and 

Zizumbo-Villarreal, 2004, p. S105) and is commonly classified as a ‘tree crop’ (e.g. 
Lentz et al., 2015, p. 175; Wiseman, 1983, p. 162). In an investigation of Lacandon 

Maya milpa farming, Ford and Nigh (2010, p.187) record Byrsonima crassifolia in the 
post-open milpa phase, when fruit trees colonise the area. Cook (2016, p.183) also 

records Lacandon cultivation of Byrsonima. In Caballero’s survey of modern Yucatan 

housegardens, his ‘Generalised homegarden’ type includes Byrsonima as a consistent 
taxa (Caballero, 1992, p. 45). Across the housegardens surveyed, Byrsonima 

bucidaefolia occurred in 8.3% of gardens and B. crassifolia in 18.3% (Caballero, 1992, 
pp. 41, 52). Wright (2006, p.91) believes that Byrsonima was likely also planted around 

houses in the past. Byrsonima is a popular fruit, or fermented beverage today 
(McKillop, 1994b, p. 134), but may also be used for medicine (bark), construction, 

fuel/charcoal, animal forage, tannin (bark), fish poison (branch), dye (bark), ink (green 
fruit), honey, or fibre (Balick et al., 2000; Orwa et al., 2009; Standley and Steyermark, 

1946a). Caballero (1992, p.52) records that B. bucidaefolia and B. crassifolia occur in 
housegardens primarily for fruit.   

 

 
Figure 5.13. Byrsonima crassifolia pyrenes.  

Left: an example from MG 391/392, Op 13-2. Right: from MG 393, Op 13-2. 
 
 

A cf. Malpighiaceae pyrene type (Type 3n) was also identified in MG 391/392 and MG 
393 (Op 13-2) (Fig. 5.14). This pyrene has a similar morphology to Byrsonima – 

folded/cratered exterior, segmented, 'bowling ball'-like hollows – but the overall shape 
is more ovoid than is expected for Byrsonima crassifolia. The Byrsonima genus, 

however, can exhibit pyrenes that range from globoid, to obovoid, to ovoid (Barbosa et 
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al., 2015, p. 833). It is possible that the pyrene represents a very eroded Malpighia 

sp.41, but the overall morphology bears more resemblance to Byrsonima.  

 
 

 
Figure 5.14. Cf. Malpighiaceae pyrene, MG 391/392, Op 13-2. 

 

 

Sapotaceae  
The reference collection was used to identify Sapotaceae seed coat, with a distinctively 
smooth exterior, and in cross-section uniformly round, but randomly arranged cells, 

with squarer cells towards the exterior. Near the ridge/margin of the Sapotaceae seed 
coat, the cells are more elongate. A range of thicknesses suggests the presence of 

more than one Sapotaceae. A comparison with the Pouteria sapota (mamey sapote) 
and Pouteria campechiana (canistel, yellow sapote) reference material (Appendix III.II) 

suggests that both species are present; P. sapota is considerably thicker. Pouteria sp. 
were identified in the Terminal Preclassic midden levels (MG 391/392 and 393) of Op 

13-2, with an additional Sapotaceae type in the Early Classic level, MG 386, of Op 13-2 

(Table 5.5; Table IV.III, Appendix IV.III) (Fig. 5.15). Seed fragments of another 
Sapotaceae, Manilkara zapota (sapodilla), were identified at Wild Cane Cay, as well as 

Sapotaceae wood fragments in Late/ Terminal Classic and Postclassic contexts 
(McKillop, 1994b, p. 131). 

 
Pouteria campechiana was recorded as abundant in the modern botanical survey of 

Marco Gonzalez (Richard Whittet and Cristina Rosique pers. comm.). The species 
occurs frequently in tropical littoral forest and beach communities (Meerman and 

                                                        
41 Malpighia glabra is associated with cultivation, but is not domesticated (Colunga-GarcíaMarín 
and Zizumbo-Villarreal, 2004, p. S106; Wiseman, 1983, p. 162). 
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Sabido, 2001, p. 70), but also in moist/wet mixed forest, or sometimes pine forest, 

frequently on limestone (Standley and Williams, 1967, p. 235). Fosberg and colleagues 
(1982, pp.51–52) include P. campechiana in their plant list for the cays. Pouteria 

campechiana is often associated with cultivation, but it is not domesticated (Colunga-
GarcíaMarín and Zizumbo-Villarreal, 2004, p. S106; Standley and Williams, 1967, p. 

235). P. campechiana is a typical Maya forest garden species according to Gómez-

Pompa and colleagues (1990, p.252). Caballero (1992, p.54) recorded P. campechiana 
in 5% of Yucatan gardens, primarily for fruit. The species was recorded by Ford and 

Nigh (2010, p.187) in the final, well-managed forest stage of milpa farming. P. sapota is 
considered a domesticate (Colunga-GarcíaMarín and Zizumbo-Villarreal, 2004, p. 

S107), that in the past, as today, was likely cultivated in homegardens (Wright, L. E., 
2006, p. 91). P. sapota was recorded by Ford and Nigh (2010, p.187) in the milpa 

stage preceding that for P. campechiana, of fruit tree colonisation. P. campechiana and 
P. sapota have similar recorded uses for food, latex, construction, medicine, oil, 

poison, and animal forage (Balick et al., 2000, p. 78; Standley and Williams, 1967, p. 
236). Manilkara zapota is another Sapotaceae domesticate (Colunga-GarcíaMarín and 

Zizumbo-Villarreal, 2004, p. S105) that is considered, alongside Pouteria sp., to be one 

of the most important fruits for the Maya, and typical of homegardens (Gómez-Pompa, 
1987, p. 4; Gómez-Pompa et al., 1990, p. 252).  

 

 
Figure 5.15. Pouteria cf. sapota seed coat fragment, MG 391/392, Op 13-2.  
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Spondias sp. (hog plum, mombin, ciruela) 
Pyrene fragments were identified in one Early Classic sample (MG 391/392, Op 13-2) 

(Fig. 5.16), with UCL's reference material, including the pyrene that I had charred 
(Chapter 4.3.3). The fragments include the pyrene's centre – with elongated seed 

cavities – and also the outer projections, which are twisted and fibrous. The genus 
(wood, seeds, fruit, pyrene) has been recorded at a large number of widely distributed 

Maya sites, in a variety of contexts (Hammond and Miksicek, 1981; see Appendix IV.I; 

Lentz, 1989, 1991; Miksicek, 1984; Morehart, 2001a, 2011; Parker, 2014; Sheets et al., 
2012; Turner II and Miksicek, 1984); the pyrene is particularly robust, which favours 

preservation (McKillop, 1994b). Spondias sp. at Wild Cane Cay was attributed to an 
introduced suite of edible cultivars that were possibly grown in kitchen or orchard 

gardens (Lentz, 1999; McKillop, 1994b). 
 

Spondias may be used for food, a beverage, medicine, as an ornamental, and in 
construction (Balick et al., 2000, p. 117; Standley and Steyermark, 1949). Gómez-

Pompa (1987, p.4) considers Spondias sp. amongst the most important Maya fruits. 

Two species of Spondias are commonly used today: Spondias purpurea is a 
domesticate; Spondias mombin is not, but is nonetheless associated with cultivation 

(Colunga-GarcíaMarín and Zizumbo-Villarreal, 2004, pp. S105-106). Both are 
frequently categorised as ‘tree crops’ (Lentz et al., 2015, p. 175; Wiseman, 1983, p. 

162). S. mombin is recorded in moist or wet forest environments below 600 m, often 
along streams, and is common in secondary growth and housegardens (Caballero, 

1992, p. 41; Standley and Steyermark, 1949). S. mombin is amongst the forest trees in 
the later stages of Lacandon Maya milpa farming (Ford and Nigh, 2010, p. 187). S. 

purpurea occurs from sea level to c. 1700 m, in thickets or open forest, also often in 
secondary growth (Standley and Steyermark, 1949). Caballero suggests, however, that 

S. purpurea could only have survived as a part of homegardens (Caballero, 1992, p. 

44); the large number of S. purpurea cultivars are attributed to a high level of 
manipulation. Caballero’s survey of modern homegardens indicated that S. purpurea is 

a frequent species, with 1.7-58.3% occurrence (depending on the cultivar) (Caballero, 
1992, pp. 41, 50). Spondias was also likely planted around houses in the past (Wright, 

L. E., 2006, p. 91). Spondias is not at Marco Gonzalez today, but S. purpurea is 
recorded for modern Caye Caulker (Rietsema and Beveridge, 2009, p. 201).   
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Figure 5.16. Spondias sp. pyrene fragments from MG 391/392, Op 13-2. 

 
 

Bignoniaceae 
I identified Bignoniaceae rind – via comparison with my reference collection – in the 
Terminal Preclassic midden (MG 393) in Op 13-2. Other examples may also occur in 

the ‘unidentified rind’ category, where fragments were less well preserved. The 
identified rind has a fairly smooth outer surface with some channels and pits, and a 

folded and channelled inner surface that has an irregular vermiculate texture. In cross-
section the rind is: 1–2 mm; very dense, smooth and lustrous; homogenous, with a 

condense, linear arrangement of cells, parallel to the surface, towards the centre of the 
cross-section (Fig. 5.17). The rind is from a ‘calabash’ but it is either from Crescentia 

sp. or Amphitecna sp.; Crescentia cujete and Amphitecna latifolia produce similar 

lignified gourds (Condit et al., 2011, p. 88) and are both recorded for Belize (Balick et 
al., 2000, p. 138; Standley et al., 1974, p. 167). Amphitecna latifolia (black calabash; 

previously Enallagma latifolia) is the only Bignoniaceae recorded for the cays (Fosberg 
et al., 1982: Hunting Cay). I have been told anecdotally that ‘calabash’ occurs on 

Ambergris Caye, but neither genus is present at Marco Gonzalez.  
 

The fruits of both Crescentia and Amphitecna are typically used as bowls or containers 
once the pith is removed and the pericarp is dried (Aguirre-Dugua et al., 2013, p. 2; 

Arvigo and Balick, 1993; Balick et al., 2000; Grandtner, 2005, p. 55; Standley et al., 
1974). Crescentia may often be used exclusively for bowls (Aguirre-Dugua et al., 2013, 

p. 2: modern Maya, Yucatan). Other uses may include medicinal (lung problems), as a 

food/beverage (seeds), in ritual, and for animal forage (Arvigo and Balick, 1993; Balick 
et al., 2000; Standley et al., 1974). Amphitecna latifolia is more likely to have multiple 
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uses, particularly as it is far more edible (fruit flesh and seeds). A. latifolia can also be 

used for medicine (fruit and leaf), food (fruit), construction, and animal forage (Balick et 
al., 2000, p. 138; Grandtner, 2005, p. 55). 

 
Crescentia sp. and Crescentia cujete wood and rind are reported at a number of Maya 

sites from the Preclassic through to the Early Postclassic (and one post-Contact 

example), in Northern Belize (Hagemann and Goldstein, 2009; Lentz, 1999; Miksicek, 
1983, 1984, 1990; Morehart, 2003; Turner II and Miksicek, 1984), the Upper Belize 

River Valley (Lawlor et al., 1995; Morehart, 2001b) and El Salvador (Lentz, 1999; 
Lentz, Beaudry-Corbett, et al., 1996; Lentz, Reyna de Aguilar, et al., 1996; Robinson 

and McKillop, 2014) (Appendix III.I). Occurrences at other sites include midden, floor 
deposit, collapse debris, vessel contents and structural fill contexts. Crescentia cujete 

rind was identified at Wild Cane Cay (Lentz, 1999; McKillop, 1994b). I found no 
occurrences of Amphitecna in the literature, but identifications may have been 

assigned to Crescentia, since Amphitecna belonged previously to this genus.    
 

Crescentia cujete is a small to medium tree, found at elevations below 350 m on 

brushy plains, open fields, and disturbed areas (e.g. roadsides and yards) (Arvigo and 
Balick, 1993; Balick et al., 2000; Standley et al., 1974). Meerman and Sabido (2001) 

list Crescentia cujete as a species that frequently occurs in:  

• 'Tropical evergreen seasonal broadleaf swamp forest': lowland; calcareous 
rock; intermittently waterlogged (p.44).  

• 'Short-grass savanna with shrubs': lowland savanna; alluvial deposits on the 
coastal plain; acid and nutrient deficient soil; partially inundated in the wet 

season and very dry in the dry season; vulnerable to fire (p.64). 

• 'Tropical lowland tall herbaceous swamp' - inundated in the wet season; merges 
into higher savannas (p.72).  
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Figure 5.17. Crescentia sp. rind fragment, MG 384 (Op 13-3). 

 

Amphitecna latifolia (calabash; morrito del rio; river calabash; wild calabash) is a far 
more coastal species. It is a large shrub or tree that occurs near to sea level, in 

association with seashores, coastal hammocks, mangrove fringes, brackish-water 
swamps, along rivers, or sometimes with farmland or wet lowland forest inland (Condit 

et al., 2011, p. 88: Panama and Costa Rica; Ortiz-Rodriguez et al., 2016, p. 21; 
Richardson, 1984, p. 73: Florida; Standley et al., 1974, pp. 167, 169). Other 

Amphitecna species (c. 10 in Mexico), occur at higher elevations in association with 
tropical rain forest and cloud forest (Ortiz-Rodriguez et al., 2016, pp. 16, 21).  

 

Crescentia may also be cultivated (Arvigo and Balick, 1993; Balick et al., 2000; 
Standley et al., 1974). For Panama and Costa Rica, Condit and colleagues (2011, 

p.88) associate Crescentia cujete exclusively with human habitation and cultivation. 
Aguirre-Dugua and colleagues (2013, p.2) note that modern Maya in Campeche and 

the Yucatan distinguish one wild and three domesticated varieties. The wild may occur 
around the homestead – tolerated in homegardens – or otherwise in the forest. 

Caballero (1992, p.41) observed 18.3 % of homegardens in the Yucatan with 
Crescentia cujete.   
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5.2.2.2 Palms 

Palms are economically very important in the tropics (Olmsted and Alvarez-Buylla, 

1995). Other Maya island sites report large endocarp fragments and comment on the 
ease of identification (e.g. McKillop, 1994b, pp. 131–132), but large fragments were 

absent in the Marco Gonzalez samples. Multiple palm types appear to be present, but 
identifications are tentative. Two distinctive types occur in MG 391/392, identified with 

the reference collection as Thrinax radiata (thatch palm) and cf. Acrocomia aculeata 
(coyol) (Type 22n). A potentially modern Thrinax endocarp fragment was also in MG 

365. Fragments attributed more generally to Arecaceae also occurred (Table 5.5; 
Table IV.III, Appendix IV); other coastal sites report Attalea cohune and Bactris major 

(Pelican One Pot, Wild Cane Cay, Tiger Mound, Frenchman's Cay, Orlando's Jewfish) 

(Lentz, 1999; McKillop, 1994b, 1996b, 2002). The large amount of endocarp could 
possibly also be of palm origin, but the fragments were too small to identify; SEM 

images may enhance identifications.  
 

The cf. Acrocomia aculeata fragments in the Terminal Preclassic midden level (MG 
391/392, Op 13-2) are very dense and robust, with 'channels' on one surface and to 

some extent in cross-section (Fig. 5.18). In cross-section the cell arrangement is quite 
homogenous. The robustness of the fragments is characteristic of A. aculeata 

endocarp, which has a very dense cell structure and is one of the most durable plant 

remains at Maya sites (Lentz, 1990, 1991; Lentz, Beaudry-Corbett, et al., 1996).42 A. 

aculeata is frequently recovered at Mesoamerican sites, in a variety of contexts 

(Caldwell, 1980; Lentz, 1991; Lentz, Beaudry-Corbett, et al., 1996; Morehart, 2001b) 
(Appendix IV). A. aculeata occurs in a wide variety of habitats, at elevations mostly 

below 1000 m, in open lowland forest, dry open hillsides or plains (Standley and 
Steyermark, 1958, p. 202). It also occurs in extensively used pastures, as a fire-

resistant species (Meerman and Sabido, 2001, p. 81). McKillop (1994, p.136) suggests 
that Acrocomia at Wild Cane Cay and Tiger Mound, challenges its status as not native 

to the cayes. Lentz (1991, p.273) proposes that A. aculeata was either introduced at 
Copán for cultivation, or otherwise imported. Recorded uses for A. aculeata are food, 

medicine, beverage, animal food, ritual and oil (Balick et al., 2000, p. 194; Standley 
and Steyermark, 1958, pp. 202–204).  

 

                                                        
42 Fragments were compared to the reference material, but accurate cross-section comparisons 
were hindered by the method used to open the stubborn endocarp. 
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The Thrinax endocarp fragments are distinctively dense and robust with a glassy 

appearance and a smooth outer surface. They are thick with a smaller overall 
circumference than many palms, and radiating lines in cross section. Thrinax is 

dominant in the understory at Marco Gonzalez today (Graham et al., 2017, p. 135; 
Richard Whittet and Cristina Rosique pers.comm.); it is the only palm aside from Cocos 

nucifera. Thrinax has many uses, such as for construction and brooms, and is valued 

for the strength, endurance, slenderness and straightness of its stem (Calvo-Irabién 
and Soberanis, 2008; Olmsted and Alvarez-Buylla, 1995). I found no reference to 

Thrinax at other Maya sites, but this is likely to be a product of the paucity of coastal 
archaeobotany.  

 
Arecaceae are frequently categorised as tree crops, denoting their importance (e.g. 

Lentz et al., 2015, p. 175; Wiseman, 1983, p. 162). Gómez-Pompa (1987, p.4) include 
Acrocomia aculeata and Attalea sp. palms among the most important fruits for the 

Maya. Palms are noted to persist during open milpa (Ford and Nigh, 2010, p. 187), and 
Caballero (1992, pp.41, 50–51) recorded Acrocomia aculeata in 3.3 % of 

homegardens, primarily for fruit. Caballero also recorded 1.7% Coccothrinax readii, for 

brooms, 25% Sabal mexicana and 23.3% Sabal yapa, for thatching, fruit and edible 
seeds.  

 

 
Figure 5.18. Cf. Acrocomia aculeata endocarp fragment in longitudinal (left) and cross-section 

(right) view, from lot MG 391/392 (Op 13-2). 
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5.2.2.3 Other trees  

Guazuma ulmifolia (bay cedar) 
Fragments that I identified as Guazuma ulmifolia pericarp occur in a large number of 

samples, although some examples appear to be stained and not charred. Guazuma 
ulmifolia occurs in Terminal Preclassic (Op 13-2: 391/392, 393), Early to Middle Classic 

(Op13-2: 386), Late Classic (Op 13-1: 374, 377. Op 13-3: 380, 387, 388), Late to 
Terminal Classic (Op 13-3: 376), and Early Postclassic (Op 13-3: 363) levels. The 

fragments therefore occur in salt production, midden and post-abandonment 
accumulation contexts (Table 5.5; Table IV.III, Appendix IV). The fragments vary in 

form (Fig. 5.19–20), but the general characteristics are a 'bubbly' (colliculate) upper 
surface (of varying definition), with small projections in the middle of each mound. The 

under surface is often quite woody, and in cross-section there are cavities under the 

mounds.   
 

Guazuma fruits are described as woody with many tubercles (Bouguerra and 
Lagarrigue, 2015), hard structures in the mesocarp and core, and ‘covered with tiny 

protuberances’ (Janzen, 1982, p. 1242). When the fruit ripens, it loses 55-60% water 
and the surface changes from bumpy and smooth, to very rough with 1–2 mm cracks 

(Janzen, 1982, pp. 1245–1246). Beneath the surface, the ripe fruit has a 3–5 mm layer 
of very hard woody multicellular structures separated by deep fissures, inside of which 

are very thin locules (endocarp) containing the seeds. Below is a very hard woody 

core. Thus the fragments in the Marco Gonzalez samples appear to be consistent with 
this description, and the variation is most likely related to stages of maturity, since the 

fruit changes greatly during ripening (Fig. 5.20). The fragments do, however, appear to 
be more towards the green fruit stage. Janzen (1982, p.1242) observed that Costa 

Rican Guazuma trees flowered at the end of the dry season (April–May), after which 
dormant fruit was produced that began to ripen at the end of the rainy season 

(November–December). The fruit continued to ripen until fruit fall from late January to 
early May. It is possible, therefore, that identifying the fruit’s maturity stage may provide 

some information about seasonality.  
 

Guazuma sp. seeds and wood have been identified in Late Classic contexts at 

Guijarral in northwest Belize (Hagemann and Goldstein, 2009, p. 2850), at Preclassic 
Cuello (Miksicek, 1991, p. 76), at Pulltrouser Swamp in northern Belize and Dos Pilas 

in the Petén (Lentz, 1999, p. 9) (Appendix III.I). G. ulmifolia is a large shrub or tree that 
occurs predominantly near to sea level in dry or moist thickets, but it is particularly 
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characteristic of secondary growth (Standley and Steyermark, 1949, p. 411). The 

species is not included in Fosberg and colleagues' (1982) ‘Plants of the Belize Cays’ 
but it does occur abundantly at Marco Gonzalez today (Richard Whittet and Cristina 

Rosique pers. comm.). Uses for G. ulmifolia are medicine (bark, seed), food, beverage, 
fuel/charcoal, fibre, spice/flavouring, construction, poison, honey, and animal forage 

(Balick et al., 2000, p. 67; Standley and Steyermark, 1949, pp. 411–412). Ford and 

Nigh (2010, p.187) recorded G. ulmifolia in post-open milpa phases, where fruit trees 
colonise the area. Caballero (1992, p.54) documents G. ulmifolia in 20% of the 

Yucatan homegardens he surveyed, primarily for fruit. The species is recorded as a 
fruit tree, and as part of orchards, in the sixteenth and seventeenth centuries (Jones, 

G. D., 1982, p. 288; Marcus, 1982, p. 242). G. ulmifolia, however, is not normally 
grouped with economic trees but rather, as here, in groups such as ‘early successional 

trees’ (e.g. Miksicek, 1991, p. 76).  
 

 

 
Figure 5.19. Guazuma ulmifolia pericarp fragment from MG 375, Op 13-2. 
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Figure 5.20. Left: Modern Guazuma ulmifolia fruit at different stages of maturation. (lower right) 

dormant, (far left) full-sized nearly ripe, (top centre) ripe (Janzen, 1982, p. 1242). Right: 
Archaeological Guazuma ulmifolia pericarp fragment from MG 375, Op 13-2, demonstrating the 

variety in the samples. 
 
 

Coccoloba cf. diversifolia (pigeon sea grape, pigeon plum) 
I identified Coccoloba cf. diversifolia in Late Classic lot MG 380 in Op 13-3 (Fig. 5.21), 

by comparison with reference material for Coccoloba uvifera. The remains are similar 
but do not appear to be of the same species. Coccoloba diversifolia is abundant at the 

site today, Coccoloba uvifera occurs occasionally and another Coccoloba sp. is also 
present (Richard Whittet and Cristina Rosique pers. comm.). Fosberg and colleagues 

(1982, pp.24–25) only list Coccoloba uvifera (sea grape) for Belize’s Cays (Fosberg et 
al., 1982, pp. 24–25) and Rietsema and Beveridge (2009) only list C. uvifera for Caye 

Caulker. For North America, C. diversifolia are said to occur on sandy coastal 
hummocks and limestone forests, 0–10 m in elevation (FNAM Committee, 2005, 

p.484). C. diversifolia may be used as a beverage, for construction, food, or medicine 
(Balick et al., 2000, p. 63). Coccoloba sp. wood also occurred in association with salt 

production at Chan B‘i, in southern coastal Belize (Robinson and McKillop, 2014, p. 

101). Coccoloba sp. leaf impressions also characterise the bases of a particular type of 
pottery – a kind of platter – used in some form of processing activity at the Colson 

Point coastal sites in Belize (Graham, 1994, pp. 140–144, Figs. 5.1, 5.2).  
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 Fig. 3, 4. 3. Developmental stages of Guazuma ulmifolia fruits from dormant (lower right corner) to ripe (top
 center). 4. Full-sized nearly ripe fruit (large, left) and dormant-sized fruit about to be aborted.

 the dry season. At the beginning of the dry
 season, large guacimo trees gradually begin to
 lose their leaves. By the time of heavy flow-
 ering the branches often bear only inflores-
 cences. However, with the first rains and in
 some trees before, a new leaf crop is produced
 and is borne concurrently with the flowers.
 During the first half-month of the rainy season,
 guacimo trees with a full crop of new leaves
 and flower-rich inflorescences are common-
 place.

 Each inflorescence bears 10-50 small cream-
 colored flowers, each of which lasts a single
 day. The flower buds open progressively, a few
 each day per inflorescence. While a few small
 insects are occasionally encountered at the
 flowers, the pollen vectors are not known. In
 the 1-2 wks following flowering, about half of
 the inflorescences produce 1-10 green fruits,
 each about 2 mm in diameter. These fruits are
 gray-green in color, finely covered with tiny
 protuberances, and extremely hard (Fig. 1).
 Because the new infructescences are borne
 among the newly produced leaves, these tiny
 fruits are not fully insolated, but rather in in-
 termittent shade (Fig. 2).

 At this stage, the only kinds of herbivory on
 the tiny immature fruits is that committed by
 browsing mammals feeding on the foliage. Deer,
 peccaries, horses, cattle, and tapirs readily eat
 the foliage when it is low enough to reach, and
 presumably the Pleistocene large herbivores
 did as well. The weevil larvae (Curculionidae:

 Phelypera distigma) that feed heavily on new
 leaves in early to mid-June (Janzen, 1979) ig-
 nore the young fruits. I have seen no sign of
 predation by parrots on the small green fruits,
 but the parakeet Aratinga canicularis occa-
 sionally feeds on the flowers.

 The tiny fruits do not begin to increase no-
 ticeably in volume or weight until the last mo
 of the rainy season (November-December)
 (Fig. 3; Table 1). There is no sign of abortion
 of immature fruits during the rainy season.
 However, some of them do not expand and are
 shed at the time of fruit expansion (Fig. 4b).
 During the 3 mos of fruit expansion, a wide
 variety of sizes may be found. The variation
 has two major sources. First, trees that flow-
 ered as early as March of the previous year
 (mid-dry season) begin to expand their fruits
 earlier in the rainy season; full-sized fruits can
 be found on these trees, or on certain branches
 in these trees, as early as the end of October.
 Second, development within the crown is not
 very tightly synchronized. Fruits may range
 from 0.10 to 3.88 g fresh weight on a single
 branch in mid-January. Likewise, mean fresh
 fruit weight on adjacent branches may vary
 from 0.72 to 2.41 g (Table 2). These differences
 in fruit development rate generate a popula-
 tion-level, ripe fruit fall from late January to
 early May, with the variation being extensive
 among and within trees.

 After having expanded to full size between
 late November and February, the fruits ripen
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Figure 5.21. Coccoloba cf. diversifolia seed from Late Classic MG 380, Op 13-3. 

 
 

Cf. Moraceae 
Cf. Moraceae 'fruit' (inflorescence/synconium) fragments were identified in a large 
number of lots: three of Op 13-1’s Late Classic mid-depth lots (MG 369–374); the five 

uppermost lots of Op 13-2 (MG 360–375), dated Late/Terminal Classic to Early 
Postclassic and the uppermost, Early Postclassic, lot of Op 13-3 (MG 363). The 

condition of some of the archaeological examples, together with their occurrence 
towards the surface is indicative of more modern origins. The fragments consist of a 

matrix with clusters of ovoid bodies, which resemble Ficus sp. (fig), to which this group 

is tentatively assigned. Some examples (type 13n and 14n, Fig. 5.22-23) consist of 
more complete fruits. Fosberg and colleagues (1982, p.23) include Ficus sp. and Ficus 

cf. hemsleyana in the flora of Belize’s cays but Ficus cotinifolia (strangler fig) and 
another unidentified Ficus were inventoried at modern Marco Gonzalez (Richard 

Whittet & Cristina Rosique pers.comm.). The size of the near-complete fruits (Fig. 5.22-

23) are in the range for Ficus cotinifolia, whose fruits average 1 cm (SD±0.01 cm) 

(Coates-Estrada and Alejandro, 1986, p. 351). Ficus seeds were identified at 

Preclassic Cuello (Miksicek, 1991, p. 72), and Ficus wood occurs at a large number of 
sites, that include Wild Cane Cay McKillop (1994), the Pulltrouser Swamp area 

(Miksicek, 1983, Table 6.1), and salt production contexts at Chan B'i (Robinson and 
McKillop, 2014, p. 101) (Appendix III.I). Gómez-Pompa and colleagues (1990, p.253) 

list Ficus as one of the typical genera in a Maya forest garden. Standley and 
Steyermark (1946a, p.38) state that F. cotinifolia may be used for animal fodder or as a 

chicle adulterant.  
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Figure 5.22. Cf. Ficus sp. ‘fruit’ (type 13n), MG 361, Op 13-2. 

 
  
 

 
Figure 5.23. Cf. Ficus sp. ‘fruit’ (type 14n), MG 361, Op 13-2. 

   
 

5.2.2.4 Weedy and early successional shrubs 

Trianthema cf. portulacastrum (purslane, pigweed) 
Seeds of Trianthema cf. portulacastrum occur across all three operations (Op 13-1: 

MG 364, Mixed processing; Op 13-2: MG 360, 365, 375; Op 13-3: MG 376, 384, 388) 
in Early Postclassic, Late Classic/Early Postclassic, Late/Terminal Classic and Late 

Classic contexts. The seed coats in the samples have distinctive discontinuous ridges, 
that approximately follow the seed edge (Fig. 5.24). According to Hassan and 

colleagues (2005, pp.194, 202–203), Trianthema portulacastrum is suborbicular, c. 1.8 
by 1.6 mm in size, black in colour, with a concentrically, discontinuously, ridged seed 

coat. The seeds are black when fresh, so it is possible that the seeds are modern and 
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intrusive; Trianthema was counted in the deepest, Early Classic, levels. For a similar 

genus, Portulaca, Pearsall (1983, p.328) suggests that some Caribbean occurrences 
may be the result of ancient accidental charring, since the genus is associated with 

disturbed ground and likely grew around the site. Trianthema portulacastrum was not 
identified in the modern botanical survey of Marco Gonzalez (Richard Whittet and 

Cristina Rosique, pers.comm.). Another Aizoaceae, Sesuvium portulacastrum (sea 

purslane), was identified on-site, and has also been recorded for the present day at 
other Belizean coastal locations (e.g. Goodwin et al., 2013, p. 22). Fosberg and 

colleagues (1982, pp.29–30) cite only Sesuvium portulacastrum for the cays. The seed 
coat of S. portulacastrum, however – in contrast to the material in the samples – is 

smooth and shiny, with a slight ridge on the dorsal side (Hassan et al., 2005, p. 193). 
Trianthema portulacastrum is described as annual and frequently short-lived, withering 

soon after the end of the rainy season (except on salt flats) (Standley and Steyermark, 
1946b); this short lifespan may explain its absence in the botanical surveys. Although I 

could find no reference to Trianthema at Maya sites, a similar genus, Mollugo 
verticillata – previously in Aizoaceae but now in Molluginaceae – has been identified at 

Copan and Ceren (Lentz, 1991, p. 274; Slotten, 2015, p. 58)(Appendix III.I). 

Trianthema portulacastrum occurs mainly in the lowlands, in moist or dry fields or 
thickets, and often on salt flats along the coast (Standley and Steyermark, 1946b, p. 

207). Balick and colleagues (2000, p.61) cite medicinal purposes for T. portulacastrum. 
For the Caribbean, however, Pearsall (1983, pp.328–330) suggests that Trianthema 

and Portulaca-like flora were used as edible ‘greens’. 
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Figure 5.24. Left: Trianthema portulacastrum from archaeological deposits at En Bas Saline, 
Haiti (Newsom, 1993: Fig. 6.4) (scale: 500 µm). Right: Trianthema cf. portulacastrum from 
Marco Gonzalez, MG 376, Op 13-3.  
 
 
 
Phytolacca sp. (pokeberry, pokeweed) 
Phytolacca sp. seeds occur in all levels in Op 13-2 aside from MG 381 (a Terminal 
Classic burial) and Early Classic MG 386. The taxon does not occur in Op 13-1 or Op 

13-3. The seeds resemble depictions in Lentz and Dickau's (2005) and Cornejo and 

Janovec's (2010, p.109) seed guides. Phytolacca sp. seeds are described as black, 
shiny, lenticular, with a circular to elliptic rim outline, and a hilum on the rim (Davis, 

1985, p.1945; FNA Committee, 1993); a description that complements the examples in 
the samples (Fig. 5.25). As for Trianthema, the characteristics of the seed render age 

uncertain. Phytolacca rivinoides seeds at Chan, were reported to be of uncertain age 
(Wyatt, 2008b, p. 251). Other Phytolaccacceae (Rivina sp.) are reported for Preclassic 

Cuello and Pulltrouser Swamp (Lentz, 1999: unspecified date; Miksicek, 1991, p. 72), 
as well as cf. Phytolaccaceae at Early Postclassic Colha (Caldwell, 1980) (Appendix 

III.I). Phytolacca rivinoides (tropical pokeweed), across Central and South America, 
occurs in disturbed areas and damp/wet thickets or forest, from sea level–c. 2600 m 

(Standley and Steyermark, 1946a, pp.197–199; FNA Committee, 1993: as Phytolacca 

icosandra). Uses of P. rivinoides include for beverages, food (young shoots) and 
medicine (Balick et al., 2000, p. 60; Standley and Steyermark, 1946b, pp. 197–199). 

Phytolacca sp. was not registered in the onsite botanical survey (Richard Whittet and 
Cristina Rosique pers.comm.), and the only Phytolaccaceae recorded by Fosberg and 

colleagues (1982, p.28) for Belize’s cays is Rivina humilis.  
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Figure 5.25. Phytolacca sp. seed, MG 393, Op 13-2. 

 
 

cf. Setaria sp  
A small millet grass caryopsis type in the samples was assigned to cf. Setaria sp. with 

the application of the millet identification key by Fuller (1999). The morphological 

features used for identification were a greatest width towards the midpoint 
(approximately ellipsoidal), a somewhat pointed apex, and a deep scutellum that is 

markedly longer than 1/2 (2/3–3/4) of the caryopsis length, with a rounded apex and 
sides that are parallel to somewhat diverging (Fig. 5.26). This caryopsis type occurred 

in the Terminal Preclassic midden levels (MG 391/392, 393) in Op 13-2, and the 
Terminal Classic to Early Postclassic level MG 366, which contained a mixture of post-

abandonment accumulation, processing debris and burial remains. Setaria sp. was not 
counted in Op 13-1. Seven Setaria appear in Balick and colleague’s botanical checklist 

for Belize (Balick et al., 2000, pp. 192–193), but Setaria was not recorded in the 
botanical survey of Marco Gonzalez (Richard Whittet and Cristina Rosique, 

pers.comm.) and the genus is not in Fosberg and colleague's (1982) list of cay plants, 

nor Rietsema and Beveridge's (2009) flora for Caye Caulker. Of the seven species 
listed for Belize, Setaria parviflora is most affiliated with the coast. For North America 

S. parviflora’s optimum growth conditions are said to be moist or wet sites such as wet 
sandy soils and salt marshes, occurring in most coastal areas (Leithead et al., 1971). 

S. parviflora also tends to be weedy around humans (Austin, 2006).  
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Setaria sp. has been recorded at sites in Honduras (Morell-Hart, 2011, p. 88) 

(Appendix III.I), but certainly does not appear to be common. Setaria macrostachya 
has been found in very early deposits (Archaic through to Historic) in central and 

northeast Mexico, where it is believed to have been an important foodstuff (Callen, 
1965, 1967; Smith Jr., 1968). S. parviflora was also identified in Archaic deposits at 

Tamaulipas, Mexico, where it is also believed to have been consumed (Austin, 2006; 

Callen, 1967). S. macrostachya does not, according to Balick and colleagues (2000), 
occur in Belize, but Austin (2006, p.151) states that Setaria was gathered and 

consumed throughout North America, Mesoamerica and the Caribbean. Setaria is 
more clearly present at Caribbean sites than in the Maya area. Setaria is recorded at 

En Bas Saline in Haiti, for example, where it is categorised as a wild edible plant; 
grains such as Setaria are believed to have preceded maize (Newsom, 1993). The 

explanation for the occurrence of Setaria at Marco Gonzalez is currently unknown, but 
the chronology and the presence of maize suggest that the caryopses are likely to be 

weedy in origin, and therefore they may be Setaria parviflora.   
 

 
Figure 5.26. Cf. Setaria sp. caryopsis, dorsal (left) and ventral (right) view, MG 393, Op 13-2. 

 

 

Additional unidentified Poaceae fragments comprised: culm fragments, budshoots and 

caryopses (Fig. 5.27) in Late Classic levels with evidence for salt production (Table 
5.5). A very well-preserved rachis was also identified in a Late Classic 'processing' lot 

(MG 380) in Op 13-3 (Fig. 5.28). Culm fragments were also identified in MG 386, (Op 
13-2), an Early Classic level that predates the main era of salt production, but contains 
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some processing evidence (Section 5.1.2, this chapter) (Graham et al., 2017; Macphail 

et al., 2017). A further caryposis was identified in Terminal Preclassic lot MG 393 (Fig. 
5.27, right), but its appearance suggests it is a badly distorted example of the cf. 

Setaria type. 
 

The only Poaceae recorded on-site today is Spartina spartinae (Richard Whittet and 

Cristina Rosique pers.comm.) but Fosberg and colleagues (1982, pp.6–13) identified at 
least 11 other genera for Belize’s lagoon cays. Rietsema and Beveridge (2009, 

pp.236–252) provide Andropogon glomeratus, Cenchrus incertus (unresolved name – 
Plant List), Distichlis spicata, Eragrostis elliottii, Eragrostis prolifera, Eustachys petraea, 

Panicum altum, Paspalum blodgettii, Paspalum langei, and Paspalum virgatum as 
other native-to-the-Americas grasses that occur on nearby Caye Caulker. Of the plants 

listed by Rietsema and Beveridge (2009, pp.236–252), Cenchrus incertus is the only 
one with known uses (poison), according to Balick and colleagues (Balick et al., 2000, 

p. 186). The weedy nature of grasses may explain much of their occurrence. The 
association of Poaceae with salt production levels, however, might be related to other 

factors. The soil micromorphology results suggest that salt production at Marco 

Gonzalez involved a sleeching process with upper tidal sediments (Graham et al., 
2017, pp. 126–130, 138; Macphail et al., 2017, pp. 39–40, 43–48). Sediments were 

likely collected and their salt content enriched via processes such as 
evapotranspiration or sediment fermentation, followed by mixture with seawater that, 

with heating, produced an enriched brine. This brine would have been evaporated to 
produce salt in the sal cocida process. In similar processes recorded anthropologically, 

the brine is filtered prior to the production of salt cakes. The structures used for 
filtration are described to contain materials such as ‘sedge, fodder, and sand’ (Valdez 

et al., 1996, p. 179: Sayula Basin, Jalisco), or a straw mat (Reina and Monaghan, 
1981, p. 24: Sacapulas, Guatemala). Similar structures have been described for La 

Placita (Williams, E., 2002) and Lake Cuitzeo, Michoacán (Williams, E., 1999). It is 

possible, therefore, that the Poaceae in the Marco Gonzalez samples may be related 
with this process but, with current information, they cannot presently be associated 

directly.  
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Figure 5.27. Unidentified Poaceae caryopses. Left: MG 393, Op 13-2. Right: MG 364, Op 13-1. 
 
 

 
Figure 5.28. Poaceae rachis, MG 380, Op 13-3. 

 
 

 
 

Cf. Asteraceae  
One Asteraceae cypsela was tentatively identified in MG 388, Op 13-3, a disturbed 
processing level (Fig. 5.29). Although the example is large for a cypsela, the 

attachment resembles the connection to the pappus, and the opposite end (towards 
the base) resembles a cypsela base in cross-section, with a segmented arrangement 

of air cavities distributed through the parenchyma (e.g. Sukhorukov and Nilova, 2015, 
Fig. 4). An alternative consideration might relate to Rhizophora hypocotyls, but their 
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internal structure is very different, with concentric layers of epidermis, cortex, phloem 

and xylem (e.g. Lechthaler et al., 2016, Fig. 2).  
 

Baltimora recta (Lentz, 1999: Cihuatan), Helianthus annuus (sunflower) (Lentz, 1999: 
Santa Leticia), Melampodium sp. (Lentz, 1999: Pulltrouser Swamp), Spilanthes cf. 

acmella (Slotten, 2015, p. 57: Ceren), Tithonia rotundifolia (daisy) (Lentz, 1999; Lentz, 

Beaudry-Corbett, et al., 1996, p. 258: Ceren), and Zinnia sp. (Hagemann and 
Goldstein, 2009, p. 2850: Bronco) have been identified at other sites, but Asteraceae 

have not been published for coastal or island sites. Asteraceae have, however, been 
recorded at other sites in northern Belize: Cuello (Lentz, 1999; Miksicek, 1991, p. 72) 

and Avila (Morehart, 2003, p. 129). One Asteraceae was inventoried at present day 
Marco Gonzalez, Pluchea carolinensis (chal-ch, chal-che, pito sico) (Richard Whittet 

and Cristina Rosique pers.comm.). A variety of Asteraceae species are listed by 
Fosberg and colleagues (1982, pp.65–70) for the cays. The genera are Ageratum sp., 

Ambrosia sp., Bidens sp., Borrichia sp., Erigeron sp., Eclipta sp., Emilia sp., Flaveria 
sp., Melanthera sp., Neurolaena sp., Pluchea sp., Synedrella sp., Veronica sp., and 

Sphagneticola sp. Asteraceae uses in Mesoamerica include food, beverage, medicine, 

and ornamental (Balick et al., 2000, pp. 148–154; Lentz, 1999). Asteraceae may also 
occur in open milpa (Ford and Nigh, 2010, p. 187).  
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Figure 5.29. Cf. Asteraceae cypsela, MG 388, Op 13-3. 

 
 
 
Cestrum nocturnum (akul utz, night bloom, sapillo) 
I identified Cestrum nocturnum seeds, through comparison with the reference 

collection, in two samples, MG 391/392 in Op 13-2 and MG 387 in Op 13-3. The 

archaeobotanical seeds are varied in form, which is matched by the variety in the 
reference material: elliptic-oblong (Fig. 5.30), to more sectoroid forms (Fig. 5.31). 

Seeds are identified by the distinctive regular-elongate-reticulate ornamentation on the 
surface. I found no other occurrence of Cestrum nocturnum at Maya sites (Appendix 

III.I). In the modern botanical survey, Cestrum nocturnum was recorded as present, but 
rare (Richard Whittet and Cristina Rosique pers. comm.). The species is not listed for 

Caye Caulker (Rietsema and Beveridge, 2009) nor more generally for Belize’s cays 
(Fosberg et al., 1982, pp. 60–61), where the only Solanaceae listed are Solanum spp. 

Cestrum nocturnum is a shrub, whose habitat is moist or wet thickets or forests, and 
sometimes open places, at elevations below 1800 m (Gentry, Jr. and Standley, 1974, 

pp. 31–32). Meerman and Sabido (2001) do not include C. nocturnum in any 

ecosystem type, so it appears to not be an indicator species. In the Flora of 
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Guatemala, C. nocturnum is described as a ‘common lowland species’, ‘fairly uniform 

throughout its wide range’, so it appears to be a generalist (Gentry, Jr. and Standley, 
1974, p. 32). Balick and colleagues (2000, p.125) record Belizean use of this species 

for medicine and in ritual, whilst regionally the species is also used for poison.  
 

 

 
Figure 5.30. Cestrum nocturnum seed, ventral (left) and dorsal (right) surfaces from MG 387, 

Op 13-3.  
 
 

 
Figure 5.31. Cestrum nocturnum seed from MG 391/392, Op 13-2. This image demonstrates 

the variety in form, compared to Figure 5.30. 
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Additional seeds were identified as cf. Solanaceae (MG 360, 375, 396, in Op 13-2). 

These seeds have a similar morphology to Cestrum nocturnum but are more ovoid in 
outline, with a distinctly alveolate surface ornamentation (Fig. 5.32). The good 

preservation condition of these seeds suggests that they could originate from more 
modern activities. 

 

 

  
Figure 5.32. Cf. Solanaceae seeds, from MG 360, 375, 396, in Op 13-2.  

 
 
 
Cf. Picramnia antidesma (pasa embra, wild raisin) 
I identified cf. Picramnia antidesma seed fragments – by comparison with reference 
material – in only one sample, MG 393 in Op 13-2, the Terminal Preclassic midden 

(Table 5.5; Fig. 5.33). The distinctive seed coat (linearly arranged reticulate 
ornamentation), and the estimated overall size suggest its identity. Other 

Picramniaceae have been identified at Maya sites (Appendix III.I), but P. antidesma 

appears absent to date. P. antidesma is abundant at the site today (Richard Whittet 
and Cristina Rosique pers.comm.), but it is not included in the flora of the cays by 

either Fosberg and colleagues (1982) or Rietsema and Beveridge (2009). Meerman 
and Sabido (2001) do not include Picramnia for any ecosystem type, and therefore it is 

assumed to not be an indicator genus. P. antidesma are shrubs or trees that occur in 
moist thickets or forest, near to sea level (FNA Committee, 1993; Standley and 

Steyermark, 1946b, p.428). Regionally the species is said to be used medicinally 
(Balick et al., 2000, p. 117; Standley and Steyermark, 1946a, p. 428). 
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Figure 5.33. Cf. Picramnia antidesma seed fragment from MG 393, Op 13-2.  

 
 
 

5.2.2.5 Mangrove and wetlands 

Rhizophora mangle (red mangrove) 
Red mangrove propagule fragments and flower buds are identified in MG 364 (Op 13-

1), MG 373, 391/393 and 393 (Op 13-2), and MG 376, 379, 380, 387 (Op 13-3) (Fig. 
5.35–36). These include one Late Classic, five Terminal Classic, and two Terminal 

Preclassic levels. The propagules were identified by comparison to the reference 
collection. During fieldwork I sampled expelled material at the edge of crab holes. I was 

unable to examine these samples for this thesis, but one of the samples contained an 
extremely well preserved Rhizophora bud that enabled identifications of other material, 

particularly buds (Fig. 5.34–.35). Rhizophora bud, fruit and propagule/hypocotyl 
fragments, have a distinctive vermiculate surface texture (Fig. 5.36).  

 

Rhizophora wood, bark, ‘seeds’ (propagules), buds and leaves were documented at 
Wild Cane Cay (McKillop, 1994b, pp. 134, 137), in a similar setting to Marco Gonzalez. 

Rhizophora wood has also been identified at Chan B'i (Robinson and McKillop, 2014, 
p. 101) and San Antonio Rio Hondo, Albion Island (Lentz, 1999; Miksicek, 1990). 

Regional Rhizophora uses include for tannin (bark), medicine fuel/charcoal food (fruit) 
timber/construction and dye (young shoots) (Balick et al., 2000, p. 104; Standley and 

Williams, 1962, pp. 266–268). Rhizophora mangle plays a very important role in 
coastal ecosystems (Chapter 1.4.2) and is a typical plant of the cay environment 

(Fosberg et al., 1982, pp. 46–48). The species often forms very dense, extensive 
stands along the coastline, in tidally inundated areas, and is frequently associated with 

Conocarpus erectus, Laguncularia racemosa and Avicennia germinans (Standley and 
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Williams, 1962, pp. 266–268). Meerman and Sabido (2001) list R. mangle as a 

frequent species in ten ecosystem types that include types of swamp forest, mangrove 
scrub, coastal fringe forest, riverine environments, salt marsh and littoral/beach 

communities. R. mangle occurs occasionally at the edge of Marco Gonzalez today 
(Richard Whittet and Crisitina Rosique pers.comm.).  

   
 

 
Figure 5.34. Rhizophora mangle flower morphology. A: Pre-anthesis bud. B-C: Arrangement of 
petals and stamens (arrows denote stamens). D: Anther dehiscence. E: Pollen grains attached 
to the trichomes of the petals. s= sepal, p= petal, g= gynoecium (Nadia and Machado, 2014, fig. 

2).  
 

 
Figure 5.35. Rhizophora mangle bud, MG 379, Op 13-3. Rhizophora sepals are c. 12 mm long 
and 'coriaceous' (Nadia and Machado, 2014, p. 232), which may explain their robustness and 
preservation. 

An Acad Bras Cienc (2014) 86 (1)

233WIND POLLINATION IN Rhizophora mangle

Sarcophagidae visited the flowers of R. mangle also 
only on the first and second days of anthesis (during 
the male phase), and no visit was recorded during 

Fig. 2 - arrangement of floral whorls and deposit of pollen 
grains on trichomes of the petals of pre-anthesis buds 
of Rhizophora mangle L. (Rhizophoraceae), in goiana, 
Pernambuco, Brazil. A. Pre-anthesis bud. B-C. Arrangement 
of petals and stamens, evidencing the whorl of stamens 
(arrows) alternate with the petals (B), and the whorl of stamens 
(arrows) opposed to the petals, involved by trichomes (C). D. 
Anther dehiscence. E. Diagram of pollen grains attached to 
the trichomes of the petals. s = sepal; p = petal; g = gynoecium.

TABLE II
Results of wind pollination and reproductive system 
treatments of Rhizophora mangle (Rhizophoraceae), 
in a mangrove area in Goiana, Pernambuco, Brazil. 

Superscript letters indicate significant statistic differences 
(χ2 = 4.52, d.f. = 1. p < 0.05; χ2 = 5.28, d.f. = 1, p < 0.05).

Treatments

Fl
ow

er
s

Fr
ui

ts

Su
cc

es
s (

%
)

Pr
op

ag
ul

e

Su
cc

es
s (

%
)

Wind pollination 36 7 19.44a - -
Spontaneous self-

pollination 39 1 2.56b - -

Agamospermy 36 0 0 - -
Control 116 23 19.83ª 16 13.79a

the female phase. During their visits, these flies 
could be feeding on mites present on the flowers 
or on nectar. A single bee species, Trigona sp., was 
observed collecting pollen on the anthers of the 
flowers of R. mangle on the first day of anthesis. 
This bee, though, was recorded only once during 
the whole period of observation.

REPRODUCTIVE SYSTEM

Rhizophora mangle does not form fruits by aga-
mospermy (Table II). The reproductive success by 
spontaneous self-pollination was lower than under 
natural conditions (Table II). Natural fruit production 
resulted in a reproductive success similar to that of wind 
pollination, around 19% (Table II), reaching a value of 
0.98 for the anemophily index. Each fruit develops 
only one or rarely two seedlings and all fruits 
observed in the experiment of natural pollination 
developed only one propagule. Considering the 
number of flowers and the final number of propagules 
that were dispersed, the reproductive success was 
13.79% (Table II).

Fig. 3 - Stigma receptivity in flowers of Rhizophora mangle 
L. (Rhizophoraceae) on the first (A), second (B), third (C) and 
fourth (D) days of anthesis, showing pollen tubes (arrows) 
germinating only on the third and fourth days. Bar = 0.1 mm.

The gynoecium of R. mangle in the month 
following the beginning of anthesis was still 
underdeveloped; fruits under development were 
observed from the second month on. The two 
first months of fruit development after anthesis 
exhibited the lowest survival rates, between 40 
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Figure 5.36 Left: cf. Rhizophora mangle fruit or propagule/hypocotyl, MG 364, Op 13-1.  
Right: cf. Rhizophora mangle fruit fragment, MG 380, Op 13-3, a demonstration of the 

distinctive surface texture of Rhizophora fragments. 
 
 

Cf. Avicennia germinans (black mangrove) 
Another main mangrove taxon, Avicennia germinans is present at Marco Gonzalez 

today, in the mangrove swamp that surrounds the site’s mound area (Richard Whittet 
and Cristina Rosique pers.comm.; Graham et al., 2017, p. 135; Macphail et al., 2017, 

p. 36)(Chapter 1). A pneumatophore was identified in MG 391/392 (Terminal 
Preclassic midden), Op 13-2; its slit-like markings resemble the lenticels used for 

gaseous exchange (Fig. 5.37). Avicennia germinans has also been identified, as 
charcoal, in the salt production levels at Chan B’i, in southern coastal Belize (Robinson 

and McKillop, 2014, p. 101). Morris (2011) identified A. germinans charcoal in his 
small-scale investigation of Marco Gonzalez’s salt production levels. A. germinans is 

typical plant of the cay environment, occurring on atoll, barrier reef, and lagoon cays 
(Fosberg et al., 1982, pp. 58–59; Rietsema and Beveridge, 2009, p. 22). Meerman and 

Sabido (2001, pp.42, 50, 53) list Avicennia germinans as a frequent species in the 

edge of tropical evergreen seasonal broadleaf alluvial forest, mixed mangrove scrub 
and basin mangrove scrub (A. germinans dominates where salinity is above 50%). 

Regionally, A. germinans may be used for construction, poison, medicine, gum, fuel, 
food and dye (Balick et al., 2000, p. 131). 
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Figure 5.37. Cf. Avicennia germinans pneumatophore, MG 391/392, Op 13-2. 

 
 

 
 
Cf. Cyperaceae (sedge) 
Culm occurs in MG 374 (Op 13-1), and MG 379, 380 and 387 (Op 13-3); all Late 

Classic levels (Section 5.1; Graham et al., 2017). Cyperaceae seeds, achenes, stems 

and leaves, of a variety of species, have been discovered at a range of Maya sites 
(Appendix III.I). Cyperus ligularis occurs frequently at Marco Gonzalez today (Richard 

Whittet and Cristina Rosique pers. comm.), but Fosberg and colleagues (1982, pp.13–
16) note that Cladium mariscus subsp. jamiacense, other Cyperus sp., Kyllinga 

vaginata, Fimbristylis cymosa var. spathacea and Fimbristylis spadicea may also occur 
at lagoon cays, like Ambergris Caye. 

 

5.2.2.6 Crops 

Zea mays (maize) 
Zea mays caryopses (various forms) (Fig. 5.38 and 5.39), cob fragments (parenchyma) 

and cupules (Fig. 5.40) occur in the samples. I identified caryopses in the Late–
Terminal Classic levels of all operations. The cupules occur in Terminal Preclassic 

levels in Op 13-2, and a Terminal Classic lot in Op 13-3. Cob fragments only occur in 
Terminal Preclassic levels in Op 13-2, although possible fragments are present in two 

Late Classic lots in Op 13-1 (Appendix IV; Table 5.5). Although Zea mays is present 
across the occupation periods, its distribution is uneven. Elsewhere, kernel to cupule 

ratios have been used to examine maize processing through time. Cupules (with cob 

fragments), as the waste from shelling maize, have been used to represent maize 
processing discard; areas with greater amounts of cupules are identified as areas with 
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more intensive processing (Peres et al., 2010, pp. 288–289; Scarry and Steponaitis, 

1997, p. 117; VanDerwarker, 2006, 2010a, p. 83). The Terminal Preclassic, without 
caryopses, contains an extremely high count for cupules (MG 391/392 n=65, MG 393 

n=81) and cob fragments (MG 391/392 n=124, MG 393 n=3) compared to other levels 
(cupules in MG 376 n=1). If the ratio argument is followed, the distribution suggests 

that the Terminal Preclassic demonstrates evidence for more intensive processing than 

the levels above or, more definitively, that the Terminal Preclassic levels alone 
demonstrate evidence for maize processing.   

 
Maize has – obviously – been identified at a large number of Maya sites (Appendix 

III.I). More relevant, however, is that cob fragments were also identified – in 
Late/Terminal Classic deposits – at Wild Cane Cay, where McKillop attributes a lower 

occurrence, compared to mainland lowland sites, to a greater reliance on tree crops 
(McKillop, 1994b, pp. 131, 134–137).  

 
 

 
Figure 5.38. Zea mays caryopsis, MG 375, Op 13-2, in dorsal (left) and plan (right) views. 

 
 



 235 

 
Figure 5.39. Zea mays caryopses, demonstrating the variety in form.  

Left: from MG 376, Op 13-3. Right: from MG 364, Op 13-1. 
 

 
 

 
Figure 5.40. Zea mays cupules from MG 391/392, Op 13-2.  

The cupules within the samples vary in form. 
 
 

Rinds 
Unidentified rinds were counted in MG 391/392 and MG 393, in the Terminal 

Preclassic midden levels of Op 13-2 (Table 5.5; Appendix IV) (Fig. 5.41). Their 
appearance suggests either a Bignoniaceae or a Cucurbitaceae. These taxa may all be 

used for similar purposes, such as household utensils, water bottles, net floats, rattles, 
whistles, or other storage (e.g. Whitaker and Cutler, 1965). Surface texture or 

thickness may sometimes allow rind identification. For example a thickness greater 
than c. 2.5–3 mm may be used to suggest Lagenaria instead of Cucurbita or 

Crescentia (Heiser, Jr., 1979; Smith, B. D., 1997, p. 353). The preservation at the site 
prohibited identification using these parameters. Rinds are more effectively 

distinguished with an SEM examination of the cell arrangement in cross section (Cutler 
and Whitaker, 1961; Smith, B. D., 1997, pp. 365, 367) (Fig. 5.42). Unfortunately, I was 



 236 

unable to include SEM in this thesis. SEM is certainly a promising area for future 

research, particularly if Cucurbitaceae are identified, since this would constitute 
another domesticate at Marco Gonzalez.    

 
 
 

 

 
Figure 5.41. Unidentified rind, c. 1.5mm thick, MG 391/392, Op 13-2.  

 
 
 

 
Figure 5.42. Cross-section of rinds at x 150 magnification. a: Crescentia. b: Lagenaria. c: 

Cucurbita (Cutler and Whitaker, 1961). 
 
 

 CULTIVATED CUCURBITS IN THE AMERICAS

 species entered the area in prehistoric times.
 Also, there was a far greater use of the wild
 species but their range extended eastward only

 a b c

 FIG. 5. Typical cross sections of rind or shell of Cres-
 centia, Lagenaria, and Cucurbita, x 150. a, Crescentia,
 tree gourd; b, Lagenaria, bottle gourd; c, Cucurbita, pump-
 kin and squash.

 to the southern parts of the plains and prairies,
 with the exception of the Okeechobee gourd.

 Cucurbita moschata was the second culti-
 vated species to enter the Southwest. It was
 grown in northern Peru by 3000 B.c. where it
 has been excavated, together with ficifolia in
 preceramic, premaize horizons (Whitaker and
 Bird 1949), and it appeared in the Ocampo
 Caves (Whitaker, Cutler, and MacNeish 1957)
 between 1400 and 400 B.c., the period of the
 Mesa de Guaje culture. This culture was charac-
 terized by pottery, figurines, and village life. The
 people grew corn, jack beans, common beans,
 and lima beans, and cotton. Although we have
 few collections on which to base a detailed study
 of the movements of cultivated plants, it is likely
 that cotton, lima beans, new kinds of corn, and
 moschata moved into the Southwest about A.D.
 700 from Mexico. Our earliest most reliable and
 abundant records for moschata in the South-
 west are from Kiet Siel (A.D. 1100-1284) and
 Montezuma Castle (A.D. 1100-1150) (Table 2).
 No specimens of moschata were found in the
 large quantities of cultivated plant material ex-
 cavated at Tularosa Cave, although there was a
 decided change in the kinds of corn at this site in
 the San Francisco Phase (A.D. 700) when con-
 siderable amounts of cotton appear.

 Moschata did not become a widespread or
 common cultivated plant in the Southwest but
 it may have spread to the Southeast, perhaps
 along the Gulf, in prehistoric times. The only
 pre-Columbian Cucurbita we have seen from
 the Southeast is pepo, but good archaeological
 collections of cultivated plants from that area

 TABLE 4. RIND CHARACTERS OF Crescentia, Lagenaria AND CULTIVATED Cucurbita

 Crescentia Lagenaria Cultivated Cucurbita

 Thickness less than 1.5 mm. 1-16 mm. 1.5-10 mm., usually less
 than 4 mm.

 Surface Appearance usually smooth usually smooth often slightly furrowed,
 frequently smooth,
 especially in C. mixta.

 Epidermis (surface cells) absent often absent present

 Cells beneath Epidermis several layers of thick-walled small layer of short several layers of hard,
 stone cells stone cells followed by thick-walled stone cells

 small, loose, thin-walled
 cells

 Inner Layer of Cells thick-walled, small, large, loosely organized large, isodiametric thin-
 woody cells long cells walled cells, somewhat

 regularly arranged

 479 CUTLER AND WHITAKER ]

This content downloaded from 144.82.108.120 on Thu, 18 May 2017 21:15:40 UTC
All use subject to http://about.jstor.org/terms
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Material <1 mm 
The scans of the selected samples (see Chapter 4) at the size fraction 500 µm–1mm 

contained very little to no identifiable material. The majority of the identifiable material 
reflects the larger fractions, but in far smaller numbers (Table IV.V, Appendix IV). The 

absence of material that would change interpretations dictated that complete 
processing of all samples at this size fraction was unnecessary, and was therefore not 

carried out.  

 

5.2.3 Quantification 

Ubiquity 

Absolute counts/frequencies may be impacted by preservation and sampling, degree of 

fragmentation or taxa morphology, among other factors - compare one large 
Sapotaceae seed versus the many cupules on a maize cob, for example (Minnis, 1985, 

p. 106; Popper, 1988, p. 60). Ubiquity offers one way to address some of the issues 
with absolute counts. Ubiquity is a presence/absence analysis, whereby each taxon is 

given a score calculated by the number of samples in which the taxon occurs as a 
percentage of the total number of samples in a group (Minnis, 1985, p. 104; Popper, 

1988, pp. 60–61; VanDerwarker, 2006). Compared to absolute counts, ‘ubiquity tends 
to measure the number of accidents, which is more closely related to the degree of 

utilization’ (Minnis, 1985, p. 106). Ubiquity is based on an assumption that more 
frequent use of a resource results in higher abundance, and appearance in a greater 

variety of contexts (Wright, P. J., 2010, p. 51). Diehl (2017, p.197) distinguishes 

between ‘sample ubiquity’ – presence/absence in flotation samples – and ‘context 
ubiquity’– ubiquity for different archaeological features or locations. He considers 

context ubiquity to have more value, since sample ubiquity may be plagued to a 
greater extent by issues related to the independence of samples (Diehl, 2017, p. 197). 

Ubiquity may be used to assess the relative importance of the same taxon between 
groups, but it should not be used to compare different taxa owing to the variety of 

factors that affect the entry of material into the archaeological record, such as different 
preparation practices (Popper, 1988, p. 61; VanDerwarker, 2006). 

 

Ubiquity assumes the independence of samples. If a sample is split in error, then 
frequency scores will be inflated, which is exacerbated with fewer samples (Popper, 

1988, pp. 61–63). Too few samples will in themselves also inflate scores and cause 
taxa to appear more significant than the reality, or otherwise exclude important taxa 

(Diehl, 2017, p. 199). Thus the larger the number of samples, the more reliable the 
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results (VanDerwarker, 2010a, p. 66). Diehl (2017, pp.198, 200) introduces the concept 

of ‘theoretical ubiquity’, which is the number of contexts that need to be analysed for 
confidence in the ubiquity results. Although the number should be based on the 

research questions, he suggests that 59 samples are a ‘minimum effort’ base level for 
statistically significant results. The small sample size (n=24) for the Marco Gonzalez 

investigation is therefore problematic and the ubiquity results need to be interpreted 

with caution. The presence/absence analysis will also obscure any variation in the 
intensity of usage and overestimates uncommon remains (Minnis, 1985, p. 106; 

VanDerwarker, 2006). In addition, it is essential for interpretation to understand the 
deposition and preservation environment at the site and therefore comprehend the 

likelihood for certain taxa to occur in different levels and locations (Minnis, 1985, p. 
106; Wright, P. J., 2010, p. 52). Despite these potential issues, ubiquity analysis is 

useful for the demonstration of general trends in data (Popper, 1988, p. 64). 
 

Ubiquity was calculated with respect to total samples, presence in each operation, and 
chronology (Table IV.VII, Appendix IV). The dataset was prepared by the removal of 

‘Guazuma ulmifolia (modern?)’, owing to its uncertain age and also the ‘Mixed 

processing’ sample, owing to its ambiguous provenance. Given the small number of 
samples and identifications, taxa were combined into broad groups; all Moraceae, for 

example, were combined, as were all Pouteria sp. Ubiquity based on location simply 
grouped samples according to their operations. For chronological ubiquity, six groups 

were applied according to the chronology established in the excavations (Tables 5.1-
5.3): Terminal Preclassic (n=2), Early Classic (n=1), Late Classic (n=14), Terminal 

Classic (n=3), Early Postclassic (n=2), and Later Postclassic (n=2). Unfortunately, the 
samples were very unevenly distributed throughout the chronological groups and the 

majority of samples date to the Late Classic. Figures 5.43 and 5.44 show the ubiquity 
results graphically.  
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Across the three operations, Fig. 5.43 suggests a greater occurrence of identifiable 

taxa in Op 13-2, but no obvious pattern between the three operations. Only six out of 
the twenty-four taxa occur in all three operations. The ubiquity of taxa across the 

chronological groups (Fig. 5.44) is more suggestive of uneven distribution across time, 
but the small number of samples decreases the significance of the results. The Early 

Classic is particularly misleading, since it contains only one sample. In section 5.2.1 I 

discussed disturbance in the upper levels of the operations. Thus occurrence in the 
later Postclassic group would be expected to be consistently low. Presence is recorded 

for the Postclassic group but many of the taxa, as discussed in Section 5.2.2, are those 
with questionable age such as Guazuma ulmifolia, Moraceae, Phytolacca sp. and 

Trianthema sp. The Terminal Preclassic, with visibly better-preserved remains than 
other levels, has the majority of taxa present, many with 100% occurrence. Some taxa 

do appear to be unevenly distributed chronologically, for example Sapotaceae and 
Spondias sp. occur in earlier periods. Taxa such as Byrsonima sp. and Zea mays 

occur across a wider range of periods, but the ubiquity suggests that they may occur 
more frequently in earlier periods, namely the Terminal Preclassic.     

 

Ratios  

Ratios are a means for standardisation, to allow the comparison of uneven data such 

as samples of different size or samples in different depositional or preservation 
situations (Miller, 1988, p. 72). There are two main ratio types. In the first the material 

represented by the numerator is also included within the denominator (e.g. density, 

percentages, proportions). The second type are comparison ratios, where the 
numerator and denominator are mutually exclusive (Miller, 1988, p. 72). The choice of 

ratio should be dependent on the research questions (Miller, 1988, p. 82). For density, 
the absolute count or weight is divided by the volume of the original sediment sample. 

This approach assumes that larger sediment volumes will yield a greater amount of 
remains, although context and depositional situation may also affect yield (Miller, 1988, 

p. 73; VanDerwarker, 2006). Density results are presented in Appendix IV (Table 
IV.VI). As an alternative, standardisation by plant weight is an effective way to examine 

remains in relation to plant-related activities, and is thus a more accurate assessment 
of temporal and spatial change in plant use (VanDerwarker, 2006). To standardise by 

plant weight, counts are divided by the total mass of all carbonised plant material 

(including charcoal) in the relevant sample (VanDerwarker, 2006). All of the Marco 
Gonzalez count were standardised in this way (Table IV.VIII in Appendix IV). 
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Box plots are an effective means to display and interpret data from standardisation by 

plant weight. Box plots display the data distribution, and emphasise actual data, since 
the medians are compared not the means (McGill et al., 1978; VanDerwarker, 2006). 

Notched box plots provide a simple assessment of the approximate significance of the 
difference in medians between groups. Where the notches (which surround the 

median) of plots do not overlap, then the medians are deemed to be significantly 

different at a confidence level of 95% (McGill et al., 1978, p. 14). The plots also display 
the extremes, as well as upper and lower hinges that represent the 25th and 75th 

percentiles (McGill et al., 1978, p. 12; VanDerwarker, 2006). 
    

Taxa were placed into the same groups as the sub-sections in 5.2.2. This comprises 
six groups, based on use and ecology: ‘economic trees’, ‘other trees’, ‘weedy and early 

successional shrubs’, ‘wetlands’, ‘palms’, and ‘crops’ (Appendix IV, Table IV.IX–XI). 
The unidentified remains were removed, aside from unidentified rind, which was 

included in the ‘crops’. For each group, the results were grouped chronologically, as for 
ubiquity. ‘Mixed processing’ was again removed from the samples. Box plots were 

generated in R (R Core Team, 2018). Variable-width notched box plots were created, 

to demonstrate relative, proportional differences in group size (McGill et al., 1978, pp. 
13–14). The plots are displayed in Figures 5.45–48. Plots were computed a second 

time for ‘Other trees’ and ‘Weedy’ with the removal of remains that may be of more 
modern origin (‘Guazuma ulmifolia (modern?)’, Phytolacca sp., Trianthema sp.). The 

box plots are, unfortunately, problematic since the hinges fold back on themselves, 
indicating low confidence in significant differences between groups (McGill et al., 1978, 

p. 14). The plots are therefore interpreted with some caution. The low sample size 
(n=24) and uneven distribution between groups is also problematic for interpretation. 

Once again the Early Classic group consists of one sample. McGill and colleagues 
(1978, p.15) advise to combine groups where sample sizes are very uneven. I replotted 

the charts with a smaller number of groups that combined Terminal Preclassic with 

Early Classic (TPR–EC), Late Classic with Terminal Classic (LC-TC), and Early 
Postclassic with Later Postclassic (P). These charts also omitted ‘Guazuma ulmifolia 

(modern?)’, Phytolacca sp. and Trianthema sp. The results (Fig. IV.I-IV.III in Appendix 
IV) were broadly the same, but again the plots suffered from an uneven distribution 

between the groups (TPR-EC n=3; LC-TC n=17; P n=4). For the alternative plots, with 
omitted taxa, or reduced group number, the only differences between plots appeared to 

be for weedy and early successional shrubs, where the medians were far more similar 
and the notches overlapped considerably, suggesting even less significant difference 

between groups (Fig. 5.48, Fig. IV.III Appendix IV).     
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Figure 5.45. Notched box plots for plant weight standardised taxa classified as economic trees 
(above) and palms (below) (TPR=Terminal Preclassic, n=2; EC=Early Classic, n=1; LC=Late 
Classic, n=14; TC=Terminal Classic, n=3; EP=Early Postclassic, n=2; LP=Later Postclassic, 

n=2). 
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Figure 5.46. Notched box plots for plant weight standardised taxa classified as ‘crops’ (above) 

and ‘wetlands’ (below) (TPR=Terminal Preclassic, n=2; EC=Early Classic, n=1; LC=Late 
Classic, n=14; TC=Terminal Classic, n=3; EP=Early Postclassic, n=2; LP=Later Postclassic, 

n=2). 
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Figure 5.47. Notched box plots for plant weight standardised taxa classified as ‘other trees’. 
Above: data includes ‘Guazuma ulmifolia (modern?)’.  Below: data omits ‘Guazuma ulmifolia 
(modern?)’. (TPR=Terminal Preclassic, n=2; EC=Early Classic, n=1; LC=Late Classic, n=14; 

TC=Terminal Classic, n=3; EP=Early Postclassic, n=2; LP=Later Postclassic, n=2). 
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Figure 5.48. Notched box plots for plant weight standardised taxa classified as ‘weedy and early 

successional shrubs’. Above: data includes Phytolacca sp. and Trianthema sp.  Below: data 
omits Phytolacca sp. and Trianthema sp. (TPR=Terminal Preclassic, n=2; EC=Early Classic, 

n=1; LC=Late Classic, n=14; TC=Terminal Classic, n=3; EP=Early Postclassic, n=2; LP=Later 
Postclassic, n=2). 
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Although the box plots should be treated with caution, the results suggest that there 

may be some chronological patterns in the data. For ‘economic trees’ and ‘crops’ the 
Terminal Preclassic appears to be significantly different, with medians that are far 

higher than the other chronological groups and notches that do not overlap other 
groups (Fig. 5.45-46). The other chronological groups appear to be fairly similar for 

economic trees and crops. For palms, the Terminal Preclassic and Early Postclassic 

appear to have significantly higher occurrence of palms than the other periods, but they 
are not significantly different from each other, since their notches overlap (Fig. 5.45). 

Palms plotted slightly better with the fewer chronological groups, since the top hinges 
were not turned back (Fig. IV.I), but the overall pattern was broadly the same. The 

‘wetlands’ plots are broadly similar across time, with a possible small elevation in the 
Terminal Preclassic and Terminal Classic (Fig. 5.46). With reduced chronological 

groups the wetland groups appear even more similar (Fig IV.II).  
 

For ‘other trees’, the plots suggest that occurrence may have increased in the 
Postclassic. The Later Postclassic samples plot significantly higher than the other 

groups (higher median, notch does not overlap) (Fig. 5.47). The Early Postclassic is 

slightly higher than earlier groups, but it overlaps preceding periods, indicating no 
significant difference. Plots for ‘other trees’ with and without ‘Guazuma ulmifolia 

(modern?)’ show a broadly similar pattern, so these remains do not appear to have a 
large effect on the results, although the distribution range differs. This ‘other trees’ 

category is dominated by a taxon typical of secondary growth, Guazuma ulmifolia 
(Table IV.VIII, Appendix IV). The group appears to the greatest extent in the later 

Postclassic periods that postdate the main periods of occupation (Graham et al., 2017, 
p. 118), when secondary growth may have begun to take over parts of the site.  

  
Weedy and early successional shrubs appear to show a similar, and not significantly 

different, occurrence across the Terminal Preclassic, Early Classic, Late Classic, 

Terminal Classic and Early Postclassic (Fig. 5.48). The later Postclassic periods, 
however, display a higher median than the earlier periods. In the plot that includes 

Phytolacca sp. and Trianthema sp. the later Postclassic group shows a significantly 
higher occurrence than other periods, but with these taxa removed, the notches 

overlap and this group does not appear to be significantly higher. This lack of 
significance is repeated in the plots with fewer chronological groups (Fig. IV.II, 

Appendix IV).   
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Multivariate Analysis 

Multivariate analyses facilitate the assessment of multiple cases against multiple 

variables to map associations (VanDerwarker, 2010b, p. 75). Multivariate analyses 
have been used successfully in previous archaeobotanical investigations of macro and 

phytolith remains (e.g. Ball et al., 2016, p. 40; Colledge, 1998, 2001; Fuller and 
Weisskopf, 2011, p. 49; Peres et al., 2010; Powers et al., 1989, p. 31; Smith, K. W. M., 

1997, pp. 131–46; VanDerwarker, 2010b; Weisskopf et al., 2014, p. 47; Weisskopf, 
2010, p. 198, 2017, p. 103). Many of these investigations have used CANOCO 

software (ter Braak, 1988) for their analyses. An advantage of a CANOCO-type 
analysis is its graphic output, when used in combination with CANODRAW (Smilauer, 

1992). The output provides a simple graphical display that enables the identification of 

broad patterns that can then be examined in more detail (Colledge, 1998, pp. 124–125, 
2001, p. 67, Weisskopf, 2010, 2017, p. 103; Weisskopf et al., 2014, p. 47).  

 
Multivariate analyses are most valuable and valid with a large number of cases and 

variables (Peres et al., 2010, p. 292; VanDerwarker, 2010b, p. 76; Weisskopf, 2010, p. 
199). Counts fewer than 100 may be considered invalid and removed from the dataset 

prior to analyses (Smith, K. W. M., 1997, p. 132). I note, once again, the small size of 
samples and identifications in this study. Since counts were universally small across 

the samples, the analyses retained all data. To allow for the perceived variation in 
depositional conditions between samples, I used data standardised by plant weight for 

the multivariate analyses (as in the box plots). The use of this transformed data 

required the application of principal components analysis. Correspondence analysis is 
appropriate for nominal (count) data, whereas principal components analysis (PCA) 

should be used for any standardised data (Peres et al., 2010, p. 300; Shennan, 1997; 
VanDerwarker, 2010b, pp. 75–76). PCA ‘is a statistical method that considers a set of 

variables to determine which variables are relatively independent of one another’ 
(Peres et al., 2010, p. 300; Shennan, 1997; Wulder, 2004). Peres and colleagues 

(2010) also used PCA, with counts standardised by plant weight, for an investigation of 
temporal and spatial patterns in combined archaeobotanical and zooarchaeological 

data at Formative Tres Zapotes. 
 

Taxa were first coded, as required for CANOCO (Table IV.XIII in Appendix IV). 

Identifications were grouped broadly to simplify the analysis and increase the number 
of members in each group, with the aim to produce more meaningful results. For 

example, all Pouteria were grouped, as were all Moraceae types, and Poaceae culm, 
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rachis and budshoot. Cf. identifications were included in the groups. As previously, the 

‘Guazuma ulmifolia (modern?)’ identifications, as well as Trianthema and Phytolacca 
were removed from the analyses. The ‘mixed processing’ sample was also omitted, as 

before. Sample data were combined into five chronological groups. These groups were 
Terminal Preclassic (MG 391/392, 393), Early Classic (MG 386), Late Classic (MG 

364, 367, 369, 371, 374-5, 377, 379-381, 384-5, 387-8), Terminal Classic (MG 366, 

373, 376) and Postclassic (MG 360, 361, 363, 365). Unfortunately a locational analysis 
could not be conducted since periods were not evenly represented across the three 

operations.  
 

In the first run of PCA (in CANOCO v.4.5) I analysed taxa against chronological 
groups. I performed PCA using the default PCA options in CANOCO and plotted the 

results in CANODRAW (Fig. 5.49). The plot shows that the chronological groups 
separate into three quadrants that indicate strong differences between the groups. 

Terminal Preclassic is in one quadrant, Postclassic is in another quadrant, and Early 
Classic, Terminal Classic and Late Classic are in the third quadrant. For the taxa, the 

plot demonstrates some correlations between different taxa, and between taxa and 

chronological groups. The Terminal Preclassic group appears to cluster with 
Malpighiaceae (including Byrsonima), Zea mays (cupules and cob), Spondias, 

Sapotaceae (including Pouteria) and unidentified rind. Setaria sp. also plots near to the 
Terminal Preclassic, but a little away from the main group. Picramnia sp., Avicennia 

sp., Acrocomia aculeata, and Arecaceae also plot in the same area, but each had very 
few identifications. The Late Classic shows some correlation with Rhizophora, 

Cyperacaeae, Poaceae, and Zea mays caryopses, and also with Coccoloba, 
Bignoniaceae and Asteraceae, but these last three only had one identified example 

each. The Postclassic shows some correlation with Moraceae, and also Guazuma and 
Solanaceae. The Terminal Classic and Early Classic are not as closely correlated with 

any taxa as the other chronological groups.   

 
In the second run I grouped taxa according to use to determine if the archaeobotanical 

results could be used to support the characterisation of different occupation phases. 
The occupation history has been defined by distinct phases that can be described by 

different suites of activities, and these are anticipated to have differed in resource use, 
according to changing requirements (see Chapter 2 and section 5.1, this chapter; 

Graham et al., 2017; Macphail et al., 2017). The uses attributed to each taxa followed 
those presented in section 5.2.2 (Table IV.XIII in Appendix IV). Nine use types were 

plotted: construction, food, medicine, fuel, fibre, tannin, poison, pigment and latex. 
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Since most taxa have more than one potential use, the entries for taxa were repeated 

for each use, so that a taxa with three uses would be entered three times, once in each 

relevant use category. For this round of analysis, some identifications were omitted43 

either because they represented an identification at family level that was too general to 
assign usage, or because no reference to use could be found. Setaria was included in 

this second category – despite identification as a foodstuff elsewhere (Austin, 2006, p. 

151; Callen, 1965, 1967; Newsom, 1993; Smith Jr., 1968) – since the caryopses are 
likely to be of weedy origin at Marco Gonzalez and have no given use in the checklist 

of Belize (Balick et al., 2000, pp. 192–193). The use categories were analysed against 
the chronological groups. The plot (Fig. 5.50) demonstrates few correlations between 

use and chronology, but the variables do separate into quadrants, as an indication of 
strong differences in the data. Even with the omission of certain data, the chronological 

groups plot in a similar way to the previous PCA. The Terminal Preclassic shows some 
correlation with tannin and latex, and the Postclassic some correlation with fibre. Food 

plots midway between the Terminal Preclassic and Postclassic. A closer correlation 
between the Terminal Preclassic and food would be expected, owing to the midden 

character of the level. Construction, medicine, poison and fuel appear to correlate 

closely together, and plot just inside of the same quadrant as the Postclassic. Pigment 
plots near to the Late Classic, but this chronological group, alongside the Early Classic 

and Terminal Classic appear to be weakly correlated to any uses. Although fuel does 
not plot with the Late Classic and salt production, this is not entirely unexpected, since 

this resource use would be best represented by charcoal and not non-wood remains. 
The paucity of correlations is probably the result of ambiguity in the use of taxa and the 

broad spectrum produced by chronological groups. With greater contextual information, 
ideally each taxon would be assigned to one or two uses, and plots might show better 

correlations.  
 

In the next PCA I grouped taxa by habitat. For this analysis I omitted Acrocomia 

aculeata, Arecaeae, Asteraceae, Moraceae, Picramnia sp., Poaceae, Sapotaceae and 
Solanaceae. These omissions were owing to either generalist taxa, or the family level 

of identification, which is too ambiguous to assign to one habitat type. Five habitat 
groups were created: savanna, disturbed, island/coastal, mangrove/wetlands and 

cultivation. Taxa were assigned to the group that represents most common occurrence 
(see Section 5.2.2). Although this is a broad and reductionist approach, the plots 

provide the basis for further analyses. The chronological groups again plot similarly, in 

                                                        
43 Cyperaceae, Moraceae, Poaceae, and Setaria sp. were omitted in the use analysis.  
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three separate quadrants (Fig. 5.51). The cultivation and savanna groups plot closely 

with the Terminal Preclassic. The correlation of ‘cultivation’ is not unexpected for 
domestic midden (section 5.1, this chapter; Graham et al., 2017, p. 125,132; Macphail 

et al., 2017), and the archaeobotanical results here support this characterisation far 
better than for the PCA of ‘use’. The ‘disturbed’ group appears to have some 

correlation to the Postclassic. This pattern might be expected for a period that post-

dates the main phases of occupation at the site (section 5.1, this chapter; Graham et 
al., 2017, p. 125,132; Macphail et al., 2017), although the group contains both the Early 

Postclassic, with construction activity, and the later Postclassic with the decline of the 
settlement (Graham et al., 2017, p. 118). Mangrove/wetlands plot most similarly to the 

Late Classic, Terminal Classic and Early Classic. For the Late Classic and salt 
production, it is not unreasonable to suppose that resources in the vicinity of the site 

might be used, although once again fuel use would be best represented by charcoal 
remains.         

 
For the final PCA I grouped taxa by habit, into five groups: palms, weeds, shrubs, 

trees, and crops (Table IV.XII in Appendix IV). No taxa were omitted. As for the 

cultivation group, crops plot with the Terminal Preclassic (Fig. 5.52). Palms and trees 
plot in their own quadrant, between the Terminal Preclassic and Postclassic. Referring 

to the previous PCA, these two categories relate, to some extent, to the disturbed 
(palms) and cultivated (economic trees) groups. Shrubs appear to bear some 

relationship to the Postclassic; this is also somewhat related to the disturbed category. 
The Late Classic and weeds appear to be correlated; Poaceae dominate this weed 

group.   
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Figure 5.49. PCA output showing correlations among chronological groups and taxa (Samples 

n=5, Taxa n=26. Eigenvalues: 1=0.859, 2=0.096, 3=0.044, 4=0.000). 
 

 
Figure 5.50. PCA output showing correlations among chronological groups and taxa grouped by 

use (Samples n=5, Variables n=9. Eigenvalues: 1=0.933, 2=0.065, 3=0.002, 4=0.000, s.d. 
13.5220). 
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Figure 5.51. PCA output showing correlations among chronological groups and taxa grouped by 
habitat types (Samples n=5, Variables n=5. Eigenvalues: 1=0.733, 2=0.261, 3=0.006, 4=0.000, 

s.d. 8.42891). 
 

 
Figure 5.52. PCA output showing correlations among chronological groups and taxa grouped by 

plant habit (Samples n=5, Variables n=5. Eigenvalues: 1=0.872, 2=0.093, 3=0.034, 4=0.000, 
s.d. 13.2888). 
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5.2.4 Discussion of macrobotanical findings 

Although the size of the macrobotanical investigation was small, the results suggest 

that distinct assemblages occur in the different occupation periods that may relate to 
variations in activities, resource use and local environment. The interpretations remain 

broad, however, owing to the lot-based sampling without targeted contexts such as 
hearths. Although the research at Marco Gonzalez is predominantly focused on soils, 

these form part of a larger long-term landscape history, (Graham et al., 2017, p. 120), 
and so these macrobotanical results contribute to the understanding of the conditions 

under which dark earths formed. This section presents the initial discussions about the 
macrobotanical results, which are more thoroughly discussed alongside other data in 

Chapter 7.  

 
The remains for the Terminal Preclassic period are characterised by ‘domestic’ taxa 

(economic fruit trees and domesticates), as demonstrated by ubiquity (Fig. 5.44), plant 
weight standardised box plots for ‘economic trees’ and ‘crops’ (Fig. 5.45–.46), and PCA 

for habitat (Fig. 5.51). The taxa in these levels comprise Byrsonima cf. crassifolia, 
potentially other Malpighiaeae, Pouteria sp., Spondias sp., Zea mays and palms. Also 

present are wild and local taxa that include Cestrum nocturnum, Guazuma ulmifolia, 
Phytolacca sp., Picramnia sp., Poaceae, Rhizophora sp. and Setaria sp. Guazuma 

might also be classified with economic trees, since it may occur in homegardens for 
fruit (Caballero, 1992, p. 54; Jones, G. D., 1982, p. 288; Marcus, 1982, p. 242). 

Although there is an absence of primary contexts such as hearths to associate the 

remains with consumption, the dominant use of these taxa is for food and the 
seeds/endocarp also suggest the use of fruit. The high occurrence of maize cupules in 

the Terminal Preclassic illustrates domestic activities further, as evidence for the 
processing of maize (following Peres et al., 2010, pp. 288–289; Scarry and Steponaitis, 

1997, p. 117; VanDerwarker, 2006, 2010a, p. 83). The Terminal Preclassic period (c. 
AD1–250) is thought to be the first period of intensive occupation at Marco Gonzalez, 

with a highly concentrated population that would have needed to be fed (Graham et al., 
2017, pp. 118, 126–127; Macphail et al., 2017, p. 40). Soil micromorphology by 

Richard Macphail identified Terminal Preclassic deposits – particularly in Op 13-2 – 
that are rainstorm eroded ash-rich hearths/dumps that contain midden waste from food 

processing (burned and heated bone), and also human waste (coprolitic bone) 

(Graham et al., 2017, pp. 118, 126–127; Macphail et al., 2017, pp. 40, 42).  
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The Terminal Preclassic is classified as a period of intensive marine resource 

exploitation and coastal trade (Graham, 1994; Macphail et al., 2017, p. 48). Skeletal 
isotopes from later periods (Terminal Classic) suggest a diet dominated by marine 

protein, with the consumption of maize by some inhabitants (Williams, J. S. et al., 
2009). Late Preclassic and Early to Middle Postclassic faunal evidence also support 

the consumption of a large volume of marine resources (Graham, 1989; Graham and 

Pendergast, 1989; Seymour, 2004). The macrobotanical evidence for the Terminal 
Preclassic, however, is suggestive of a more varied diet and mixed subsistence 

strategy, at least for this early period, although the degree of plant contribution is 
currently unknown. The origin of these plant resources is important socially and 

environmentally. Were these foods traded or otherwise transported? Or could they 
have been grown locally, in which case, what could this mean for local environmental 

history?  
 

The economic taxa that occur in the Terminal Preclassic levels have all been recorded 
in Maya homegardens (Section 5.2.2.). McKillop (1994, pp.134–137) suggests that 

kitchen or orchard gardens, which included maize, may have occurred on Wild Cane 

Cay. The viability of species in the coastal environment, however, is not presumed. 
The coastal zone is classified as limited in agricultural potential, owing to storms, high 

water tables, coarse sediment texture, very low phosphorous levels and availability, 
high salinity and low water retention (sandy soil) (Beach, 1998, p. 773). The salinity is 

considered high enough to limit typical Mesoamerican crops, except perhaps cotton 
(Beach, 1998, p. 773). For maize, Guderjan (1995a) and Glassman and Garber (1999), 

argue for its importation on Ambergris Caye, although Glassman and Garber (1999) do 
concede that small gardens may have existed. Potential field markers have been 

identified at Basil Jones on Ambergris Caye (cf. Freidel and Sabloff, 1984; Guderjan, 
1995b), but lithic evidence suggests an absence of large-scale agriculture or forest 

clearance (Stemp, 2001). Maize can, however, be grown in homegardens on a smaller 

scale. Lithic analyses do not rule out the possibility of homegardens. Use-wear 
analysis suggests a generalised subsistence economy with activities that included land 

clearance, and possibly gardening, and processing of resources such as stone, 
mammal, fish and plant (predominantly wood) (Stemp, 2001, p. 152; Stemp and 

Graham, 2006, p. 50)44. The viability of Zea mays on the caye’s sandy and saline soils 

is uncertain. Maize currently grows on coastal plain, sand-derived soils in southeastern 

                                                        
44 Although based primarily on lithics from the Late Classic to Late Postclassic, it appears that 
lithics changed little over time at the site (Stemp, 2001; Stemp and Graham, 2006). 
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Nigeria, where the lack of some micronutrients and soil pH (acidic) is considered the 

most limiting factor (Eteng et al., 2014). Maize is also successful in sandy soils in 
southwestern ‘Horqin sandy land’, northern China, although yields diminish when 

plants are buried by windblown sand (Qu et al., 2012). Salinity may, however, have 
been more problematic. Zea mays is classified as ‘moderately sensitive’ to salinity 

(Maas and Hoffman, 1977), but its tolerance is also dependent on factors such as 

growth stage and cultivar variety (Fortmeier and Schubert, 1995, p. 1041; Maas et al., 
1983; Pasternak et al., 1985; Schubert and Läuchli, 1990). Calcium appears to play 

some role in the impact of salinisation on Zea sp. (Fortmeier and Schubert, 1995, p. 
1046), so it is possible that the calcium carbonate environment attenuated the effects 

of salinisation.  
 

There is also the possibility that on-site soils, and other conditions, may have been 
ameliorated to allow the cultivation of economic plants. Adaptive resource practices 

have been recorded at other Maya sites (e.g. Beach et al., 2002; Beach and Dunning, 
1995; Dunning et al., 2009; Dunning and Beach, 1994, 2004b, Luzzadder-Beach and 

Beach, 2006, 2009). Enrichment of housegarden soils by the application of manure, 

household organic waste, or wetland soils, have been documented for modern and 
archaeological Maya examples (Beach, 1998, p. 775; Flores-Delgadillo et al., 2011, p. 

118; Morrison and Cózatl-Manzano, 2003). Evidence for intentional enrichment 
(alongside any other environmental management) at Marco Gonzalez, however, has 

not been identified to date (Graham et al., 2017, p. 119), particularly because of the 
absence of samples from primary Terminal Preclassic deposits. The working 

methodological assumption for the larger research project at Marco Gonzalez is, in 
fact, that soils at the site were inadvertently enriched (Graham et al., 2017, pp. 116, 

119–120).  
 

If housegardens were present, the change in the flora, topography and chemistry of the 

landscape would be significant for the long-term environmental history of the site. Soil 
chemistry studies, including for Amazonian Dark Earths, have indicated that different 

activity areas or patterns are important for soil chemistry signatures (e.g. Parnell et al., 
2002; Parnell and Terry, 2002; Schmidt and Heckenberger, 2009, p. 186; Wells et al., 

2000). This is particularly true for gardens with fertilisation. An absence of primary 
contexts for Terminal Preclassic occupation areas, however, inhibits the investigation 

of chemistry and stratigraphy that could illuminate plant-based subsistence strategies 
and their impact. Homegarden plots range in size, but they can be quite substantial 

and collectively have the potential to impact a large area. The reported size of modern 
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gardens is variable: 2500 m2 (Neulinger et al., 2013, p. 110); an average of 520 m2 

(range 70-1800) (Ortiz-Sánchez et al., 2015, pp. 794, 796); a normal range 600-2000 
m2, extending up to 5000m2 (Caballero, 1992, p. 38); or a range of 400-5000 m2, with a 

mean of 2500 m2 (Rico-Gray et al., 1990). An area of 4000 m2 is applied for 
calculations at El Pilar (Ford and Nigh, 2015, p. 121). Gardens – if they occurred – 

could conceivably have been smaller at Marco Gonzalez, owing to the intense 

exploitation of marine resources.  
 

Soil micromorphology of Early Classic levels indicates that above MG 391 (MG 386 
upwards), in Op 13-2, are a series of ash layers and floors interlayered with thin, 

trampled deposits that include heated/burned bone, in situ plant remains (charcoal), 
and the highest phosphate levels. These levels have been attributed to domestic 

occupation, hearths, and possibly the cooking or smoking of fish (Graham et al., 2017, 
pp. 126–128; Macphail et al., 2017, pp. 40, 42, 48). The features suggest that the 

occupation of the site may have been renewed in association with the start of what we 
believe to be salt production (Macphail et al., 2017, p. 43). Given this, one might expect 

to find some of the same taxa as the Terminal Preclassic period. The identifications 

are, however, Guazuma ulmifolia, Poaceae, Sapotaceae and Solanaceae. The 
absence of some of the key taxa from the Terminal Preclassic levels suggests that 

there might have been a shift in subsistence, perhaps to an increased reliance on 
marine resources. This conclusion is problematic, however, since only one Early 

Classic sample was included in the analyses, and the levels do not represent midden. 
An absence of remains might be a result of social behaviours such as sweeping, which 

discarded material elsewhere.   
 

By 2000 BP, approximately the middle of the Terminal Preclassic, the current site was 
situated on an area of elevated limestone, c. 875 by 300 m in size, with a similarly 

sized elevated area nearby, separated by sandy beach (Dunn and Mazzullo, 1993, p. 

127). From this period onwards, sea level rose and partially buried some of the site and 
a large portion of the elevated area nearby. In addition, occupation waste changed 

local topography, for example the infilling of low ground with eroded Terminal 
Preclassic midden, and at least a metre of ground raising from Late Classic debris 

(Graham et al., 2017, pp. 126–127; Macphail et al., 2017, pp. 42, 48). Simon Turner’s 
sediment cores show transgressive sedimentation, mangrove development and the 

incorporation of occupation debris (Graham et al., 2017, p. 137). These changes 
occurred alongside other coastal dynamics such as storm surges. The changing local 
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environment would have required adaptations throughout the site’s history, that 

conceivably could also have extended to subsistence strategies. 
 

Soil micromorphology of Late Classic levels identified in situ hearths for the heating of 
brine in salt production (Graham et al., 2017, pp. 125, 128–129). These hearth levels, 

particularly in Op 13-2, are interlayered with trampled midden-type waste that suggests 

that domestic activities occurred alongside salt production (Graham et al., 2017, pp. 
126, 128–129; Macphail et al., 2017, pp. 39, 43–44). Of the Late Classic lots sampled 

from Op 13-2, one contained no non-wood remains (MG 381, a small sample) and the 
other (MG 375) contained Guazuma ulmifolia, Moraceae, Phytolacca sp., Poaceae, 

Solanaceae, Trianthema sp. and a Zea mays caryopsis. The identifications – although 
others occur in the Late Classic for Op 13-3 – constitute a low occurrence of economic 

taxa compared to the Terminal Preclassic period; the Zea occurrence, as a caryopsis, 
does not indicate processing. As for the Early Classic, it may be that the Late Classic 

remains demonstrate a shift to a greater reliance on marine resources. Once again, 
however, the levels are in situ hearths, not midden. An increase in fuel would be 

expected for the salt production period. For Op 13-2, the proportion of wood in Late 

Classic MG 375, is similar to Terminal Preclassic lots MG 391/392 and 393 (Fig. 5.12), 
and MG 375 contains a lower density of remains overall (Fig. 5.11). The absence of an 

increase in wood remains, and lower charred plant material overall, is perhaps 
illustrative of disposal in other locations. The soil micromorphology identified some 

possible bird guano inclusions that could suggest seasonal occupation or activities in 
the Late Classic (Macphail et al., 2017, p. 48). If Late Classic occupation was 

seasonal, and some form of horticulture did occur in the Terminal Preclassic, then this 
might be another explanation for different assemblages, since gardens are more 

characteristic of year-round occupation. Also for the Late Classic, the soil 
micromorphology thin sections, for the upper part of MG 385, in Op 13-3, show a 

marine inundation/beach forming episode (Macphail et al., 2017, p. 46). Above this 

episode is a floor without evidence for heating that may indicate a shift in activities from 
salt processing to domestic ‘town’ occupation (Macphail et al., 2017, p. 46). In this 

operation, the taxa that occur in the Late Classic levels above MG 385, that do not 
occur below are: Bignoniaceae, Byrsonima cf. crassifolia, Coccoloba cf. diversifolia, 

Setaria sp. and Zea mays. These economic taxa, although at a lower abundance than 
the Terminal Preclassic, are supportive of a shift to more domestic activities (Appendix 

IV).  
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Initiated in the Terminal Classic (AD 750–1000), a town of over 40 structures was 

constructed over the salt production deposits, with associated sub-floor burials 
(Graham et al., 2017, pp. 118, 121; Graham and Simmons, 2012b; Macphail et al., 

2017, p. 36; Simmons and Graham, 2016). Occupation continued into the Early 
Postclassic with modifications to the structures. Subsistence evidence would also, 

therefore, be expected for these later levels (Terminal Classic and Early Postclassic), 

but is somewhat absent, as shown by ubiquity, the box plots, and PCA (Fig 5.44-.46 
and 5.49-.52). There instead appears to be a greater association with weedy taxa, and 

taxa characteristic of disturbed areas. This association continues for deposits post-
dating the Early Postclassic, when the site was used less intensively but residential 

and ritual activity continued (Macphail et al., 2017, p. 39).  
 

The identification and distribution of taxa will also be associated with preservation and 
taphonomic processes. The Terminal Preclassic levels contain well-preserved 

materials in general, despite an apparent period of exposure with some weathering and 
biological working in the upper levels (Graham et al., 2017, p. 126; Macphail et al., 

2017, pp. 40, 42). The Late Classic, Terminal Classic and Early Postclassic levels have 

been subject to a higher level of disturbance, for example from Terminal Classic burials 
and crab burrows. The later levels in particular were not protected by construction; soil 

micromorphology was unable to distinguish as much detail for the Terminal and Early 
Postclassic, as for earlier levels (Graham et al., 2017, pp. 125, 131; Macphail et al., 

2017, p. 48). Op 13-3 is particularly problematic for disturbance and mixing of levels. 
Floors are heavily fragmented and dissolved, possibly due to periods of exposure and 

an absence of large construction (Graham et al., 2017, pp. 121, 131; Macphail et al., 
2017, p. 46). Some of the best-preserved plant remains (Cestrum nocturnum seeds, 

Poaceae rachis, Rhizophora sp. bud), however, originate from Op 13-3. These patterns 
suggest complex taphonomic processes, which also have ramifications for an 

understanding of soil formation. 

 
The total assemblage recovered at Marco Gonzalez is quite similar to Wild Cane Cay 

(McKillop, 1994b), but it bears even more similarity to assemblages from sites in the 
Caribbean Islands. For example, at En Bas Saline in Haiti, plant remains included, 

amongst others, Zea mays (kernel, cob, stem), Arecaceae (stem, fruit, bud), 
Sapotaceae (wood), Panicoid grass (cf. Setaria sp.) (caryopsis), Solanaceae (seed), 

Trianthema portulacastrum (seed), Avicennia germinans (wood), cf. Guazuma ulmifolia 
(wood) and Rhizophora mangle (wood) (Newsom, 1993). As early as the Archaic 

period, sites in the Caribbean Islands are thought to have practiced a form of 
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arboriculture (taxa include Sapotaceae - Manilkara sp., Pouteria campechiana; 

Malpighiaceae - Malpighia sp.; Ficus sp.; and palms), and consumed ‘protocultivated’ 
plants (Zea mays and panicoid grasses), root crops, Trianthema portulacastrum and 

legumes grown in home or ‘dooryard’ gardens (Boomert, 2014, pp. 1219, 1222). Later 
Saladoid and Huecoid sites exploited additional plants that include Spondias sp., 

Coccoloba uvifera (seagrape), Portulacca sp. and Crescentia cujete (Boomert, 2014, p. 

1223). Stands of wild panicoid grasses (e.g. Setaria sp.) are thought to have been 
maintained. These taxa continued to be exploited in later ‘Taino’ (c. 600-900 CE 

onwards) settlements in the Greater Antilles, where a mixed subsistence strategy – the 
development of which began in the Archaic period – included horticulture, hunting, 

fishing and collecting, with some agricultural intensification (Boomert, 2014, pp. 1222, 
1227). Similar strategies and taxa also occurred in the Troumassoid period (c. 

600/850-1250 CE) in the Windward and Leeward Islands of the Caribbean (Boomert, 
2014, p. 1231). At these islands root crops appear to have dominated horticulture 

(Boomert, 2014). A closer examination of parenchymous tissue at Marco Gonzalez 
may therefore prove valuable. The similarities between Marco Gonzalez and the 

Caribbean Islands, in comparison to inland Maya sites, highlights the importance of the 

island/coastal environmental setting for resource strategies. 
 

 

5.3 Phytolith results 

A complete phytolith assessment is only achievable with a large number of samples 

and access to a regional reference collection. The trial nature of this phytolith 
investigation prevented the analysis of a large number of samples. Unfortunately, a 

neotropics phytolith reference collection is also unavailable at the Institute of 
Archaeology and could not be created within the scope of this project. Whilst phytolith 

research exists for the Maya area (e.g. Hansen et al., 2002; Hare, 2011; Leyden et al., 
1996; Morell-Hart, 2011; Sheets et al., 2012; Wyatt et al., 2012), the coastal region is 

under-studied, and thus there are few comparative examples in general. Instead, Dr 
Alison Weisskopf's (UCL) tropical southeast Asian and Polynesian reference 

collections and expertise were consulted, as well as Dolores Piperno's (1988, 2006) 
publications – which are dominated by content from the Americas – and PhytCore DB 

(http://www.phytcore.org/). Consequently, the classifications tend towards simplicity 

(morphotype details: Appendix IV). Broad morphotype classifications permit broad 
environmental categories such as ‘grass’, ‘arboreal’ or ‘herbaceous’. In some cases, 

however, morphological differences may allow higher taxonomic resolutions when 
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comparative material is available; I note below where higher resolution may be 

achievable. Ecological groups have also been applied by researchers such as 
Weisskopf (e.g. Weisskopf, 2017; Weisskopf et al., 2014), and I apply similar 

categories: Poaceae (grasses); Cyperaceae (sedges); Arecaceae (palms); other 
monocots; dicots; not indicative. 
 

5.3.1 Sample Phyt2013.4 

Poaceae (grasses) 

Poaceae form 7.78% of all phytoliths in Phyt2013.4 (Table IV.XVI, Appendix IV). 
Poaceae is the third largest family in Belize's flora, with 75 genera and 252 species; the 

most speciose genera are Paspalum and Panicum (Balick et al., 2000; Bridgewater et 
al., 2006; Sylvester, 2009). While the majority of the sample’s phytoliths can only be 

generally assigned to Poaceae (elongate psilate; elongate polyhedral psilate; rondel; 
multi elongate psilate leaf/culm; multi elongate psilate; indeterminate husk), a few 

morphotypes may be indicative of particular subfamilies: saddle; rondel sinuate; 
bilobate; reniform. Several classification systems exist for morphotypes, a situation that 

is particularly true for grasses. One classification system divides Poaceae morphotypes 

into classes that are named after the dominant subfamily: Pooide, Chloridoide, 
Panicoide (Gallego, L. and Distel, 2004 [following Twiss 1992 and Zucol 2001]; Twiss, 

1987), and I apply this system.  
 

Saddles occur in the Chloridoide class, which includes the Bambusoideae, 
Arudinoideae and Chloridoideae subfamilies, although they are most characteristic of 

Chloridoideae (Gallego, L. and Distel, 2004, pp. 866–867; Piperno, 2006; Twiss, 
1992)(Fig. 5.53). Chloridoideae grasses include species that are drought or saline 

tolerant (Sylvester, 2009, p. 29) and are the only Poaceae recorded at Marco 
Gonzalez: Spartina spartinae (Richard Whittet and Cristina Rosique 2014, pers. 

comm.). Spartina spartinae are widely adaptive and tolerant of 0.1-2/1% salinity and 

periodical inundation. They occur on salt flats, lowlands, waterways (often as dense 
stands), and on a range of sediments, from sandy loam to clays (Allen, 1950; Gould, 

1975; Gould and Box, 1965; Scifres et al., 1980; Shiftlet, 1963).  
 

Rondels (circular to oval in planar view; trapezoidal in cross-section) occur in all 
Poaceae families (Iriarte and Paz, 2009, p. 114). Sinuate (‘wavy top’) rondels have 

been noted in Zea mays (e.g. Bozarth, 1993, p. 284; Iriarte et al., 2010, p. 2987). 
Caution should be taken, however, as this morphotype appears similar to morphotypes 
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identified for other Poaceae classes, namely Chloridoide and other Panicoide (Lu and 

Liu, 2003, pp. 591, 595; Pearsall et al., 2003, p. 616; Piperno and Pearsall, 1998, p. 
21). Panicoide grasses are the main producers of bilobes and crosses, but bilobes are 

also produced by Aristoideae, Pooideae and Bambusoideae (Gallego, L. and Distel, 
2004, p. 866; Iriarte and Paz, 2009; Twiss, 1992, p. 180; Zucol, 2001, p. 16). The 

bilobe shank length can sometimes, but not always, be indicative of class (Gallego, L. 

and Distel, 2004, p. 867; Honaine et al., 2006; Twiss, 1992). The sample also contains 
complex/nodular bilobes that are typical of Panicoide class (Gallego, L. and Distel, 

2004, p. 866) (Fig. 5.53). Although not recorded at Marco Gonzalez, the Panicoideae 
subfamily includes genera such as Paspalum, and Cenchrus that have both been 

recorded for lagoon cays (Fosberg et al., 1982, pp. 6–13). Cenchrus have distinctive 
spiny involucres (Sylvester, 2009, p. 186), which could lend themselves to easy 

transportation to the site, attached to objects or persons. Species such as Paspalum 
conjugatum are considered common pan-tropical weeds, particularly of urban areas 

(Sylvester, 2009, p. 117), so this genera could also easily enter assemblages. 
 

Reniform or crescent moon morphotypes have been attributed in the literature to the 

Pooide class (Gallego, L. and Distel, 2004, p. 867; Garrison, 2003; Twiss, 1992; Yost 
and Blinnikov, 2011; Zucol, 2001, p. 16). Pooideae, however, are C3 grasses 

associated with cold and temperate regions; in the tropics, Pooideae rarely occur 
bellow 2000 m (Edwards and Still, 2008; Piperno, 1988). It is possible, therefore, that 

this constitutes a misclassification. Alternatively, the phytoliths may have originated in 
traded material.  
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Figure 5.53. Left: Saddle morphotype from Phyt2013.4. Right: Complex/nodular bilobe from 

Phyt2013.4 (see Gallego, L. and Distel, 2004, p. 868: complex or nodular dumbell; Honaine et 
al., 2006; see Yost and Blinnikov, 2011 fig. 4(J)) (1 mark = 10 µm).  

 

 

Cyperaceae (sedges) 

Cylindric psilate (long rod), conical and Cyperaceae multi-cell leaf and husk phytoliths 

form 8.87% of all phytoliths in Phyt2013.4 (Table IV.XVI, Appendix IV). Whilst smooth 
conical phytoliths with a rounded apex are found in Orchidaceae, and spinule-covered 

cones or ‘hats’ occur in palms and bromeliads, smooth cones with pointed apices are 

typical of Cyperaceae, formed in the leaves and achene bracts (Piperno, 2006, pp. 37–
38). These Cyperaceae cones occur in the sample. Identification is problematic below 

family level, owing to the high within-species variability, and also a paucity of 
classification systems (Honaine et al., 2009, pp. 512–513; Piperno, 2006, p. 38). 

Cyperaceae, with Poaceae, are amongst the highest silica accumulators, but 
Cyperaceae, compared to Poaceae, are underrepresented in the fossil record 

(Honaine et al., 2009, p. 512). Cyperaceae occur in a variety of habitats such as 
savanna, disturbed areas, wetlands, forests, and coastal zones, but they are most 

affiliated with wetter areas (Goodwin et al., 2013; Laughlin, 2002). As a dominant 
component of wetland ecosystems, Cyperaceae are used as indicators of wetland 

deterioration (Simpson et al., 2003). A large proportion of sedges, therefore, may be 

used as evidence for wetter conditions. As noted for the macrobotanical remains, one 
sedge (Cyperus ligularis) occurs frequently at Marco Gonzalez today (Richard Whittet 
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and Cristina Rosique pers. comm.), but a number of other species are documented for 

Belize’s cays (Fosberg et al., 1982, pp. 13–16). 
 

Arecaceae (palms) 

The same Arecaceae (palm) phytolith morphotypes occur in leaves, petioles, stems 
and fruits (Piperno, 2006, p. 37). Arecaceae, as 3.37% of all phytoliths in the sample 

(Table IV.XVI, Appendix IV), are represented by just one morphotype: globular 
echinate (Fig. 5.54). Spherical phytoliths with large, defined, well-distributed, spinules 

occur in both Arecaceae and Bromeliaceae (Piperno, 2006, p. 37). The phytoliths in the 
sample are identified as Arecaceae since the spinules are very defined and larger than 

would be expected for Bromeliaceae (cf. Piperno, 2006 Fig. 2.8a). The globular 

echinate morphotype at Marco Gonzalez is varied in the size, definition and density of 
the projections; this morphotype is distinguished from other ornamented spheres by the 

strongly defined and rounded shape of the projections. Variations in palm phytolith 
morphology have been used elsewhere to identify specific taxa (Albert et al., 2009; 

Fenwick et al., 2011; Thomas et al., 2012). Increased taxonomic resolution might also 
be achievable at Marco Gonzalez with the development of a reference collection that 

would strengthen the diachronic characterisation of the environment.  
 

 
Figure 5.54. Phytoliths from sample Phyt2013.4. Left: Globular echinate Arecaceae 

morphotype. Right: Globular rugose morphotype, likely originating in a non-palm monocot (1 
mark = 10 µm). 
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Other Monocots 

Decorated spheroid morphotypes without rounded, defined spinules, often with rough 

surfaces, suggest the occurrence of non-palm monocots. These morphotypes account 
for 15.17% of all phytoliths in the sample. The ‘other monocot’ globular morphotypes 

are: globular rugose and globular hirsute (hairy). Globular rugose (Fig. 5.54), with a 
jagged, rough surface, resembles morphotypes attributed to Marantaceae, Cannaceae, 

Costaceae and Zingiberaceae, with the irregular distribution, size and shape of 
protuberances (Iriarte and Paz, 2009, pp. 115, 117, Fig. 2a; Piperno, 1988, p. 251, 

2006, p. 38). The globular hirsute morphotype is likely of a similar origin. There is also 
a nodular morphotype in this sample. This morphotype is irregular and planar, with a 

slightly rough surface and a very defined, rounded, off-centre nodule. The morphotype 

is very flat, aside from the prominent nodule, and thus does not resemble a 
Cyperaceae cone. Similar nodular morphotypes have been found at coastal sites in 

Vietnam, where they are thought to be from the Zingiberales order (Alison Weisskopf 
2015, pers. comm.). Conical nodular phytoliths are reported for Marantaceae in 

Uruguay, where they are suggested to be typical of wetlands, alongside phytoliths that 
resemble the globular rugose morphotype (Iriarte and Paz, 2009, p. 119, and Fig. 3c).   

 

Dicots (trees and herbaceous taxa) 

Dicot phytoliths, forming 49.97% of all phytoliths in Phyt2013.4, are the most extensive 

and varied (Table IV.XVI, Appendix IV). The morphotypes in the sample are either 
broadly indicative of dicots or have the potential, with reference material, to be 

attributed to more specific taxa. Broadly indicative globular psilate (smooth spheroid) 
morphotypes are found in a wide range of arboreal and herbaceous taxa, but also 

occasionally occur in monocots (Iriarte and Paz, 2009, Fig. 2; Piperno, 2006, pp. 38–
39). Globular granulate morphotypes – ’decorated’ spheres with rough surfaces, but 

less defined protuberances than other textured spheres (Fig. 5.55) – originate in the 

leaves, stems and less commonly seeds, wood and bark, of a range of arboreal 
eudicots (e.g. Iriarte and Paz, 2009, Fig. 2). Globular granulate morphotypes are 

particularly dominant, however, in the seeds and leaves of Chrysobalanaceae; less 
commonly, the morphotype occurs in the seeds of herbaceous monocots Cannaceae, 

Heliconiaceae, Marantaceae (e.g. Iriarte and Paz, 2009, Fig. 2). Polyhedral psilate 
morphotypes, like globular psilate and globular granulate, also occur in a wide range of 

monocots and eudicots, arboreal and herbaceous taxa, so they cannot identify specific 
taxa. Polyhedrals are, however, produced in low numbers by grasses, so they can be 
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grouped with dicots, and may be good identifiers of forest vegetation (Piperno, 2006, p. 

42). 
   

More strongly indicative of dicots are sclereid and tracheid single cells, and mesophyll 
multi-cells that all appear in the sample. Sclereids are found frequently in 

Chrysobalanaceae, Flacourtiaceae, Magnoliaceae and Moraceae and are 

characteristic of arboreal taxa (Piperno, 2006, pp.37, 40–41). Tracheids are, in general, 
not indicative of taxa. The mesophyll multi-cell in Phyt2013.4 is a palisade type, which 

may be used to identify basal angiosperms or eudicots, or to assess the relative 
amount of tree and herbaceous cover (Piperno, 2006, pp. 42–43). The square regular 

psilate (blocks), polyhedral facetate (platey), multi polyhedral and polyhedral hair base 
morphotypes in the sample may also be attributed to dicots but are not taxa-specific. 

The most diagnostic dicot phytoliths arise from fruit and seeds. Families that produce 
particularly distinctive phytoliths include Burseraceae, Cucurbitaceae, Cyperaceae, 

Euphorbiaceae, Marantaceae, Moraceae and Ulmaceae (Piperno, 2006, p. 41).  An 
irregular scrobiculate (pitted platey/polyhedral) morphotype that occurs in Phyt2013.4 

is likely to be in this category, and could be identifiable to taxa with reference material.  

 
 

 
Figure 5.55. Globular granulate morphotype from Phyt2013.4 (1 mark = 10 µm). 
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Non-diagnostic phytoliths 

11.15% of the single cell phytoliths in Phyt2013.4 are hairs, which may sometimes be 

attributed to specific taxa. Without reference material, the hairs are recorded as non-
diagnostic. Hairs are more useful for identification in dicots than in monocots and are 

particularly taxonomically significant in eudicots, for families such as Asteraceae, 
Boraginaceae, Cucurbitaceae, Dillenaceae, Moraceae, Ulmaceae and Urticacae 

(Piperno, 2006, pp. 34–35, 39). Although hair varieties were not recorded, it was clear 
that some hairs with rounded apices occur. These hair types are more unusual, and 

have been attributed elsewhere to Moraceae, Piperaceae, Lamiaceae or Urticaceae 
(Piperno, 1988, p. 99, 2006, p. 39).  

 

Morphotypes post-count 

In the post-count scan of the slide, a few morphotypes were noted that do not occur in 

the count, namely: a collapsed saddle, scutiform, cuneiform bulliforms, and crescent 
(Fig. 5.56-.57). Aside from the scutiform, these morphotypes can be attributed to 

Poaceae. Crescents can, however, also be attributed to Equisetum sp. (horsetails) 

(Weisskopf, 2010, p. 492). The bulliforms vary in form (Fig. 5.57).     
 
 

 
Figure 5.56. Left: Collapsed saddle/saddle morphotype, Phyt2013.4. This resembles Lu and 

Liu's (2003) 'two horned tower' morphotype. Right: Scutiform morphotype, Phyt 2013.4 (1 mark 
= 10 µm). 
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Figure 5.57. Left and right: Cuneiform bulliform morphotypes, Phyt2013.4 (1 mark = 10 µm). 

 

 

5.3.2 Sample Phyt2013.6 

Poaceae (grasses) 

The Poaceae morphotypes counted in Phyt2013.6 are: elongate psilate (long smooth), 

rondel, rondel sinuate (wavy top rondel), cf. saddle, collapsed saddle, reniform, 
polylobate, multi elongate psilate leaf culm, and indeterminate husk (Table IV.XVII, 

Appendix IV). These amount to 6.26% of all phytoliths in the sample. Those that did not 
occur in the count for Phyt2013.4 are rondel, collapsed saddle and polylobate (Fig. 

5.58). Rondels occur in all Poaceae subfamilies, so their presence in itself does not 
indicate a particular subfamily, although their form can (Iriarte and Paz, 2009, p. 114). 

Lu and Liu (2003, p.595) report ellipsoid rondels/saddles for Spartina sp. in 
southeastern USA saltmarshes. Too few rondels were counted in Phyt2013.6, to 

identify morphological aspects such as their shape in planar view, and they thus could 
not be attributed to a subfamily. Polylobate (or irregular complex dumbbell/bilobe) 

phytoliths are produced by Panicoid grasses (Gallego, L. and Distel, 2004, p. 866; 

Twiss, 1987, p. 180; Weisskopf et al., 2014, p. 47; Zucol, 2001, p. 16).   
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Figure 5.58. Left: Poaceae rondel from sample Phyt2013.6. Right: Polylobate morphotype from 

Phyt2013.6 (1 mark = 10 µm). 
 

 

Cyperaceae (sedges) 

As in Phyt2013.4, Cyperaceae conical, multi-cell leaf culm cf. Cyperaceae and 
Cyperaceae husk morphotypes occur; no rods were counted in Phyt2013.6. The 

conical morphotypes are all smooth, but vary in size and shape (Fig. 5.59). 
Cyperaceae amount to 5.23% of the total phytolith count, which is a little less than 

sample Phyt2013.4.  
 

    
Figure 5.59. Right and left: Conical Cyperaceae morphotypes from sample Phyt 2013.6 (1 mark 
= 10 µm). 
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Arecaceae (palms) 

In Phyt2013.6, palms consist of 2.15% of all phytoliths, which is a little less than 

Phyt2013.4 (Table IV.XVIII-XIX, Appendix IV). As in Phyt2013.4, Arecaceae are 
represented by a singular morphotype – globular echinate – characterised by its 

rounded, defined projections. The palm phytoliths are also varied in this sample.  
 

Other monocots 

For other monocots in Phyt2013.6, globular rugose and nodular were counted. As in 
Phyt2013.4, these likely originated from: Marantaceae; Marantaceae, Cannaceae, 

Costaceae or Zingiberaceae. This group comprised 15.07% of the single cell 
phytoliths, which is approximately the same as Phyt2013.4 (15.17%) (Table IV.XVIII-

XIX, Appendix IV).  
 

Dicots (trees and herbaceous taxa) 

Phyt2013.6 contains a similar proportion of dicot-assigned phytoliths as Phyt2013.4 
(50.85%), and also similar morphotypes. Only elongate, two-tiered, ovate psilate, 

trapezoidal psilate, irregular lacunose and globular facetate morphotypes were absent 
in Phyt2013.4. Irregular lacunose (perforated plates), are often attributed to Asteraceae 

(Iriarte et al., 2010, p. 2987; Piperno, 2006, p. 41) (Fig. 5.60). Facetate phytoliths are 
indicators of arboreal growth and they can be particularly diagnostic of taxa, for 

example in the Annonaceae and Burseraceae families (Piperno, 2006, p. 36, Figs. 

2.6d, f). Globular and elongated faceted bodies are largely absent in eudicots (Piperno, 
2006, p. 39).  

 
Figure 5.60. Irregular lacunose (perforated platelet) morphotype, Phyt2013.6 (1 mark = 10 µm). 
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Morphotypes post-count 

The post-count scan of Phyt2013.6 identified additional morphotypes that indicate the 

potential richness of the phytolith assemblage at the site. The post-count phytoliths in 
this sample were particularly distinctive and variable. Informal observation suggests 

that these additional morphotypes did not appear frequently (c. 1–3 of each 
morphotype). One very distinctive morphotype is irregular and globular, with a flattened 

end that expands into a swollen rounded area that is covered with rounded protrusions 
(Fig. 5.61, left). The phytolith is likely Poaceae in origin; its morphology resembles 

short-cell conical and pyramidal Poaceae morphotypes depicted by Fredlund and 
Tieszen (1994, Fig.2). The morphotype is also very similar to the ‘robust globular body 

with speculate protrusions’ or half-decorated rondel described elsewhere for Zea sp. 

cobs (Iriarte et al., 2010, p. 2987; Pearsall et al., 2003, pp. 612, 617; Piperno and 
Pearsall, 1993). An irregular globular (non-spheroid) hirsute morphotype also occurs in 

the sample, but it is of unknown origin (Fig. 5.61, right). The overall outline may 
suggest dicot, but it is reminiscent of the robust globular body phytoliths presented for 

Zea sp. by Pearsall and colleagues (2003, fig.3e). There is another hirsute-type 
globular phytolith in a cuneiform-type, which is also of unknown origin (Fig. 5.62, left). 
 
 

 
Figure 5.61. Phytoliths from sample Phyt2013.6. Left: Possible half-decorated rondel Poaceae 

phytolith. Right: Globular hirsute or echinate phytolith, of unknown origin (1 mark = 10 µm). 
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Figure 5.62. Phytoliths from sample Phyt2013.6. Left: Hirsute/echinate cuneiform. Right: 

Globular echinate, with larger and more angular spinules than elsewhere in the sample (1 mark 
= 10 µm). 

 
 
The post-count scan also revealed variations on the globular echinate morphotype, 

with very well-defined, large, pointed/triangular spinules, and overall larger size (Fig. 
5.62, right). The defined spinules and size suggest an Arecaceae origin (Piperno, 

2006, p. 37), but this morphotype is very distinctive from the palm phytoliths with 
rounded spinules in the count. The variation in globular echinate morphotypes might be 

attributable to different taxa, which could be clarified with a local reference collection. 
Also noted post-count were a tracheid of dicot origin and two crescents (Fig. 5.63), 

which may be attributed to Equisetum sp. (Weisskopf, 2010, p. 492) or Poaceae 
(Gallego, L. and Distel, 2004, pp. 866–867; Twiss, 1987, p. 180; Zucol, 2001, p. 16). 

 
Figure 5.63. Left: Crescent morphotype occurring post-count in sample Phyt2013.6. Right: 

Cylindric sulcate tracheid morphotype, Phyt2013.6 (1 mark = 10 µm). 
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5.3.3 Phytolith quantification 

The full phytolith counts and quantification are provided in Appendix IV.IV. The plots of 

phytolith densities show clearly that phytoliths are considerably more dense in sample 
Phyt2013.4 than in Phyt2013.6 (Fig. 5.64–65). Phytolith preservation may be affected 

by a large number of factors that include phytolith type, and the chemical and physical 
properties of the environment. Phytolith shape, surface area and the degree of 

silification will impact the robustness of phytoliths (Piperno, 1988 in Piperno 2006, 
2006, pp. 21–22; Weisskopf, 2010, pp. 176, 190). Extreme pH is particularly 

problematic for preservation, and pH above 9 will markedly increase dissolution, such 
as in shell middens. It is possible, therefore, that the greater density of shell debris in 

the midden that Phyt2013.6 was sampled from, contributed to greater dissolution of 

phytoliths. The degree of shelter, temperature, rainfall, or the presence of free iron and 
aluminium oxides – common in highly weathered tropical soils – will all contribute to the 

degree of preservation or dissolution (Piperno, 1988 in Piperno 2006, 2006, pp. 21–22; 
Weisskopf, 2010, pp. 176, 190). A comparison of proportions may alleviate some of the 

issues with preservation. A comparison of the proportions of grouped phytoliths is also 
one way to assess broad environmental shifts. The morphotypes were grouped into 

their environmental categories (Poaceae; Cyperaceae; Arecaceae; other monocots; 
dicots; not indicative) and the proportions in each sample were calculated. The plots for 

single-cells show that both samples contain very similar proportions (Fig. 5.66). These 
proportions remain very similar with the addition of multi-cells and the removal of non-

indicative morphotypes (Fig. 5.67).  
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Figure 5.64 Multi-cell phytolith morphotype densities for samples Phyt2013.4 and Phyt2013.6. 
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Figure 5.65. Single cell phytolith morphotype densities for samples Phyt2013.4 and Phyt2013.6. 
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Figure 5.66. The proportion of broad phytolith categories, by density, for single cells, in samples 

Phyt2013.4 and Phyt2013.6. 
 

 

 
Figure 5.67. The proportion of broad phytolith categories, by density, for combined single and 

multi- cells (non-indicative omitted), in samples Phyt2013.4 and Phyt2013.6. 
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5.3.4 Additional phytolith sample information 

Water-based environmental evidence 

Sponge spicules, identified by their tubular appearance, thick walls and well-defined 
edges, were observed in both samples, in similar densities. Soil micromorphology has 

identified sponge spicules as part of non-calcareous tidal flat sediments that coat 

Coconut Walk pottery sherds associated with salt production, and these spicule-rich 
sediments are also found as temper in lime plaster floors (Macphail et al., 2017, pp. 

40–45) (Fig. 5.68; Table IV.XVI-XVII, Appendix IV). In Phyt2013.6, one diatom 
occurred in the count, of a centric type with a spoked ring of processes, that resembles 

Coscinodiscineae, or marine diatoms (cf. Hasle and Syvertsen, 1997, p. 24)(Fig. 5.68). 
Additional diatoms of this type were observed post-count in the same sample. A 

pennate diatom (cf. Hasle and Syvertsen, 1997, p. 24) occurred in Phyt2013.4 post-
count, and there were noticeably far fewer centric-types in this sample. Bulliform 

phytoliths, although produced by Poaceae, have been suggested to increase in 
hydrophilic grasses, or where there is an excess of water (Bulbeck and Caldwell, 2008; 

Piperno, 2006; Sangster and Parry, 1969; Weisskopf et al., 2014). Bulliforms are not in 

the count for Phyt2013.4 but occur at 606 per g sediment for Phyt2013.6 (Table 
IV.XVII, Appendix IV). These data might be used to suggest that sample Phyt2013.6 

might indicate a wetter environment than Phyt2013.4. In future, these data types might 
provide useful information that could contribute to the understanding of the site’s 

environmental history. 
 

Burning 

Albert and colleagues (2000) suggest that silica aggregates may be used to evidence 
ash. Phyt2013.4 contained 11430 counts per g sediment, whereas Phyt2013.6 

contained 3014. This is consonant with the definition of the sampling level for 
Phyt2013.4 as salt production deposits with associated burning activities, as compared 

to Phyt2013.6 that is characterised as a midden deposit with less intense, domestic, 
burning activities (Graham et al., 2017; Macphail et al., 2017).   
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Figure 5.68. Diatom (left) and sponge spicule (right) from sample Phyt2013.6 (1 mark = 10 µm). 
 
 

5.3.5 Discussion of phytolith results 

The two phytolith samples were taken from levels in Op 13-2 with contrasting 
occupation activities. Phyt2013.4 was sampled from a level roughly equivalent to MG 

375, which is a Late Classic salt production level, and Phyt2013.6 was sampled from 
the transition of MG 391-392, in Terminal Preclassic midden deposits. Although only 

two samples were analysed, some important observations can still be taken away from 

this analysis. The broad grouping of phytoliths showed little difference between the 
samples, and suggests that the environment did not dramatically shift between the 

Terminal Preclassic and the Late Classic. Phytoliths, however, are particularly valuable 
for demonstrating in situ vegetation (Madella, 2000, p. 177; Rosen, 2000, p. 10; in 

Weisskopf, 2010, p. 176), and the Terminal Preclassic deposits are colluvial deposits 
(Graham et al., 2014, 2017; Macphail et al., 2017), and therefore not in their original 

setting. Despite the similarity in broad characterisation, it is clear that the two samples 
differed in character: Phyt2013.4 has a higher phytolith density and background 

siliceous material, whereas Phyt2013.6 contained a greater amount of larger and more 
'exotic' morphotypes. It is possible, or probable even, that the two samples, despite not 

providing evidence for a large ecological shift, represent different assemblages in 

terms of taxa. These details would become more apparent with a greater familiarity 
with the local assemblage and relevant reference material. Although I mention in situ 

deposition from vegetation, the phytolith assemblage may relate to human use of flora. 
In this case, the greater variety in Phyt2013.6 might be explained by a midden deposit 

that represents a wider range of use of botanical resources, compared to salt 
production (Phyt2013.4) and its use of fewer, predominantly fuel-related, resources.   
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The different densities of the samples might be explained by environmental or 

preservation factors. If related to preservation, the difference might be explained by pH 
and by the depositional contexts. Phyt2013.4 is from a level whose pH was recorded 

as c. 8.4 (Macphail et al., 2017: supplementary material - bulk sample x12a). The pH 
for the level of Phyt2013.6 is around 8.8 (Macphail et al., 2017: supplementary material 

- bulk samples x14a-d), which is closer to the critical pH9 that dramatically increases 

phytolith dissolution (Piperno, 2006, pp. 21–22). It appears, therefore, that greater 
amounts of shell debris may have negatively impacted phytolith preservation, as is 

often the case for shell middens. In addition, the Phyt2013.6 deposits have been 
subject to far more disturbance (via colluvial transportation), which could have 

increased fragmentation. It is interesting, however, that Phyt2013.6 contains some of 
the more complex morphotypes, so it is likely that a number of factors are at work. 

 
The analyses are an encouraging demonstration of the great potential value of 

phytolith investigation at Marco Gonzalez. Material is surprisingly well-preserved given 
the amount of shell debris in the deposits. The phytolith assemblage shows a great 

deal of variety that would almost certainly yield valuable results if the taxonomic 

resolution can be improved. Any future phytolith investigation should include an 
extensive number of samples, and be conducted alongside the creation of an 

appropriate reference collection.    
 

 

5.4 XRF analyses results 

5.4.1 Statistical analyses 

The XRF analyses of pottery sherds produced composition results (Tables IV.XX-XXI, 

Appendix IV) that were analysed to assess accuracy, validity, and correlations related 
to level (lot) and texture. For texture, sherds were grouped into fine, medium-fine, 

medium, medium-coarse, and coarse. Several elements were removed prior to the 
analyses due to known issues with measuring these elements in XRF: S, Sb, Co and 

Cd. Other elements with a large number of results at or below the level of detection 
were also removed: Na, Ge, Se, Mo, Ag, In, Te, I, Cs, Hf, Ta, W, Hg, Tl, Bi. Thirty 

elements remained. The first set of analyses were performed in IBM SPSS Statistics 

for Windows, version 24 (IBM Corp., 2016). The results from Shapiro-Wilk tests 
indicated non-normal distribution for some elements (examples in Table IV.XXV–XXVI, 

Appendix IV), and so nonparametric analyses were used to increase the robustness of 
results.  
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Homogeneity of variance 

The Kruskal-Wallis test is the nonparametric alternative to an ANOVA test, designed to 

compare independent samples and examine whether groups are from different 
populations based on stochastic dominance. Although the test does not assume 

normal distribution, it is only valid if there is homogeneity of variance in the groups 
(Ruxton and Beauchamp, 2008; Vargha and Delaney, 1998). In the absence of 

homogeneity, a Mood’s Median test (Mood, 1950) can be used, since it is less 
sensitive to departures from homogeneity, although it is statistically less powerful 

(Ruxton and Beauchamp, 2008, p. 1086). Nordstokke and Zumbo's (2007, 2010) 
method for a nonparametric Levene’s test (significance level .05) was used to test for 

homogeneity of variance for lot and texture groups. The results for the test with lot-

based groups demonstrated homogeneity of variance for the majority of elements 
(Table IV.XXVII, Appendix IV), so a Kruskal-Wallis test was selected for further 

analyses. The Levene’s test results for the texture groups produced a greater number 
of significant results for heterogeneity of variance (Table IV.XXVIII, Appendix IV), and 

so a Mood’s Median test (Mood, 1950) was used to produce more valid results.  
 

Kruskal-Wallis test – lot-based groups 
The Kruskal-Wallis test was used to identify if composition, analysed element by 
element, is different between the lots. In the test output, only eight elements do not 

produce significant results (confidence level of 95%, significance level .05), and 

therefore the majority of elements reject the null hypothesis that all lots are the same 
(Table IV.XXIX, Appendix IV). For those elements with significant results, post-hoc 

pairwise comparison tests were used to identify the specific lots that differed from one 
another (Table IV.XXX. Appendix IV). To reduce the chance of Type 1 error, adjusted 

significance results were used (Bonferroni correction) (Field, 2013, p. 69). Several 
elements and pairs showed no significant results, but those with significant results 

(>.05) and large effect size (>.5 using Cohen’s benchmark (Cohen, 1988, 1992; Field, 
2013, p. 82)) are:  

• Mg: MG383-MG371 (p=.041, r=.602)  

• P: MG371-MG390 (p=.043, r=-.675), MG377-MG383 (p=.049, r=-.562) and 
MG377-MG390 (p=.008, r=-.723)  

• Cl: MG364-MG390 (p=.014, r=-.744)  

• Fe: MG390-MG374 (p=.004, r=.773) and MG383-MG374 (p=.026, r=.603)  

• Ni: MG383-MG374 (p=.034, r=.591)  

• Y: MG383-MG374 (p=.035 r=.589) and MG390-MG374 (p=.048, r=.640)  
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• Nb: MG390-MG374 (p=.048, r=.640) and MG390-MG377 (p=.001, r=.817)  

• Ce: MG371-MG374 (p=.018, r=-1.207) and MG390-MG374 (p=.035, r=.659)  

• Pb: MG383-MG374 (p=.046, r=.575)  

• V: MG383-MG377 (p=.039, r=.573)  
 

Mood’s Median test – texture-based groups 
The Mood’s Median test for texture-based groups used a series of calculations since 

there is no one-click Median test function in SPSS. The median was first calculated, 
followed by calculating the difference between the XRF result and median for each 

sherd. These values were converted into groups based on whether values were 

‘<=median’ or ‘>median’. A crosstabs analysis was performed on these groups using 
texture as the grouping variable that, like Kruskal-Wallis, demonstrates if groups are 

significantly different, but not where those differences lie.  Elements with a significant 
result for differences between groups based on texture were:  

• Si (p=.003, r=.493)  

• Cl (p=.019, r=.419)  

• K (p=.006, r=.474)  

• Ca (p=.000, r=.571) 

• Ti (p=.005, r=.474)  

• V (p=.013, r=.436) 

• Fe (p=.039, r=.388)  

• Rb (p=.013, r=.436)  

• Y (p=.000, r=.578)  

• Zr (p=.002, r=.500) 

• Nb (p=.004, r=.487)  

• La (p=.002, r=.505)  

• Ce (p=.001, r=.566)  

• Pb (p=.017, r=.423)  
 
For those elements that produced significant (p=<.05) Pearson Chi-Square values, 

post-hoc tests performed crosstabs analysis on all the combinations of pairs of 
textures, to identify where significant differences lay between textures. The pairwise 

comparisons are shown in Table IV.XXXI, Appendix IV.  
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CANOCO 

CANOCO analyses were run with the same elements as the preceding analyses. Any 

remaining ‘less than’ values were converted to 0. In the first analysis45, the sherds were 

separated into two broad chronological groups: Late Classic (MG-SH1-23) and 

Terminal Preclassic–Early Classic (MG-SH24-67). The output plot shows the two 
groups roughly separating, but there are also a number of crossovers, so the groups 

are not absolutely different (Fig. 5.69). 
 

 
Figure 5.69. Sherd compositional data, grouped in chronological categories (Late Classic n=23; 

Terminal Preclassic n=44).  
 

In the second analysis the sherds were divided into pottery fabric/texture as in the 
Mood’s median test. The groups appear to cluster to some extent, but not exclusively 

(Fig. 5.70). The division of the groups was somewhat arbitrary, which can be seen in 
the plot whereby adjacent categories on the ‘spectrum’ plot near to each other, for 

example fine and medium-fine. To some extent coarse and medium-coarse plot 
together, although there are two separate coarse groups.  

                                                        
45 Samples = 67; Species = 30; Variance 1 = 0.196, 2 = 0.023, 3 = 0.004, 4 = 0.004.  
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Figure 5.70. Sherd compositional data, grouped by pottery fabric or texture (Fine n=8; Medium-

fine n=3; Medium n=17; Medium-coarse n=12; Coarse n=27).  
 

 

Impact of sieving on results 

For some sherds, the manual grinding method, with the mineral fabric of the sherd, 
resulted in a coarse fraction that could not be sieved with the 60 micron sieve (Table 

IV.XXII, Appendix IV). To investigate the potential for any particle size effects on 
composition, for five sherds the composition of this coarser fraction was also analysed, 

to compare with the results of the sieved material. These sherds were MG-SH4, MG-
SH20, MG-SH27, MG-SH32 and MG-SH67. A Wilcoxon signed-rank test was used to 

compare compositions, since this test compares two sets of scores from the same 

participants when data is non-parametric (Field, 2013, p. 228). For each element, the 
results of the coarser and finer fractions were compared, and the significance of any 

difference was calculated. The results show significant differences for all comparisons 
(Figs. IV.VI-X, Appendix IV). For sherds MG-SH4, MG-SH20, MG-SH27 and MG-SH32 

composition values were significantly lower in the non-sieved (coarser) fraction, and 
the test produced effect size (r) values above .5, which represents a large change in 

measurements between the sieved and not sieved, according to Cohen’s benchmark of 
.5 (Cohen, 1988, 1992; Field, 2013, pp. 82, 234). The elements that differed between 

samples were not identical, but Si, Zr and Pb were common across samples. Zr and Pb 
were likely present in mineral form as inclusions and Si as quartz inclusions. These 

inclusions would be very resistant to manual grinding and thus the differences between 

fractions is unsurprising. The Wilcoxon signed-rank test results suggest that there are 
problems with the preparation method that should be attended to prior to future 
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analyses, and that compositional results should be treated with a degree of caution. A 

ball mill was tested as a more efficient means to grind the sherds, but unfortunately this 
was also problematic (see Chapter 4.3), so alternatives would need to be investigated.  

 

Reliability and validity 

The number of samples necessitated four runs of analyses. The same reference 

sample with known composition was placed in each run of the machine to ensure 
accuracy (validity) and consistency (reliability) (Table IV.XXIV, Appendix IV). Using 

both Excel and SPSS, a Cronbach’s alpha test was performed on the four sets of 
reference sample results to test equipment reliability via result consistency (Table 

IV.XXXII, Appendix IV). Cronbach’s α = 1.00 (2 d.p.) for both Excel and SPSS 

calculations, and is evidence for high reliability (Field, 2013, pp. 706–716) or 
consistency of the equipment. The results remained the same when minor and major 

elements were separated to minimise effects from the use of a large range of values 
(Tables IV.XXXIII & IV.XXXIV, Appendix IV). A Wilcoxon signed-rank test in SPSS was 

used to compare the results of the reference sample from each of the XRF sessions to 
its expected composition (Lynch 1990), to determine any significant deviations. Across 

all measurements the test results showed no significant difference to the expected 
reference composition (critical value .05) (Fig. IV.XI-XIII, Appendix IV). These results 

suggest that the equipment was performing consistently and accurately across the 
different runs. Results from different sessions are therefore comparable and there is 

confidence in the measurements.  

 

5.4.2 XRF discussion 

The results demonstrate the variation in the pottery at Marco Gonzalez. This variation 
illustrates the importance of compositional analysis for the determination of inputs for 

the LCA. Many of the elements that vary amongst the sherds are those that can 
contribute to environmental impact, particularly soil fertility, such as K, Fe and P. As 

might be expected, there appear to be a variety of factors that influence pottery 
composition. Time (level) and texture appear to be among those factors. Ting (2013) 

demonstrated the variation in Postclassic pottery composition at Marco Gonzalez, and 
the analyses in this thesis, although far more preliminary, demonstrate the variety 

present in earlier periods.  

 
For the LCA in Chapter 6, the sherds in this analysis were used to guide the 

compositions included in the inventory. The minimum value for each element, for each 
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lot, was applied in the LCA as a conservative measure. XRF output is given as oxide 

weight per cent (then converted ppm). These results were converted to weights for 
each element using atomic weight. Although the compositional results demonstrate 

variation that is not represented in the data applied in the LCA, the application of more 
specific values would be ineffective and would bias the investigation towards particular 

periods, since composition data are not available for all occupation periods. In addition, 

the available compositions are for sherds within a particular size range, recovered by 
one recovery method. It is currently unknown how representative this sampling method 

is. Instead, the values used in the LCA serve the experimental application of the LCA 
method. The composition results highlight the importance of compositional data in this 

type of approach to waste and soils and identify avenues for future research. For future 
investigations, a more detailed approach would be necessary to enable accurate 

chemical characterisation of pottery waste. Some of the issues with method, as 
demonstrated in the comparison of coarse and finely ground fractions, would also need 

to be addressed. Portable XRF, although not without problems, could possibly be used 
to analyse every sherd included in an LCA inventory. Although labour intensive, this 

would provide a more accurate approach to the profiling of pottery waste that would 

better account for variation.   
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CHAPTER 6 

An Archaeological Life Cycle Assessment  
 
This chapter provides an example of an application of Life Cycle Assessment (LCA) in 

archaeology. I demonstrate the potential value of LCA in the investigation of 
associations between waste and environmental impact; 'waste' is defined here as the 

material remains of human occupation. Without a preexisting archaeological LCA 

toolkit, and with far more still to be learned about activities at Marco Gonzalez, the 
current LCA application is naturally somewhat limited. The limitations are particularly 

pertinent for soil and land use, since these impact categories are not standard, or not 
recommended, inclusions in LCA (European Commission, 2012, pp. 3–4; Chapter 3). 

The LCA presented here investigates waste disposal at Marco Gonzalez, but it also 
aims to provide the basis for an expansion of the application in future, to examine 

production-based activities such as Late Classic salt production. The analysis applies 
the LCA method described in Chapter 3, and follows standard LCA terminology and 

procedure where possible, to evaluate the available toolkit, which can then be built 
upon in future research. One potential source of dissonance between the use of 

standard LCA procedures and research at Marco Gonzalez is LCA's distinction 

between technosphere and ecosphere (European Commission, 2010, pp.93–94; 
Chapter 3). Research at Marco Gonzalez broadly uses Graham's (2006, pp.71–72) 

framework for Neotropical Dark Earths (Chapter 3). This framework considers human 
activity and waste disposal to be part of a complex interaction of human and non-

human components that operate in the same sphere. LCAs of modern agricultural 
systems are an exception to distinct techno/ecosphere boundaries since they define a 

system that includes more crossover between human and non-human factors, and 
non-human biotic and abiotic factors can be considered part of the technosphere. LCA 

guidelines state that, since an agricultural site is viewed as part of the technosphere, 

only the substances that leave the agricultural-spatial boundaries should be inventoried 
as emissions to the ecosphere. Substances that accumulate, such as strongly bonded 

heavy metals and persistent organic pollutants (POPs), are recorded in the 
technosphere as unspecified emissions to soil, and are not included in off-site impacts 

such as leaching, unless there is evidence for erosion (European Commission, 2010, 
pp.233–234). This on-site/ off-site distinction cannot be applied at Marco Gonzalez, 
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however, where the impact of waste deposited on-site is the subject of investigation. 

Instead of a spatial classification for the boundary that identifies technosphere or 
ecosphere, I instead apply a behavioural distinction. Material culture therefore moves 

from the technosphere to the ecosphere in the period following discard, abandonment 
or otherwise end of usage – and thus becomes defined as ‘waste’ – when processes 

such as decomposition and site formation act on the material. LCA guidelines for 

modern waste modelling can support the modelling of waste at Marco Gonzalez, 
particularly models for 'littering' or 'discard to nature' (European Commission, 2010, 

p.244), defined as informal disposal, without systems for processing or treatment. For 
littering, the waste product is modelled as part of the technosphere. Guidelines indicate 

that the waste should then be deconstructed into single substance emissions that enter 
the soil, water and air (ecosphere) for environmental impact, and the waste should also 

be recorded as mass, where appropriate.  
 

An LCA of waste requires a quantitative understanding of scale, activity processes and 
waste materials. Archaeological data that might be used for this purpose present some 

particular quantification challenges that are familiar to archaeologists. These issues 

include a preservation bias towards durable materials, the inability to measure directly 
many non-solid wastes, and the inability to estimate accurately total activities based on 

excavation of only a small part of the site, alongside the loss of material from 
decomposition and other processes. The determination of scale for activities, or other 

aspects such as population size, is also typically complex and problematic in 
archaeology (e.g. Zorn, 1994). It is also unusual in a modern LCA, however, to have 

actual data for all material flows (ISO, 2006b, p. 10; Chapter 3). Even an LCA with 
estimated data may be able to identify potential environmental impact hotspots, which 

can then be investigated with the addition of other datasets.   
 

Temporality is also an important consideration. Standard LCA defines 100 years as the 

limit for short-term emissions (European Commission, 2010, p. 225). Guidelines advise 
that emissions within the first 100 years should be included in the general life cycle 

impact assessment (LCIA), but longer-term emissions should be calculated and 
presented separately. The 100 year period is justified by 'fundamentally different 

uncertainty: emissions today can be measured, emissions from landfills in 100 years 
can only be roughly forecasted' (European Commission 2010, p. 225). For 

archaeology, however, the situation is somewhat reversed in that archaeologists are 
more easily able to identify broad environmental changes at longer-time scales than at 

time periods such as 10 or 100 years following emissions. The LCA results are 
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produced at a fairly low level of resolution because emissions are presented as totals 

that do not indicate the rate of emission or a timeline for the effect of emissions 
(European Commission, 2010, p.226). As a result, for situations such as at Marco 

Gonzalez, it is difficult to attribute the impact of emissions to particular periods in the 
site’s history. This may mean, therefore, that LCA results using typical characterisation 

models do not produce results suited to the investigation of long-term environmental 

histories in an archaeological context. Instead, it will be necessary in future research to 
develop characterisation methods more suited to archaeology or specifically to the 

context at Marco Gonzalez. The LCA results are therefore most valuable as a basis for 
exploring more complex impact relationships with other methods.  

  
 

6.1 Goal and Scope 

This LCA investigates the potential local environmental impacts from waste disposal at 
Marco Gonzalez. It aims to answer:  

1. Which period at Marco Gonzalez may have most impacted the local 

environment at Marco Gonzalez, as a result of the degradation of waste from 
occupation activities?  

2. Which waste materials may have most impacted the local environment at Marco 
Gonzalez, from the time of deposition? 

3. In association with 1. and 2., which activities may have most impacted the 
environment? 

 
This LCA is an attributional and accounting analysis (Chapter 3), since it examines 

each period or material in isolation, before a comparison of the final life cycle impact 
assessment (LCIA) results. The assessment is motivated by the general research aims 

to understand the relationships between cultural activities, soils and long-term 

environmental history, with particular interest in soil mass and soil chemistry. An 
additional motivation is an evaluation of the applicability of LCA for archaeology. The 

approach, as a result, focuses on the LCA methods as well as the LCIA results. The 
LCA has been performed manually, since the system-specific variables – materials and 

activities – are not available in LCA software; LCA databases were, however, 
consulted for characterisation in the LCIA.  
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System boundary 

Waste and any waste transformation processes occur at the end of a longer life cycle, 

and as part of a larger system. At Marco Gonzalez this system life cycle would have 
included on- and off-site processes, for example on-site salt production or off-site 

pottery production. Waste can, however, also be approached ‘as a production process 
in which discarded products are used as raw material for production of new materials 

or energy’ (European Environment Agency 1998, 45). In accordance with unmanaged 
waste disposal guidelines (European Commission, 2010, p.244), waste discard and 

transformation at Marco Gonzalez are considered a foreground system, with preceding 
processes in the background system; this approach has also been applied to landfill 

(e.g. Nielsen and Hauschild, 1998). The foreground system refers to the part of the 

system, and the processes and their relationships within its defined boundary, that is 
the focus of the environmental impact assessment in the LCA. The background system 

includes the processes that are associated with the foreground system, but which are 
not investigated in the LCA. In the Marco Gonzalez LCA, consistent with littering 

guidelines, decomposition of the waste is attributed to the technosphere and occurs 
within the system boundary; decomposition products are considered emissions that 

enter the ecosphere (European Commission, 2010, pp.243–244). The defined 
boundaries permit the investigation of environmental impact from waste materials and 

decomposition products, in alignment with the stated LCA goals.  
 

Consequently, the processes included within the system boundary for this LCA are the 

deposition of waste and the decomposition of waste. The elementary flows are the 
emissions from decomposition that enter the ecosphere (Fig. 6.1). Deposition here 

refers to final deposition after post-depositional processes, where relevant. Deposition 
may therefore include human activity or non-human action, such as the colluvial 

deposits dated to the Terminal Preclassic (Graham et al., 2017, p. 126; Macphail et al., 
2017, p. 36).     
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Figure 6.1 The definition and relationship of the foreground and background systems. The large 
arrow entering the foreground system represents the aggregation of waste from all of the 
processes in the background system. 
 
 

LCA-appropriate data are affected by preservation and taphonomy, therefore the 
entirety of disposed material at Marco Gonzalez cannot be assessed. In the tropical 

environment, many materials have degraded beyond recognition such as textiles, non-
charred food remains and wooden/other organic objects, which include timber and 

thatch buildings. Quantification is also affected by the partial degradation of more 

stable materials via processes such as erosion. In this LCA. I therefore aim for a lower 
level of data completeness than would be endeavoured in a contemporary LCA.  

 
It is currently only possible to focus the analysis on waste that has survived, in a 

tangible sense. Owing to the study of these surviving materials, this Marco Gonzalez 
LCA might be said to measure impacts that will happen in the future if the material 

breaks down, since the materials have clearly not yet decomposed and contributed 
chemically to environmental impact to any great extent; results from the bulk analyses, 

soil micromorphology and observation of artefacts, do indicate the degradation of 
waste to some degree (Graham et al., 2017; Macphail et al., 2017). The waste that is 

currently tangible maintains a relationship with the original waste profile, a relationship 

that will need to be established with further research at Marco Gonzalez with an 
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increased understanding of site formation processes, decomposition, and the local 

ecosystem. I also include in my analysis wastes that have decomposed – for example 
burial soft tissue and excreta – but which can be estimated from known information. In 

this way the Marco Gonzalez LCA is able to consider – to the best of current 
knowledge – all wastes for which we have evidence, that were deposited on-site. Thus 

I treat the waste at Marco Gonzalez as though it had been freshly deposited, and 

impact is studied from the time of deposition to the present, since the research at 
Marco Gonzalez seeks to understand the shape of the present on-site environment. 

Since the analysis deconstructs the materials into elements, the scenario tested 
assumes the decomposition of all wastes in situ. The LCA results will provide a basis to 

question the data and consider how the state of the current environment, and other 
information relating to environmental history, might be explained by some of the 

impacts – and their relationship to waste – that are demonstrated in the LCA. 
Temporally, the LCA examines impacts from the time of waste deposition up to the 

present day. To be more accurate, however, current LCA is not fully equipped to 
consider impacts on the long-time scales that archaeologists are familiar with, and 

therefore the impact outcomes from the analysis in reality examine impacts in the short 

term, likely around 100 years. These short-term impacts may have legacy effects so 
they are still worth considering. The development of longer-term impacts is something 

that could be attended to in future research. For now, these shorter-term impacts are 
effective to test the LCA application to archaeology, and also as a basis to consider the 

processes through which waste deposition can impact the surroundings.  
 

To address the first LCA goal, systems are identified chronologically, based on Maya 
periods. Systems are associated with depth (lot), which are attributed to Maya periods 

based on relative stratigraphy and ceramic chronology. The chronologically-defined 
waste systems are: Terminal Preclassic; Early Classic; Late Classic; Postclassic (Table 

6.1). Each chronological system can, based on the excavation and laboratory data 

(Graham et al., 2017, p. 125,132; Macphail et al., 2017; Chapter 5), be broadly 
characterised according to the activities that created the waste:  

• The Terminal Preclassic can be characterised by dense town occupation, with 
household activities such as fishing and cooking. This characterisation is 
supported by the fish bone-rich midden deposits revealed in excavation, and 

the economic, edible taxa identified in my archaeobotanical analysis.  

• The Early Classic is characterised by an increase in construction and trading of 

pottery and lithics.  
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• The Late Classic is characterised by salt production on a seemingly large scale, 
as suggested by pottery, plaster floors, intertidal sediments, ashy deposits, and 

the dominance of woody remains, with a comparable deficiency of edible 
botanical taxa, suggesting a burning activity.  

• The Terminal Classic and Early Postclassic are characterised by trade and 
some construction (lime floors in the soil micromorphology), followed by 

eventual Postclassic abandonment of occupation, although some activities 
continue. The Postclassic levels also contain humic material. 

 
The chronologically-defined systems contain lot-based data from two of the 2013 

excavated operations (Table 6.1) (Chapter 5.1). I selected lots based on an appraisal 
of data availability, to maximise the assessment of waste throughout the site's history 

given the available data. The main driver for the selection of lots was the availability of 

micro-artefact data, since this was a major source for quantification data, and full data 
for all excavated lots were not available (Appendix IV.I). I also considered the lots that 

had been sampled for archaeobotany and soil micromorphology because these 
datasets were also used in the inventory.   
 

Table 6.1 The lots included in each chronological system in the Marco Gonzalez LCA.  
Operation/ 
excavation 
pit 

Lot Chronological 
system  

13-2 360 Postclassic 
361 

13-1 364 Late Classic 
367 
369 
371 
374 
377 
382 Early Classic 

13-2 391 Terminal 
Preclassic 392 

393 
 
 

To address the second question posed in the goal, the same lot-based data are 

grouped into systems that are defined by material types: pottery, charred (carbonised) 

organics, ash, human remains, fish bone, shell, coral, lime, obsidian, chert, reefstone, 
and human waste. These materials reflect the classifications used in excavation, 

artefact and micro-artefact counts.  
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Functional unit 

The function of the system is defined as 'the accumulation and degradation of 

occupation waste’. The functional unit (FU) is defined spatially to examine the effect of 
waste disposal within a demarcated area. The footprint of excavated operations 

informs the spatial unit. This scale is appropriate, owing to the collection of the majority 
of the data at this level. The two operations used in the LCA differed in size (Op 13-1: 

2.25 m2; Op 13-2: 1.62 m2). Data are scaled to the smallest operation area, measuring 
1.62 m2, to avoid the need to make assumptions for upscaling. To apply the functional 

unit, data from the larger operation (13-1) are downscaled to seventy-two per cent of 
their original value. The functional unit is defined as: 'complete degradation of Maya 

waste deposited in a 1.62 m2 area’.      

 

Impact categories, normalisation and allocation 

In accordance with the LCA's goals, the categories for the impact assessment are 
those relevant to 'local' impact, meaning on-site, the caye, and the surrounding marine 

environment i.e. impacts that affect climate are omitted. The categories for the LCIA 

are selected from standard LCA categories and concern: eutrophication (marine, 

freshwater)46, human toxicity and ecotoxicity (terrestrial, marine, freshwater) (European 

Commission, 2010, pp.117, 243–244), with the additional category of total solids. The 
categories were chosen after consideration of the categories that are deemed reliable 

by the LCA guidelines, the available waste data for Marco Gonzalez, and the 
emissions data and how this could be attributed to impact categories. Freshwater 

eutrophication at the site – dependent on processes such as erosion, runoff or 
percolation to produce effect – would be a risk for the freshwater lagoons in the vicinity 

of Marco Gonzalez. Freshwater ecotoxicity – through effects such as mortality, stunted 
growth, disrupted reproduction and mutation of organisms – would also be a risk for the 

freshwater lagoons and also possibly the freshwater aquifer below ground. As the 

freshwater aquifer would have been a water source for occupants, this pathway could 
also have been a risk to human health. Marine eutrophication and ecotoxicity could 

have been a risk to the mangroves, seagrass meadows, coral reefs and other marine 
environments (Chapter 1) in the offshore environment that is fairly close to Marco 

                                                        
46 Eutrophication is defined as 'the enrichment of water by nutrients, especially nitrogen and/or 
phosphorous and organic matter, causing an increased growth of algae and higher forms of 
plant life to produce an unacceptable deviation in structure, function and stability of organisms 
present in the water and to the quality of water concerned, compared to reference conditions' 
(Andersen et al., 2006, pp. 626–627). 
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Gonzalez. The lagoons on Ambergris Caye are freshwater, brackish and saline water. 

The salinities of some of the lagoons, such as the large Boca Ciega Lagoon near to 
Marco Gonzalez, are dependent on the interaction with marine waters, and the salinity 

fluctuates over time (Dunn and Mazzullo, 1993, p. 125). To some extent, therefore, it is 
difficult to attribute marine or freshwater impact categories to specific locations, since 

these lagoons would have some salinity but also do not function entirely like marine 

environments. For the remaining categories, terrestrial ecotoxicity would be a risk for 
on-site terrestrial organisms. Human toxicity would have been a risk for the occupants 

at Marco Gonzalez. The total solids is an on-site consideration, from the physical 
presence of waste, that could alter on-site topography or contribute to increase in soil 

mass.  
 

Normalisation and the means to address multifunctionality are not necessary for this 
LCA, neither to fulfill the stated goals nor to separate data (Chapter 3.1.4). The use of 

standard LCA categories is appropriate for the first investigation with LCA at Marco 
Gonzalez, to determine how the analyses function with archaeological data and identify 

where developments can be made in future. Unfortunately using standard categories 

necessitates the inclusion of only ‘negative’ impacts from human activity, which is at 
odds with the overall research aims to consider enhancement alongside degradation 

and contamination at Marco Gonzalez. The inclusion of ‘negative’ impacts, however, 
provides a useful function that contextualises the identification of increases in soil mass 

and soil productivity, or otherwise perceived ‘benefits’. Particularly in relation to the 
application of results to the modern world, and in regards to policy making and 

strategising, it is important to consider risks that may accompany any benefits from 
waste repurpose or soil treatments.  

 
Larrea-Gallegos and colleagues (2017, p.1121), for their LCA of road construction in 

tropical Peru, remark that their results may be at risk of limitation, owing to 

characterisation factors that are not adapted to South America. The same can also be 
said of Belize. They note, however, that the heterogeneity of European environments 

suggests that characterisation factors – developed mainly in European contexts – have 
some degree of flexibility and are not invalid for tropical environments. Even so, they 

suggest that there are a wide range of tropical environmental impacts that are not 
currently quantifiable in the LCA method. As a result they finish their assessment at 

midpoint characterisation because endpoint characterisation would underrepresent 
impact and consequently lack validity (Larrea-Gallegos et al., 2017, p. 1121). For the 
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LCA at Marco Gonzalez, I follow Larrea-Gallegos and colleagues and terminate 

characterisation at midpoint level.  
 

Data for the LCI 

The life cycle inventory (LCI) data originate primarily from the 2013 excavations. Waste 
materials were broadly categorised. I endeavoured to quantify waste as extensively as 

possible, with a variety of data, for example from excavated features, artefact counts, 
wet-sieving counts, and other sources such as soil micromorphology (cf. Graham et al., 

2017; Macphail et al., 2017).  
 

Data from wet-sieved material permits quantification of smaller fractions that would 

otherwise not be quantified. This micro-artefact material also represents matter that is 
more comminuted and therefore closer to sedimentary material. Although material was 

collected in 1/8 (0.125–0.25’’ fraction), 1/4 (0.25–0.5” fraction ) and 1/2 (>0.5” fraction) 
inch meshes (Chapter 4.2), the sampling was incomplete and thus there were not 

adequate data for the two smaller mesh sizes across all levels. As a result only the 
data for the material collected in the 1/2 inch mesh were used. Materials were also 

quantified with conventional artefact counts, which is the material collected by 
excavators either owing to size or rarity. The 2013 artefact count data, however, lacked 

the mass or volume information required for the LCI. Artefact counts were converted 
into a conservative estimate of mass, with a per fragment average mass that was 

calculated from the relevant 1/2 inch micro-artefact sample. Owing to the incomplete 

micro-artefact sampling, some lots were without micro-artefact data. In the lots without 
micro-artefact data, mass values for the artefact count fragments were taken from the 

nearest equivalent lot. Alternatively, in the absence of 1/2 inch micro-artefact samples, 

fragment mass was scaled from one of the smaller fractions; doubled for 1/4 inch.47 

Although this method was not perfect, it was the only way to provide some form of 
quantification across the board. For artefact counts, mass is scaled to the functional 

unit to calculate total mass for the LCI. For wet sieved material, the total mass is 
divided by the processed volume to calculate density, which is multiplied by lot 

volume48 to estimate the total, and then scaled to the functional unit (Appendix V.II). 

                                                        
47 MG 360 and 361 were without micro-artefact data and used per fragment masses from MG 
375 (also Postclassic); MG 375 data were for 1/4 inch fragments, so masses were doubled. MG 
382 was without micro-artefact data. Using available data from other Early Classic lots, pottery 
and shell mass were taken from MG 383, bone from MG 390, chert from MG 391 and obsidian 
from MG 393. Tests on lots with all size fractions demonstrated the effectiveness of upscaling 
results for smaller fractions.  
48 Where depth was not consistent, midpoints were used for volume calculations.  
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Soil micromorphology results were also used to quantify wastes that could not be 

quantified via other datasets, as discussed below with the appropriate materials. For 
defined features or materials, the soil micromorphology analyses record relative 

abundance, which was used, via level volume, to quantify wastes; this method is 
described in detail below, in section 6.2.1 (Ash). In addition to wastes that were 

physically encountered, the LCA also considers 'co-wastes': wastes that can be 

assumed confidently to have accompanied other wastes and that can be quantified 
from other data. The Marco Gonzalez LCA includes two co-wastes: dioxin-like 

compounds produced from burning, alongside charcoal; human soft tissue, as an 
accompaniment to skeletal material in burials.  

 
Bisinella and colleagues (2017) emphasise the importance of chemical composition for 

LCA of waste. Composition data are used in this LCA as emission data. Composition 
specificity for each waste material is dependent on the available data, for example 

whether taxa were identified or if composition was measured directly with XRF. In the 
absence of specific data, standard compositions were used, for example the average 

composition of the human body. LCAs of modern landfill usually also estimate product 

emission data, since factors such as uneven distribution, mixture of emissions, and the 
extensive period for emission release, can impede the direct measurement of total 

emissions (Nielsen and Hauschild, 1998, p. 158). Many of the wastes at Marco 
Gonzalez are materials with reasonably standard compositions. For these materials, 

published reference compositions are used to approximate overall chemistries. Where 
variation (e.g. species) has a minimal effect on composition, I sourced reference values 

that most closely approximate the material expected at Marco Gonzalez. For a minority 
of materials, compositions are more unpredictable and direct compositional analysis is 

valuable, for example XRF of pottery. Across the compositional data, the analyses 
prioritise major element composition, unless specific minor elements are of particular 

relevance to environmental impact. This approach is approximate, but the 

effectiveness of approximation is supported for waste investigations elsewhere, as the 
basis to form an operational tool that can be modified when new data become available 

(e.g. Nielsen and Hauschild, 1998, p. 159).  
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6.2 LCI 

6.2.1 Composition and quantification methods  

In the absence of decomposition models, emissions are inventoried as single elements 

to create a foundation that can be modified when on-site decomposition is better 
understood. Bisinella and colleagues (2017, p.1182) also inventoried single elements 

in their LCA of modern waste management.  
 

Charred plant matter 

The quantification of charred botanical waste applies data from my archaeobotanical 
investigation, of material >1 mm. Total mass (g) per lot was estimated with:  

 
[mass archaeobotanical material in sample (g)/volume floated (m3)] x total lot volume (m3)  

 

The value was then adjusted to the functional unit. For Flot2013.7 – a combination of 
lots MG 391 and 392 – the density was calculated for the entire flot and then the mass 

calculated for each lot (identical because of equal lot volume). Of the lots in the LCA, 

only MG 382 lacked archaeobotanical samples. The lot was not observed as 
distinctively dark in excavation, but it did contain ash (below); it was inventoried in the 

LCI as '0, missing important’.  
 

Wood charcoal's carbon weight per cent ranges c.50–95 per cent, with variable ash 
and volatile matter. An average of 70 per cent carbon (5% ash, 25% volatile matter) is 

quoted for blast furnaces (FAO Forestry Department, 1985, Table 2), but composition 
is dependent on factors such as burn temperature and species (e.g. Eugene, 1882, pp. 

228–229; Labbé et al., 2006, p. 3493). Rhizophora sp. is reported to produce 90.9 per 
cent carbon, 4.1–4.2 per cent volatile matter and 4.9–5.0 per cent ash (Jara, 1987, 

Table 4: no burn temp.). Unspecified 'mangrove' is reported to produce c.77.15 ±0.13 

per cent carbon at 500oC (moisture = 0.09 ±0.02, volatile matter = 18.45 ±0.14, ash = 
4.39 ±0.00), c.86.95 per cent carbon at 750oC and c.85.72 per cent carbon at 1 000oC 

(Prathomtong et al., 2016, p. 1375). Conveniently situated for Marco Gonzalez, 
mangrove is a potential fuelwood source. The temperatures for all charcoal produced 

at Marco Gonzalez are unknown, but Morris (2011, pp.47–48) suggested temperatures 
of c.400/500oC for salt production levels. This temperature is consistent with the low 

sustained temperatures required for heating brine (Reina and Monaghan, 1981). Other 
activities, however, could have produced charcoal at different temperatures. 

Temperatures around 950oC, for example, are required for complete conversion of 
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limestone to lime in lime production (English Heritage, 2012, p.29). With these 

considerations, a conservative value of seventy-five per cent carbon was applied to 
wood charcoal (Table V.XV, Appendix V). When charred, non-wood botanical material 

possesses a similar carbon content to wood. For example at 400oC modern Pisum 
sativum seeds measured seventy-seven per cent weight carbon, whilst archaeological 

specimens, with an estimated burn temperature of 410oC, contained 68.2 per cent 

carbon (Braadbaart et al., 2004, p. 829–832, Fig. 5). A seventy-five per cent carbon 
mass content was therefore applied across all charred botanical remains. Non-carbon 

content is more variable and cannot be detailed at present. The non-carbon 
composition is inventoried as twenty-five per cent mass, 'missing important'; the 

absence is not deemed critical, since carbon is anticipated to possess the biggest 
potential for environmental impact (Table V.XV, Appendix V).   

 

Ash 

Ashy levels were visible in section for each of the operations, but for greater accuracy 

their masses were quantified via the soil micromorphology results because each ‘level’ 
in section contained a number of ashy and non-ashy levels at the microscopic level 

(Table V.IV, Appendix V). Soil micromorphology features were recorded as semi-
quantitative relative abundances and frequencies that equate approximately with per 

cent ranges49 (Richard Macphail, pers. comm. 2014). For per cent ranges, the midpoint 

was used as an estimate, and for less or more than values, the numerical value was 

applied alone (e.g. <2 as 2%). Where more than one thin section was prepared for a 

lot, the mean per cent was applied (Table V.XVI, Appendix V). Ash 
abundance/frequency was compared to the abundance/frequency for charcoal in the 

same thin sections, and ash was converted into a proportion of the charcoal. This 
proportion was used to estimate ash volume, as a per cent of the total charred 

botanical material (from the archaeobotanical results). Naik and colleagues (2001, p.3) 
present an average bulk density of 0.827 g/cm3 (range: 0.663–0.977) for wood-origin 

bottom ash50. Other materials produce a lower density ash, for example 0.41–0.59 

g/cm3 for sugarcane bagasse (Grau et al., 2015, p. 6964). The archaeobotanical 

results suggest that the majority of ash at Marco Gonzalez would be wood-derived 

                                                        
49 Abundance: (a) rare <2% [a*1%; a-1, single occurrence]; (aa) occasional 2–5%; (aaa) many 
5–10%; (aaaa) abundant 10–20%; (aaaaa) very abundant >20%. Frequency: (*) very few 0–5%; 
(f) few 5–15%; (ff) frequent 15–30%; (fff) common 30–50%; (ffff) dominant 50–70%; (fffff) very 
dominant >70% (Macphail et al., 2012, p. 93). 
50 Grau and colleagues (2015, p.6964) give a midpoint density of 0.82 g/cm3 from the same, or 
similar, data. 
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(Chapter 5). An ash density of 0.8 g/cm3 was therefore applied to convert volume to 

mass.  
 

SEM/EDS results for ashy areas in the thin sections (Macphail et al., 2017, Appendix 
A) (Table V.V, Appendix V) were not used for composition because of potential post-

depositional effects on chemistry, such as leaching.51 Instead, published ash 

compositions were applied in the LCI. Although the majority of ash is likely to be wood-
derived, I also accounted for other botanical, and also faunal, material. The proportions 

for each ash type were taken from evidence of burned bone and charcoal in the thin 
sections, and the archaeobotanical results (Table V.XVI, Appendix V).  

 
Ash proportions were calculated by:  

f = (b/ [b + c])*100 
p = (c/ [b + c])*100 

w = (a/100)*p 
n = (x/100)*p 
(where: f = proportion fish-derived ash; b = frequency/abundance of burned bone in thin section; 
c = frequency/abundance of charcoal in thin section; p = proportion plant-derived ash; w = 
proportion wood-derived ash; n = proportion non-wood-derived ash; a = % volume wood from 
archaeobotanical results; x = % volume non-wood from archaeobotanical results)  
 

The proportional data were applied to total ash mass to estimate mass for each ash 
type. Ash composition, like charcoal, is dependent on taxa and combustion 

temperature (e.g. Hecht, 2003, p. 365). In the absence of specific data, general fish 
bone ash compositions from Morgulis (1931, p.460) were averaged and applied to the 

fish-derived ash (Table V.I, Appendix V). Wood ash composition was derived from 
general wood ash values from Risse and Gaskin (2013, Table 1) (Table V.II, Appendix 

V). Non-wood ash composition, with a paucity of reference data, was calculated from 
average values for Zea mays (maize) kernel and straw (Wolff, 1871, pp. 36–37) (Table 

V.III, Appendix V).   

 
Soil micromorphology thin sections were unavailable for MG 361, 392 and 393, 

therefore ash could not be inventoried for these lots in the LCI; they were recorded as 

                                                        
51 Comparison of the SEM/EDS results with the values used in the LCI calculations did in fact 
demonstrate great similarity, aside from calcium, which is far greater for SEM/EDS (Appendix 
V.I.I) (Table V.V, Appendix V). The elevated calcium might be explained by the ash deposits 
being located in 'calcareous' levels that likely include other calcium carbonate-type materials 
such as lime and shell.  
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'0, missing important' (Table V.XVII, Appendix V). MG 392 and 393 are anticipated to 

contain similar quantities of ash as MG 391, owing to the characterisation of all three 
lots as household midden, and similarities in the archaeobotanical results (Chapter 5). 

 

Dioxin-like compounds 

Alongside charcoal and ash combustion wastes, dioxin-like compounds are also 

inventoried. Dioxin-like compounds frequently accompany ash but, for an 
archaeological LCA, charcoal waste is the most accessible means of dioxin 

quantification. PCDDs (Polychlorinated dibenzodioxins) and PCDFs (Polychlorinated 
dibenzofurans) form as combustion by-products in the presence of chlorine (Martin and 

Stutt, 2009, pp. 1–2). PCDDs and PCDFs are predominantly atmospheric emissions, 

present in fly ash (Martin and Stutt, 2009, p. 4), so it is possible that on-site impact may 
have been low. If activities such as salt production were conducted under cover, 

however, as observed ethnographically at Sacapulas (Reina and Monaghan, 1981, pp. 
24–28), then fly ash and dioxins are more likely to have been retained in situ. It is 

possible that the fine ‘charcoal’ at the site may actually be fly ash. Chlorine, from salt 
production and local saline environments, may have elevated PCDD/F formation; 

burning of coastal, salt-laden wood52 has been shown to elevate PCDD/F levels in soot 

and fly ash (U.S. Environmental Protection Agency, 2006, pts 1-35; Van Oostdam and 

Ward, 1995, p. iii).  
 

Dioxin-like compounds may enter soils via: atmospheric deposition, dissolution in 

precipitation, association with atmospheric aerosols; atmospheric turbulence, diffusion 
or settling; or vegetation decay, including particle and gaseous organics with 

atmospheric origins (Cousins et al., 1999, p. 2510; Martin and Stutt, 2009, p. 4). The 
formation and persistence of PCDD/Fs is dependent on a number of factors; high 

temperatures, for example, may cause vaporisation and thus translocation (Walsh et 
al., 1994, p. 286). Translocation may occur whilst still associated with ash; soil baseline 

levels may return after a forest fire, where weather erosion of ash decreases the 
initially elevated dioxin levels (Kim et al., 2003, p. 183). Once in soils and sediments, 

however, dioxin-like compounds are generally immobile, particularly when highly 
chlorinated, as they strongly adsorb to organic matter (ATSDR, 1998, p. 379). The 

compounds also bio-accumulate in aquatic and terrestrial biota.  

                                                        
52 'Salt-laden wood' is defined as wood that prior to burning as fuel is exposed to seawater 
during transportation, storage, or otherwise (U.S. Environmental Protection Agency, 2006, pt 4-
51).  
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The mass of burned organic matter can be used to predict an emission value for 

PCDD/F toxic equivalency (TEQ). A mean emission factor (for PCDD/F) of 5.83 ng 
TEQ/kgCb (Cb = per kg of carbon burned) for forest fires is given by Gullett and 

colleagues (2008, p.8004). Salt-laden fuelwood is recorded with elevated TEQ, for 
example 13.2 ng TEQ/kg biomass combusted (U.S. Environmental Protection Agency, 

2006, pts 1-34, 1-35).53 The TEQ for salt-laden wood was applied in the LCI because 

of the strong likelihood of salt exposure at Marco Gonzalez (Appendix V.II.III).  
 

At Marco Gonzalez, the quantification of the mass of burned plant matter is only 
accessible via the wood charcoal that remains. The estimation of original mass from 

charcoal is problematic because of the variables that affect formation, such as wood 
density and bark structure (Fréjaville et al., 2013, p. 22). Nonetheless estimations 

provide a basis for further investigation. Yields for simple charcoal kilns can be applied 
to convert plant mass to charcoal mass. Cornelissen and colleagues (2016, p.5) 

present mass yields of 18.0, 27.0 and 25.0 per cent (dependent on feedstock) for 
conical soil pit kilns; earth mound kilns in Thailand are reported to produce dry yields of 

28.2, 28.4 and 32.7 per cent (average 29.8%) (Smith, K. R. et al., 1999, p. 15); and 

Kenyan earth mound charcoal kilns are reported with yields of 21.6, 22.6, 28.0 and 
34.2 per cent (increase with kiln size) (Pennise et al., 2001, p. 24,148). Dedicated 

charcoal kilns, designed for some level of production efficiency, are assumed to 
provide higher yields than would be expected at Marco Gonzalez. The application of 

kiln-based yields provides conservative estimates for the amount of biomass burned at 
Marco Gonzalez and thus also the quantity of dioxin-like compounds. The LCI employs 

the most conservative value of an eighteen per cent charcoal yield to all botanical 
material, both wood and non-wood (Appendix V.II.III) to calculate mass of burned 

matter, and then quantification of dioxins.     
 

Fish remains 

Faunal assemblages at Marco Gonzalez are dominated by marine taxa, particularly 
piscine (Seymour, 2004; Williams, J. S. et al., 2009). Fish bone may provide plant 

macro- and micro-nutrients that include calcium, phosphorous and magnesium, and 
carcasses can be a source of soil nitrogen (Hudson, 2008, p. 13). Mercury, however, 

may cause toxicity in plants, such as phytotoxicity (e.g. Azevedo and Rodriguez, 2012, 

pp. 4–5). Piscine waste at Marco Gonzalez is assumed to have been predominantly 

                                                        
53 In the same report, non-salt-laden wood is valued at 0.6 ng TEQ/kg biomass combusted (U.S. 
Environmental Protection Agency, 2006, pts 1-34, 1-35). 
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bone, since flesh would have been consumed or traded; bone distribution suggests a 

trend towards off-site head removal (Vieri, 2015, pp. 47–48), although otoliths in the 
micro-artefacts suggest that some heads did arrive on-site. Piscine waste mass is 

quantified via micro-artefact and artefact count data54 (Appendix V.II.IV). 

 

The piscine material has not yet been identified to taxa. Fish bone has a general 

overall composition with some taxa-based variation. Toppe and colleagues (2007, 
pp.398–400) found that calcium, phosphorous and magnesium were lowest in fatty 

fish, whilst potassium was somewhat mixed across species (not upheld after ashing); 
zinc, arsenic, chromium, fluorine, and heavy metals such as mercury, also varied 

between systems. Although differences are largely negligible, it appears that some 
level of identification would be relevant for fish-based waste analyses. In the tropics, 

identification of fish is frequently only possible to family level (Colley, 1990, p. 210), but 
some identifications have been made previously at Marco Gonzalez (Emery and 

Graham, 2003). Marco Gonzalez's most frequent taxa are all Perciformes: jacks, 
snappers, groupers, parrotfish, porgies, and barracudas. Mackerel, which appear in 

Toppe and colleague's (2007) composition study, are also Perciformes. In the absence 

of actual, or other, composition data for the Marco Gonzalez material, the composition 
for mackerel is applied (Table V.VI, Appendix V).   

 
In addition to bone, otoliths were quantified separately in the micro-artefacts (Appendix 

V.II.IV). The LCI data follow standard compositions presented in Milliman (1974, p.137) 
for Gadus sp. otoliths; I was unable to locate otolith data for more appropriate taxa 

(Table V.VII, Appendix V).  
 

Molluscs 

The large volume of shell waste is clear at Marco Gonzalez, with sizeable shell 
mounds; previous research also suggests intensive utilisation of molluscs (Emery and 

Graham, 2003, p. 85). Shell waste is quantified with the micro-artefact and artefact 
count data (Appendix V.II.V). Kill holes are visible on many of the remains and it is 

assumed that the majority of the shells are by-products of consumption; soft tissue was 
consequently omitted from the waste profile. Since Strombus shells dominate the 

remains (Emery and Graham, 2003; Graham and Pendergast, 1989), a standard 

composition (Milliman, 1974, pp. 112–113) for Strombus was used in the inventory 

                                                        
54 In the absence of further detail, 'bone' recorded in the artefact counts is assumed to be 
piscine, based on dominance elsewhere (Seymour, 2004; Williams, J. S. et al., 2009). 
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(Table V.VIII, Appendix V.I.III); composition varies minimally between molluscs (cf. 

Milliman, 1974, pp. 112–113). 
 

Coral 

Corals are also quantified with the micro-artefact and larger artefact count data 
(Appendix V.II.VI). Data for Scleractinia, or hard corals with calcium carbonate 

skeletons, were applied in quantification because their robustness favours their 
preservation. The two characteristic Belize reef genera are Montastraea sp. and 

Acropora sp.55 (Kramer et al., 2000, pp. 290–291), which are anticipated to be 

represented in the faunal assemblage. Without taxa identification of archaeological 

material, or directly measured compositions, reference values are taken from Milliman 

(1974, pp.92–93) for Montastraea sp. and Acropora sp. Although both corals are 
compositionally similar, the means are applied (or the only available value, where 

relevant) (Appendix V.I.IV).  
 

Human remains 

A cadaver is an intense source of nutrients and creates disturbance in an environment 
by its deposition and decomposition (Carter et al., 2007, p. 12; Carter and Tibbett, 

2008, pp. 33, 36; Towne, 2000, pp. 236–237). For the Marco Gonzalez LCA, human 
remains, as archaeological remains, are categorised as waste alongside other wastes. 

Dent also applied this notion to his investigation of the environmental impact of 
cemeteries:  

 
Cemetery functions are best understood conceptually as a special kind of landfill…as 
just one more form of waste disposal in the totality of society functions…it's certainly not 
a difficult conceptual step to envisage that the effects of cemeteries, and their 
decomposition products and their behaviour, will somehow relate to, or emulate parts 
of, the other waste disposal systems (Dent, 2002, p. ii, 308).  

 
Composition of the human body is partially dependent on environmental factors, 

exposure to chemicals, gender, age, body size, genetics and cultural associations 
(Dent, 2002, p. 19). Analysis of Late to Terminal Classic burials in northern Ambergris 

Caye estimated average male stature at 164.8 cm and average female stature at 155.4 
cm (Glassman, 1995, p. 79). These statures are lower than the ‘reference man’ for 

bodily composition presented by Pierson Jr. (2005, p. 407) (Appendix V.I.V). 
Nonetheless, owing to the number of factors that affect composition, and the unsexed 

                                                        
55 Populations have diminished in Belize since the 1980s, owing to disease (Kramer et al., 2000, 
p. 291). 
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nature of the 2013 burials, reference values are a reasonable compromise for the LCI.  

 
Mass is quantified with excavation data. All of the 2013 excavated human remains are 

incomplete burials, but only one set of human remains occurred in the lots that were 
included in the LCA (MG 393). The partial burial is converted to a per cent of total 

skeleton weight, after Latimer and Lowrance (1960, p.120), for 'Asiatic' skeletons. The 

per cent of total skeletal mass is applied to the total skeletal reference composition to 
estimate element weights for the LCI (Appendix V.II.VII). The soft tissues that 

accompanied the skeletal material are also inventoried for their potential impact 
through decomposition. Although the soft tissues co-occur with the skeletal material, 

the tissues are inventoried separately since soft tissues would have degraded in the 
relative short-term and skeletal material can survive to the present. Soft tissue is 

unevenly distributed throughout the body, but its contribution is estimated by the 
application of the skeletal mass per cent to the total soft tissue reference values from 

Pierson Jr. (2005, p.407) (Appendix V.II.VII).     
 

Human excreta 

Excreta chemical and physical characteristics are dependent on factors such as diet 
and health (Feachem et al., 1983, p. 4). Reference data, however, produce LCIA 

results that guide an understanding of the possible scale of contribution, and the type 
of environment impact. Excreta quantification is largely inaccessible from the 

archaeological record because of its tendency to degrade unless mineralised. Soil 

micromorphology permits, to some extent, the quantification and distribution of human 
excreta, where cess, coprolitic fragments or coprolitic bone are noted in thin sections 

(Graham et al., 2017, p.126; Macphail et al., 2017, Appendix A). Although both solid 
and non-solid waste would have been inputs to the waste profile, the LCI records solid, 

or faecal, matter. The volumes of coprolitic bone, cess and coprolitic fragments, as 
residual and mineralised faecal matter, are used as a proxy for faecal volume, and are 

also assumed to be of human as opposed to non-human origin.  
 

Like ash, cess and coprolitic bone were recorded in the soil micromorphology as 
abundances and frequencies that equate approximately to per cent (Richard Macphail, 

pers. comm. 2014). As for ash, the abundance/frequency for cess and coprolitic 

material are compared to charcoal in the same thin section. The faecal matter 
abundance/frequency is calculated as a per cent of charcoal abundance/frequency. 

The per cent result is then applied to charcoal volume (from the archaeobotanical 
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results) to estimate faecal matter volume. Where both cess and coprolitic bone are 

recorded in the thin sections, the larger of the two abundances was used to calculate 
faecal matter volume. A standard faecal matter density of 1.0 g/cm3 (Blaschke et al., 

2016, p. 284; Ferreira, 2005, p. 347) is used to convert volume to mass, and produce 
an estimate of ‘deposited’ mass. Quantification cannot be achieved for lots MG 361, 

392 and 393 because of the absence of micromorphology samples; these lots are 

inventoried as 'missing important' (Appendix V.II.VIII). 
 

Average per cent weight composition values for European and American populations 
are used to inventory emissions in the LCI (Appendix V.I.VI). These average 

compositions are given for dry weight, so the faecal mass estimates for Marco 
Gonzalez were converted to dry mass of deposited faecal matter, by reducing mass 

according to an average water content of seventy-five per cent (range 63–86%) (Rose 
et al., 2015, p. 1839). Composition was then calculated with this dry mass.  

 

Pottery 

Overall pottery mass is quantified from the micro-artefact and artefact count data. In 

contrast to other materials, many of the pottery artefact count fragments differ in size 
from the micro-artefacts. This variability is problematic because artefact count sherd 

mass was not available (the material is in Belize in storage), so estimated mass from 
the micro-artefacts was the only method available for quantification. The micro-artefact 

sherds analysed by XRF – as the largest sherds in the micro-artefact samples – are 

somewhat closer in size to those in the artefact count. The average mass of the XRF 
sherds (8.87 g) is used as a per sherd mass for the artefact count data. The micro-

artefact pottery sherds are in general smaller than the artefact count sherds so it is 
possible that the inventory underestimates pottery contribution.  

 
Pottery waste composition uses the XRF results (Chapter 5). For each lot, the average 

for each element was calculated and applied within that lot (Appendix V.II.IX).56 The 

LCI lists only the major elements owing to their greater mass and lesser variability 

amongst sherds.57 MG 360, 361, 382, 391, 392 and 393 are without XRF results. For 

                                                        
56 The values were first converted to elemental per cent; XRF results are given as oxides. 
Where XRF results were a 'less than' figure, the upper limit value was used. For example <0.03 
was applied as 0.03. 
57 S was removed, since it is known to be inaccurately determined by XRF. 
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these lots, composition is taken from other levels that are similar in character.58   

 

Lime plaster 

In the excavations and soil micromorphology, lime plaster was recorded as floors, 

hearths and stucco (Graham et al., 2017, pp. 127–132; Macphail et al., 2017). The 
initial product of lime production, CaO, is unstable and readily converted to Ca(OH)2 

(Mazzullo et al., 1994, p. 790). Ca(OH)2 is also unstable and mostly recarbonates (via 
CO2 in the soil) to CaCO3, leading to cementation. Variable amounts of each stage may 

remain. Thin sections at Marco Gonzalez show evidence for lime dissolution, with 
recrystallisation in the levels below (Graham et al., 2017, p. 132; Macphail et al., 2017, 

p. 39). Other substances such as magnesium may also occur, dependent on the raw 

materials used in lime production. For example, plaster at Santa Cruz, Ambergris 
Caye, contained magnesium carbonates that suggested the predominant use of 

Pleistocene limestone, since conch shell produces Ca compounds only (Mazzullo et 
al., 1994, pp. 789–790). Soil micromorphology identifies that Marco Gonzalez's floors 

were composed of a range of materials and tempers. Early Classic and Late Classic 
plaster composition appear to differ; Early Classic plaster composition is dominated by 

sediments, whereas Late Classic plaster, in addition to sediments, contains an 
unknown quantity of shell (Graham et al., 2017, pp. 128–129; Macphail et al., 2017, pp. 

39–46). SEM/EDS results for plaster in thin sections include a range of values: Ca 
4.55–65.5%; Si 11.9–19.4%; Mg 2.08–14.1%; Al 0.56–13.9%; Fe 0.42–5.49% 

(Macphail et al., 2017, Appendix A). The variation may be explained by original 

composition and post-depositional processes such as leaching or rubification and other 
weathering processes, which can deplete elements or alter compounds. The XRF 

results for micro-artefact fragment MG-C1 (MG 371), which is believed to be lime, are: 
Ca 23.29%; Si 7.25%; Mg 6.79%; Al 4.56%; Fe 1.21%. Although the micromorphology 

suggests a diachronic shift in lime composition – with potentially increased calcium in 
the Late Classic – the current absence of accurate raw material quantification 

necessitates the application of a standard lime plaster composition for all levels. 
Seventy per cent calcium carbonate, or thirty-one per cent calcium, is used for the LCI. 

The per cent value is near to the midpoint of the SEM/EDS range (35%) and is a little 
greater than the XRF result, to account for potential post-depositional processes. 

Conservative estimates are also applied for the other major elements: Si 10%; Mg 7%; 

Al 6%; Fe 2%.  

                                                        
58 MG 360 and 362: composition is applied from MG 364, a Late Classic to Postclassic lot. MG 
382. 391, 392, 393: composition is applied from MG 383, a Terminal Preclassic lot. 
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The lime surfaces visible in section were used to quantify lime mass (Fig. 5.1 & 5.4). 

Volumes were estimated via section drawings (east face Op 13-1; west face Op 13-2); 
horizons are assumed to extend across the entire operation because of the relatively 

small footprint. The density of XRF sample MG-C1 was used to convert volume to 
mass; the sample's volume (7.75 cm3) and mass (5.55 g) give a density of 0.72 g/cm3 

(Appendix V.II.X). Soil micromorphology also identified a number of lime plaster floors, 

but their sizes are not quantified throughout (thicknesses were reported to range 1–40 
mm) (Graham et al., 2017, pp. 127, 129). In MG 382, where floors are visible in 

micromorphology but not in section (Graham et al., 2017, p. 127), the micromorphology 
results were used to quantify lime waste. Where possible, approximate quantification 

from the thin sections was compared with the LCI values and were seen to generate 
broadly similar results.  

 

Limestone/ reef stone 

The limestone in Op 13-1's platform construction is believed to be of reef origin 

(Graham et al., 2017, pp. 121, 131). Gischler and Hudson (2004, p.231) characterise 
the majority of Belize's Holocene barrier reef deposits as aragonite, with some high 

Mg-calcite; ninety-eight per cent aragonite is reported for exposed reef platform in the 
vicinity of Ambergris Caye (Gischler et al., 2000, p. 389). Mazzullo (2006, p.1026) 

documents a low magnesium content for reef limestone (0.5–7 mol %). Pleistocene 
limestone on Ambergris Caye has been characterised as predominantly low-

magnesian calcite, with some high-magnesian calcite and aragonite (Gischler and 

Hudson, 2004, p. 231; Mazzullo, 2006, p. 1026; Mazzullo et al., 1994, p. 788). Calcite 
(unless high-Mg) contains <4 mol % magnesium; aragonite is also low in magnesium 

(Mazzullo et al., 1994, p. 788). Thus the stone used in construction, whether aragonite 
or calcite, is likely to have contained little magnesium. With an assumption that the 

majority of construction was reef stone, the aragonite characterisation was applied for 
composition; ninety-eight per cent mass is considered to be calcium carbonate, and the 

other two per cent is inventoried as 'missing important’. The calcium carbonate is 
inventoried as individual element mass, calculated by molar mass (Ca = 40.04%; C = 

12.00%; O = 47.96%) (Appendix V.II.X).    
 

The thickness of limestone construction levels in section drawings is multiplied by 
operation area to calculate total limestone volume, which is then scaled to functional 

unit. The limestone volume is multiplied by density to calculate total mass. Although the 
stone is likely aragonite, the density for calcite (2.72 g/cm3) (Milliman, 1974, p. 5) is 
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applied to provide a conservative estimate of mass; a conservative approach also, to 

some extent, allows for the effects of voids on overall volume.  
 

Obsidian 

The quantification of the mass of obsidian waste uses the micro-artefact and artefact 
count data (Appendix V.II.XI). Unlike pottery, the micro-artefact and artefact count 

fragment sizes for obsidian are fairly similar in size, and therefore the mass estimation 
is thought to be more accurate than for pottery. Obsidian composition is dependent on 

source, but trace elements are the most variable; reports frequently only provide trace 
elements, owing to their value for provenance. The LCI lists only the major elements, 

since provenance is unknown, and the minor elements have negligible contribution. 

The geographically most similar, major element, compositions reported are for Mexico 
(Trombold et al., 1993, p. 259). Composition for Marco Gonzalez was created from the 

mean weight per cent of major elements in Trombold and colleagues' (1993) study of 

51 samples (Appendix V.I.VIII).59  

 

Chert 

Overall chert mass input is also calculated from the micro-artefact and artefact count 

data (Appendix V.II.XII). Similar to obsidian, the micro-artefact and artefact count sherd 
fragments are not too dissimilar in size. Like obsidian, major elements are highly 

consistent for chert, with the greatest variance found for minor elements, which are 
used for provenance (e.g. Cackler et al., 1999, p. 393: Belize). For the LCI, regionally-

relevant major element reference values could not be located. The high consistency of 
chert composition should, however, mitigate the geographical distance. The inventoried 

compositions use average values for deep sea (Hein et al., 1981, Table 5) and 
Japanese chert (Imai et al., 1996, pp. 202–204)( Appendix V.I.IX).  

 

Other 

In the lots in the LCA, pumice was counted once in the artefact counts, but was absent 

in the micro-artefact counts (it may occur in 'Lithic [other]'). The pumice fragment 
cannot be given a mass with the available information, and so it is not inventoried. 

Pumice's main constituents would include silicon, aluminium, calcium, sodium and iron 

                                                        
59 Comparison with major element compositions from a variety of geographical areas suggested 
broadly similar values (Clark and Wright, 1995, p. 252; Ericson et al., 1975, pp. 132–133; 
Lynch, S. C. et al., 2016, p. 263; Suda, 2012, p. 4; Tykot, 2002, p. 624). 
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oxides (silicon strongly dominates) (e.g. Arce et al., 2005, p. 139). The omission is 

considered insignificant as its contribution would be negligible.   
 
6.2.2 LCI results 

Tables 6.2–6.5 show the results from the data gathered in the life cycle inventory – 

according to the quantification methods outlined above – that are applied in section 6.3 
in the life cycle impact assessment. The highest values for each emission are 

highlighted in the tables. The full results from waste quantification and composition are 
presented in Appendix V. Some major elements are absent from Tables 6.2–6.5 

because these could not be included in the impact assessment with the data available 
currently. Aluminium is a notable absence, particularly because it is a soil constituent 

and can contribute to toxicity in some situations. Although aluminium was quantified for 
some of the wastes in the inventory, it could not be included in the impact assessment 

because there was no available characterisation factor in ReCiPe for aluminium as a 

single element. Hopefully, when waste degradation at Marco Gonzalez is better 
understood, it will be possible in future to include aluminium in a compound form. Total 

mass refers to the total mass quantified in the inventory, but does not account for all 
waste in the archaeological deposits, since all sizes of waste could not be inventoried. 

For charred plant material only waste above 1 mm is included in the mass. For fish, 
mollusc, coral, pottery, obsidian and chert waste total mass refers to fragments 

approximately greater than ½ inch in size, owing to the size of the wet-sieving mesh. 
Human remains and limestone total mass is material at sizes seen with the naked eye 

during excavation. The total mass for lime and ash is material that could be seen as 
defined strata in section. Excreta material was identified at microscopic size in the soil 

micromorphology thin sections.       
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6.3 LCIA 

Classification 

Table 6.6. Classification of LCI emissions in accordance with their relevant impact categories. 
Impact category Emission 

Total solids (TS) Mass (kg) 
Marine Eutrophication Potential (MEP) N 
Freshwater Eutrophication Potential (FEP) P 
Human Toxicity Potential (HTP) Zn 
  Cu 
  Hg 
  Pb 
  Cd 
  Dioxin (TEQ) 
Terrestrial Ecotoxicity Potential (TETP) Zn 
  Cu 
  Hg 
  Pb 
  Cd 
  Dioxin (TEQ) 
Marine Ecotoxicity Potential (METP) Zn 
  Cu 
  Hg 
  Pb 
  Cd 
  Dioxin (TEQ) 
Freshwater Ecotoxicity Potential (FETP) Zn 
  Cu 
  Hg 
  Pb 
  Cd 
  Dioxin (TEQ) 

 
 

Characterisation 

The inventory results presented in Table 6.2–6.5 were classified by dividing the 
emissions between the defined impact categories of total solids, marine eutrophication 

potential, freshwater eutrophication potential, human toxicity potential, terrestrial 
ecotoxicity potential, marine ecotoxicity potential, and freshwater ecotoxicity potential 

(Table 6.6). The LCI results are multiplied by the appropriate characterisation factors 
(Table 6.7) to produce the LCIA results (Appendix V.III). The LCIA applies 

characterisation factors mostly from ReCiPe 2008. Ideally, I would use factors from 
ReCiPe 2016, but compared to earlier versions, the 2016 version does not contain as 

many substances and emission pathways relevant to this study. For example, for 

toxicity, ReCiPe 2016 (Huijbregts et al., 2016) does not include characterisation factors 
for single elements. The data for compound substances are not appropriate for the 
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Marco Gonzalez dataset, where individual element emissions are inventoried in the 

absence of detailed information about their speciation. In the selection of 
characterisation factors, choices must be made between different perspectives for the 

modelling of impact. Where characterisation factors are available for ‘emissions to 
forestry’ or to ‘agricultural soil’, then forestry options were selected, since this scenario 

more closely represents what we believe occurred on site i.e. less intensive land 

management. For ReCiPe factors, the egalitarian perspective characterisation factors 
were used (as opposed to individualist or hierarchist) because this is the most 

precautionary approach that uses the longest time-frame for environmental impact (for 
toxicity this is 'infinite') and also accounts for more non-standard types of impact 

(Heijungs et al., 2009, p. 17; Huijbregts, van Zelm, et al., 2016, p. 18).  
 

For eutrophication potential, owing to different limiting factors in marine and freshwater 
environments, nitrogen is used to calculate marine eutrophication potential and 

phosphorous is used for freshwater eutrophication potential (Table 6.6, 6.7) (Gallego, 
A. et al., 2010, p. 34). A country-specific freshwater eutrophication (but not marine) 

characterisation factor is available for Belize in ReCiPe 2016 (Huijbregts, Steinmann, 

et al., 2016) (Table 6.7). For the conversion of dioxin TEQs, I used the ReCiPe 2008’s 
(Goedkoop et al., 2009) characterisation factors for 2,3,7,8-Tetrachlorodibenzo-p-

dioxin (TCDD) because TEQ is an equivalency value for 2,3,7,8-Tetrachlorodibenzo-p-
dioxin (TCDD) (U.S. Environment Protection Agency, 2006, p. xxxiv).    
 
 

Table 6.7. Characterisation factors applied in the LCIA. 

Emission 
Characterisation factors 

MEP[1] FEP[2] HTP[3] TETP[3] METP[3] FETP[3] 

N 0.079 - - - - - 
P - 2.72E-02 - - - - 
Zn - - 1.6E+02 1.2E+02 2.1E+02 1.2E+00 
Cu - - 6.0E+00 8.2E+02 6.8E+03 2.7E+01 
Hg - - 3.4E+05 2.1E+03 3.1E+04 9.1E+00 
Pb - - 1.5E+03 5.7E+00 4.3E+01 3.6E-01 
Cd - - 5.3E+03 1.7E+02 1.9E+02 1.1E+00 
Dioxin (TEQ) - - 4.3E+06 1.6E+02 1.5E+01 6.0E+01 

[1] MEP = Marine eutrophication potential; ReCiPe 2008 (v.1.11) ‘manure’, ‘applied N’ values 
used (Goedkoop et al., 2009) 
[2] FEP = Freshwater eutrophication potential; ReCiPe 2016 ‘Belize, emitted to soil’ values used 
(Huijbregts, Steinmann, et al., 2016) 
[3] HTP = Human toxicity potential; TETP = Terrestrial ecotoxicity potential; METP = Marine 
ecotoxicity potential; FETP = Freshwater ecotoxicity potential; ReCiPe 2008 (v.1.11) ‘soil, 
forestry, egalitarian’ values used (Goedkoop et al., 2009) 
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Figures 6.2–6.7 graphically show the results of characterisation. For clarity on the 

charts, only wastes with a result for the impact category were plotted. Where values 
appear to be zero, therefore, the values are simply too small compared to other values 

to appear on the plot. The full results are provided in Appendix V.III. Figures 6.2–6.4 
present the results for total solids, toxicity and eutrophication respectively, grouped 

chronologically. All of these chronological charts portray the Early Classic period to 

have the highest risk for these impacts. Figures 6.5–6.7 show the characterisation 
results grouped according to waste material. For total solids (Fig. 6.5), limestone leads 

the results by far, followed by lime plaster. In Figure 6.6, which displays the results for 
toxicity, the only material that appears to plot is ash, since its results are so large in 

comparison to the other waste types. For the eutrophication results presented in Figure 
6.7, excreta waste produces the largest results for marine eutrophication potential, 

followed by human remains (soft tissue). The impact results for freshwater 
eutrophication indicate that ash far exceeds other wastes as a risk for this impact, 

followed by fish bone and excreta.  
 

LCIA results - chronological 

 
Figure 6.2 LCIA results for total solids, grouped by period of occupation.  

Full results in Appendix V.III.I. 
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Figure 6.3 LCIA results for toxicity impact potential, grouped by period of occupation (HTP = 
Human toxicity potential; TETP = Terrestrial ecotoxicity potential; METP = Marine ecotoxicity 
potential; FETP = Freshwater ecotoxicity potential). Full results in Appendix V.III.I. 
 

 
Figure 6.4 LCIA results for eutrophication impact potential, grouped by period of occupation 
(MEP = Marine eutrophication potential; FEP = Freshwater eutrophication potential). Full results 
in Appendix V.III.I 
 

0

5

10

15

20

25

30

35

40

45

50

Terminal Preclassic Early Classic Late Classic Postclassic

kg
 1

,4
-d

ic
hl

or
ob

en
ze

ne
 e

q.
/F

U

HTP TETP METP FETP

0

0.01

0.02

0.03

0.04

0.05

0.06

0.07

0.08

0.09

0.1

Terminal Preclassic Early Classic Late Classic Postclassic

kg
 e

q/
FU

MEP (kg N eq) FEP (kg P eq)



 317 

LCIA results - waste material 

 
Figure 6.5 LCIA results for total solids, grouped by waste material. Full results in Appendix 
V.III.II.   
 

 
Figure 6.6 LCIA results for toxicity impact potential, grouped by waste material (HTP = Human 
toxicity potential; TETP = Terrestrial ecotoxicity potential; METP = Marine ecotoxicity potential; 
FETP = Freshwater ecotoxicity potential). Materials with 0 kg 1,4 dichlorobenzene eq/FU 
omitted from graph. Full results in Appendix V.III.II.   
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Figure 6.7 LCIA results for eutrophication impact potential, grouped by waste material (MEP = 
Marine eutrophication potential; FEP = Freshwater eutrophication potential). Materials with 0 kg 
eq/FU are omitted from the graph. Full results in Appendix V.III.II.   
 
 

6.4 Interpretation 

The LCIA results suggest that the Early Classic dominates the potential for human 

toxicity, marine ecotoxicity, and terrestrial ecotoxicity, particularly the former two (Fig. 
6.3). The Late Classic is the second highest for toxicity potential. Freshwater 

ecotoxicity potential is negligible across all systems, both chronological and materials-

based. For the waste materials, ash strongly dominates toxicity potential; other 
materials are negligible in comparison (Fig. 6.3). Burning activities at Marco Gonzalez 

appear to have had the highest potential for toxicity.  
 

In the LCI, the Early Classic has the largest inventoried ash mass (67.4 kg), then the 
Late Classic (24.4 kg) (Tables 6.3, 6.4). Evidence from excavation, archaeobotany and 

soil micromorphology suggests that burning occurred for a number of different activities 
in the Early and Late Classic (Graham et al., 2017; Macphail et al., 2017). Soil 

micromorphology of the Early Classic lot in this LCA (MG 382, Op 13-1) identified lime 
plaster floors with some rubefication (Graham et al., 2017, pp. 127–128; Macphail et 

al., 2017, p. 40). The trampled anthropogenic materials between the floors included 

shell, bioclastic limestone, heated/burned bone (mostly fish), and charcoal (Graham et 
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al., 2017, pp. 127–128). The range of materials is suggestive of a number of different 

activities, and further evidence for burning. Soil micromorphology of the Early Classic 
(MG 386–389) in Op 13-2 identified evidence for domestic activities in the form of 

household fireplaces that are suggested to have been used for food preparation, and 
perhaps the cooking or smoking of fish (Graham et al., 2017, p. 126; Macphail et al., 

2017, p. 40). The archaeobotanical results for Early Classic MG 386 (Op 13-2) show a 

dominance of wood and little evidence for potential plant foodstuffs; one Sapotaceae 
seed fragment occurs (Appendix IV.III). The dominance of fish preparation activities is 

therefore possible.  
 

Salt production potentially started at the end of the Early Classic and continued, with 
intensity, in the Late Classic (Graham et al., 2017, pp. 118, 128–131; Macphail et al., 

2017; Table 5.2, Chapter 5, this thesis). The sal cocida method would have burned fuel 
to heat the brine, and it is anticipated to have burned more fuel than household 

activities and thus generated more ash. The LCI results, however, show lower ash 
levels for the Late Classic than for the Early Classic (Tables 6.3 & 6.4). It is possible 

that some Late Classic ash was washed down to lower levels, particularly through the 

voids of the Early Classic construction; some Early Classic ash is described as wetted 
and re-cemented in the soil micromorphology (Graham et al., 2017, p. 126). 

Alternatively, ash waste from salt production may have been deposited elsewhere. The 
lower ash occurrence in the Terminal Preclassic, compared to the Early Classic is also 

noted, given that both levels contain household refuse and the Terminal Preclassic is 
described as 'ashy' in the soil micromorphology (Graham et al., 2017, pp. 126–128; 

Macphail et al., 2017, pp. 40, 126–127). Causes may include a variation in activities, or 
the disturbed colluvial nature of the Terminal Preclassic material. Alternatively, the 

quantification method may not capture the entire ash picture; the effects of disturbance 
may be particularly applicable, since it disrupts measurable ash horizons. Ash could 

not be quantified for two Terminal Preclassic lots (MG 392 and 393), an omission that 

has the potential to affect results. Substitution data, however, suggest that the overall 
outcomes remain the same with the inclusion of MG 392 and 393 (see evaluation; 

Appendix V.IV). The archaeobotanical results provide some indication of the scale of 
burning, although remains have, of course, been subject to post-depositional 

processes. Only one Early Classic archaeobotanical sample was analysed; MG 386. In 
Op 13-2, the density of charred plant material in the Terminal Preclassic, is the same 

or greater than for the Early Classic (Fig. 5.11, Chapter 5). The majority of the Late 
Classic shows charred plant densities in excess of those for the Early Classic and 

Terminal Preclassic (Fig. 5.11, Chapter 5). It appears that further investigation may be 
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required to clarify the scale of burning activities over time. 

 
The chronologically-grouped LCIA results for marine (MEP) and freshwater (FEP) 

eutrophication potential also indicate the highest potential for impact for the Early 
Classic (Fig. 6.4). For eutrophication, unlike toxicity, the Terminal Preclassic is the 

second highest, followed by the Late Classic. Excreta gives a considerably higher MEP 

than other wastes, but ash and human remains, particularly soft tissue follow (Fig. 6.7). 
The results for MEP – alongside marine ecotoxicity – are particularly pertinent for the 

coastal setting of Marco Gonzalez. MEP may potentially be greater than FEP, although 
the two categories should not be compared, since they use different indicators. For 

FEP, ash far exceeds other wastes (Fig. 6.7). Chemical analyses associated with the 
soil micromorphology measured the highest phosphate concentration in an Early 

Classic level (Macphail et al., 2017, p. 43). Although the measurement was recorded in 
Op 13-2, and the Early Classic data for the LCA was from Op 13-1, the similarity 

suggests that the LCA results may, to some extent, be representative of actual 
chemistries and impacts. Nonetheless, the relevance of the results remains dependent 

on accurate models for waste decomposition and mobilisation of decomposition 

products. The development of accurate models for the movement of substances will 
require a greater understanding of factors such as site hydrology. 

    
The eutrophication results suggest that midden, or household deposits, held some of 

the highest potentials for impact – perhaps unsurprising given their organic, nutrient-
rich content. It is important to note, however, that eutrophication is a short-term impact, 

but organics appear to have had long-term beneficial effects on the soils at the site. For 
toxicity I noted that there is evidence in the Early Classic and Terminal Preclassic for 

household activities, and so it follows that these would be associated with 
domestic/midden-type waste deposition. The archaeobotanical results (Chapter 5), in 

addition, demonstrate a greater affiliation between the Terminal Preclassic and 

economic or edible taxa, than for the Early Classic. The Early Classic evidence 
appears to consist of in situ household refuse – hearths are identified in the soil 

micromorphology – whilst the Terminal Preclassic levels are colluvium that was 
originally deposited as midden (Graham et al., 2017, p. 126; Macphail et al., 2017, p. 

40). The contrast in the potential for waste distribution between the two scenarios will 
impact the inventorying of waste, and ultimately the LCIA results. Human remains, a 

potential contributor to eutrophication, are only inventoried for the Terminal Preclassic. 
Across the 2013 excavations, however, human remains also occurred in Terminal 

Classic–Early Postclassic (Op 13-2 & 13-3) and Late–Terminal Classic (Op 13-2 & 13-
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3) contexts (Tables 5.2, 5.3, Chapter 5) (Graham et al., 2017; Macphail et al., 2017). It 

is unlikely that the inclusion of human remains in later periods would have dramatically 
altered the results at the LCA’s spatial scale. Across the entire site, however, the large 

number of burials are indeed a considerable resource for nutrients (Chapter 7), and 
possibly a source of beneficial impact in the low nutrient sediments of the caye.     

 

The total solids (TS) results indicate the highest potential for the Early Classic, followed 
by the Late Classic. For waste materials, limestone has the highest mass, followed by 

lime plaster, ash, and then pottery (Figs. 6.2 & 6.5); ash is low density and thus its 
contribution is underestimated by mass. The LCIA results indicate that the periods that 

produced the largest amount of TS are those with strong evidence for construction 
(unsurprisingly), pottery deposition (also commonly dense at Maya sites), and possibly 

burning. TS are important environmentally, since mass contributes to impacts such as 
soil mass or changes to local topography, which may in turn affect aspects such as 

local hydrology or erosion patterns. The Early Classic in Op 13-1 contained evidence 
for limestone platform construction and multiple lime plaster floors, which contributed to 

mass and were likely associated with household activities (Chapter 5; Graham et al., 

2017, fig. 6, p. 126–128; Macphail et al., 2017, pp. 40, 43). The Late Classic also 
featured a number of floor horizons, which were instead associated with salt 

production, and some domestic space (Graham et al., 2017, p. 129; Macphail et al., 
2017, pp. 43–48). Increased pottery waste in the Late and Early Classic is explained by 

different activities. In the Early Classic, the site was heavily involved in trade, which 
included seemingly large volumes of polychrome pottery (Graham et al., 2017, pp. 118, 

120). In the Late Classic, salt production is thought to have used vessels that were 
single-use, broken at the end of the sal cocida evaporation stage to free the salt cake 

(Macphail et al., 2017, p. 49) (Chapters 2 & 5).  
 

The LCIA results suggest that the Early Classic may have possessed the greatest 

potential for the environmental impacts included in the characterisation. The 
Postclassic is near-absent in the LCIA results. Our current understanding is that the 

Early Postclassic at Marco Gonzalez saw the modification of structures, and also trade 
and exchange. Semi-abandonment of the site appears to have occurred in the Middle 

Postclassic (Graham et al., 2017, pp. 118, 120; Macphail et al., 2017, p. 39). Thus the 
Postclassic appears to have seen a lower potential for waste deposition than the 

preceding periods. The near-surface biological activity and exposure of the Postclassic 
levels, however, has increased the disturbance of the archaeological material. 

Increased decomposition of materials in these levels is expected, and consequently 
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increased invisibility with the quantification methods applied here. The LCIA results 

suggest differences among systems, but not the scale of environmental impact. The 
Early Classic may dominate the LCIA results, but does this denote significant impact? 

How does the scale of potential impact compare to examples from elsewhere? Since 
such a small spatial scale is presented, a comparison would hold more significance 

when we have a greater understanding of the across-site distribution of waste, as well 

as on-site decomposition processes. These significance issues are discussed further in 
Chapter 7. 

 
The contribution of material data to each of the chronological categories is presented in 

Appendix V (Tables V.XXXXIII–V.XXXXVI, Fig. V.VII–V.X). In relation to 'completeness' 
(ISO, 2006b, p. 26), the LCI does include data gaps, the most significant of which are 

for ash (1 of 2 Postclassic lots; 2 of 3 Terminal Preclassic lots), excreta (1 of 2 
Postclassic lots; 2 of 3 Terminal Preclassic lots) and charred plant waste (the Early 

Classic). Complete absences may distort the LCIA results through inaccurate 
representation of the contribution of different occupation periods or waste types. 

Compositional absences also occur, for example for charred plant material (25% mass) 

and limestone (2% mass). These compositional unknowns, however, are considered 
less significant than the total absence of information for a particular waste type. The 

excavation data suggest that lots MG 392 and 393, without data for ash and excreta, 
are of similar character to MG 391, which was inventoried for ash (Chapter 5) (Graham 

et al., 2017; Macphail et al., 2017). Lot MG 361 (also without data for ash and excreta), 
for the purposes of evaluation, might be considered similar to Postclassic MG 360. To 

test the effect of missing data on the overall LCIA results, the gaps were substituted 
with data from the equivalent lots, and the analyses repeated. The LCIA results, with 

the substitute data, show the same overall pattern, and very similar values, compared 
to without the substitute data (Fig. V.I–V.VI, Appendix V). These results suggest that 

the missing data do not have a significant effect on the overall LCIA results.  

 
The decomposition of materials at Marco Gonzalez requires a far greater 

understanding than we have at present, but it is obvious that materials such as 
obsidian and chert are very resistant to decomposition, and are likely to have had little 

impact aside from contributions to total solids. The analyses were repeated without 
obsidian and chert, to determine the sensitivity of the data to these materials. Since 

such small amounts of these lithics occurred in the lots included in the LCA, the overall 
LCIA results were not altered with the removal of obsidian and chert (Tables 

V.XXXXVII–V.XXXXVIII, Fig. V.XI–V.XII, Appendix V).    
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Potential for additional assessment  

With a consideration of the research objectives – to investigate soil formation and land 

transformation – a treatment of organic matter/carbon and land use are clearly absent 
from the present LCA. For organic matter in landfill situations, degradation is frequently 

prioritised, owing to the impacts from methane production (e.g. Nielsen and Hauschild, 
1998, p. 164). Land-based impact may be assessed by the amount of land used or 

transformed, and also via carbon or biomass (e.g. Taelman et al., 2016).  
 

Sala and colleagues, in the ILCD recommendations, support (to level III: 
‘recommended, apply with caution’) the Life Support Function-based (LSF) model 

developed by Milà i Canals and colleagues (European Commission, 2012, p. 14; Milà i 

Canals, Romanyà, et al., 2007). Primarily developed to assess agricultural land, the 
LSF model uses soil organic matter (SOM) as an indicator (to midpoint level) for soil 

quality, in relation to fertility (Milà i Canals, Romanyà, et al., 2007, pp. 1427, 1431). The 
characterisation may be followed to endpoint with ReCiPe 2008 (Goedkoop et al., 

2009), but Sala and colleagues consider this additional stage 'too immature to be 
recommended' (European Commission, 2012, p. 14). Milà i Canals and colleagues' 

method uses soil organic matter (SOM) – owing to its role in soil quality and biotic 
production - as a single indicator for the life support functions (LSF) of land (Milà i 

Canals, Romanyà, et al., 2007, pp. 1427, 1431). They advise, however, to apply the 
LSF method alongside other land-relevant impact categories such as toxicity and 

acidification (Milà i Canals, Romanyà, et al., 2007, p. 1431)60. They consider soil 

quality an effective measure of land-based impact, since it affects the ecological and 
socioeconomic functions of the land (Milà i Canals, Romanyà, et al., 2007, p. 1427). 

Soil quality is, however, based on ‘resource functionality for humans (i.e. productivity)’, 
or the relationship between fertility and soil properties (Milà i Canals, Romanyà, et al., 

2007, p. 1429).  
 

The LSF method compares the pre- and post-utilised quality of the land, and also 
registers impacts during the period of use, to acknowledge the variety of soil functions 

and users (Milà i Canals, Romanyà, et al., 2007, pp. 1427, 1429). Changes are 
measured against an alternative reference situation and also the potential maximum 

achievable SOM for the site (Milà i Canals, Romanyà, et al., 2007, p. 1429). Final 

                                                        
60 They also note that SOM may have negative effects, such as those associated with toxicity, 
or the leaching of nitrates through the excessive application of nutrients (Milà i Canals, 
Romanyà, et al., 2007, p. 1434).   
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deviation from the original soil quality is measured against the predicted impacts that 

occur in returning the soil to its original quality through natural restoration (relaxation) 
or otherwise the use of backup technology (human-induced restoration) (Milà i Canals, 

Romanyà, et al., 2007, p. 1429). The method assumes that for the majority of cases, 
modifications to soil quality are not irreversible. Where change is irreversible, the 

impacts that result from systems implemented to replace lost resources are included in 

the assessment (Milà i Canals, Romanyà, et al., 2007, p. 1429).  
 

To apply the LSF method, the required data are: 

• The amount of land occupied by an activity (Aa), per functional unit (for example 
ha year/f.u.) 

• SOM values at the start (SOMini) and end (SOMfin) of the activity/land use 

• SOM values at intervals throughout occupation (SOMa) 

• SOM values at equivalent intervals for the reference situation (SOMref) 

• SOM values at intervals during the application of a restoration backup 
technology 

• The maximum SOM potential for the site (SOMclimax) (Milà i Canals, Romanyà, 
et al., 2007, p. 1431). 

 
In stage one of the LSF method, the LSF indicator value for impacts during occupation 

is calculated by:  

LSF?@A,C = 𝐴C E FSOMHAI,J − SOMC,JL𝑡J

NOPQ

JRNPQP

 

(Milà i Canals, Romanyà, et al., 2007, p. 1432) 

 
Where: SOMa = SOM for each occupation interval; SOMref = equivalent interval in the 

reference situation; i = calculation step, or interval; ti = length of the interval; Aa = area 
occupied by the activity; tini and tfin = temporal limits for the start and end of occupation. 

If soil quality for each interval is lower than the alternative situation, then damage is 
accrued across occupation. Conversely, benefits accumulate across occupation where 

the system’s soil quality is consistently higher than the reference (Milà i Canals, 
Romanyà, et al., 2007, p. 1432). The benefit accumulation in this model is an important 

contrast to conventional LCA, in that this model considers the potential for benefits 
from human activities. Further work with this model might therefore prove valuable for 

the research aims at Marco Gonzalez.  
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In stage two, the overall changes in SOM are assessed for impact. The difference 

between SOM at the end of occupation, and initial SOM is calculated (Milà i Canals, 
Romanyà, et al., 2007, p. 1430). If the values are equal, no further calculations are 

made. If SOM has decreased, the impacts from the probable backup technology are 
assessed. For each interval until the initial SOM levels are met, the SOM of the 

restoration (SOMrelax,i) is subtracted from the initial SOM level. Where restoration is via 

natural relaxation, the impacts from the backup technology (LSFrelax,a) are calculated 
by:      

LSFHASCT,C = 𝐴C E FSOMJUJ − SOMHASCT,,JL𝑡J

NOPQV

JRNOPQ

 

(Milà i Canals, Romanyà, et al., 2007, p. 1432) 

 

For overall increased SOM, the impacts that would be caused by an application of the 
backup technology (here natural relaxation) to increase SOM by the same amount are 

credited to the system. The SOM for each interval of the restoration are subtracted 
from SOMfin at the end of occupation, until the backup technology reaches the SOMfin 

level: 

LSFHASCT,C = 𝐴C E FSOMIJU − SOMHASCT,,JL𝑡J

NOPQV

JRNOPQ

 

(Milà i Canals, Romanyà, et al., 2007, p. 1432) 

 

In stage three, total impact is calculated by adding the sum of the occupation impacts 
to the sum of the backup technology impacts: 

LSFtotal,a = LSFuse,a + LSFrelax,a 

(Milà i Canals, Romanyà, et al., 2007, p. 1432) 

 

For stage four, the significance of the results is assessed with the estimated site-

specific maximum potential SOM (SOMclimax). The LSF indicator (LSFtotal,a) is divided by 

the rate SOMini/SOMclimax (Milà i Canals, Romanyà, et al., 2007, p. 1433). This 
calculation step provides results that can be compared between different regions and 

situations.     
 

For the calculations, Milà i Canals and colleagues advise to express organic matter as 
a quantity per unit of land surface. A conversion from concentration requires 

information about the bulk densities of the soils, using a calculation such as: 
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SOCNXNCS = E(%CJ

J

UR[

× Bulk	densityJ × Horizon	thicknessJ) 

(Milà i Canals, Romanyà, et al., 2007, p. 1434) 

 
For Marco Gonzalez, SOM can be taken from John Crowther’s loss on ignition (LOI) 

results for the bulk samples that accompanied the soil micromorphology (Macphail et 

al., 2017, supplementary information), although these results include both humic 
material and charcoal, which is not ideal given their different contributions to soil 

quality. LOI is, however, not available for all lots, or for the entire depth of the 2013 
excavations. LSF could be calculated by dividing the site into activity areas and 

periods, or otherwise calculating LSF for the entire occupation, providing a result that is 
comparable with other sites. An analysis of the entire occupation would require SOM 

values for the start (SOMini) and end (SOMfin) of occupation. The start of occupation, 
however, has not yet been excavated due to the height of the water table. Furthermore, 

the LOI results show heterogeneity between operations (Table 6.8; Table V.XXXXIX, 
Appendix V), an indication that SOM is not consistent across the site for particular 

occupation periods. 

 
To quantify the amount of land occupied by an activity (Aa), for an analysis of the entire 

site, the current, approximate above-water boundaries of the site might be applied. The 
true site boundary, however, likely extends further. In addition, the size of the site at 

different periods is not known extensively. To quantify the area for particular activities 
is currently even less achievable. For the definition of intervals of time (SOMa), a 

regular temporal interval (e.g. 100 years) is not as easily applied as in a modern 
assessment. Although the archaeological deposits at Marco Gonzalez are attributable 

to Maya periods, a higher temporal resolution is not yet available. The lots may be one 
way to define intervals. The LOI measurements, however, show heterogeneity within 

lots (Table V.XXXXIX, Appendix V). Samples at smaller, standardised depth intervals 

may be a more accurate approach for SOM data. The expression of organic matter as 
a quantity per unit of land surface, requires known horizon thickness, which would be 

easily applied with regular sampling at standard depth intervals. Further soil density 
information is also required (Milà i Canals, Romanyà, et al., 2007, p. 1434), since bulk 

density information is not available for all lots excavated in 2013.  
 

 
LOI was measured by Simon Turner (pers. comm.) in a 21 cm core from 'San Bar’, a 
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newly-emerged caye with a young coastal scrub plant community. The 'San Bar' 

information might be used as data for SOMref in the LSF calculations. The core, 
however, was not as deep as the excavated profile at Marco Gonzalez. The core is 

also not dated, so temporal equivalents cannot be identified. It would therefore be most 
appropriate to use an average LOI from the San Bar core depth; 10.5 per cent (Simon 

Turner, pers. comm.). Ideally a deep core, with dated material, could be taken from a 

location on Ambergris Caye without evidence of occupation. A complete absence of 
anthropogenic material, however, could prove difficult to locate on the caye, with dense 

modern and ancient activities. The reference material could also be used to calculate 
the impact from the backup technology, since natural processes dominated much of 

Marco Gonzalez’s history post-occupation. Marco Gonzalez’s SOMclimax could be taken 
from soil literature. Table 6.8 shows the currently available LSF-appropriate data for 

Marco Gonzalez. With current information for LSF it appears that SOMfin is greater than 
SOMref. Structure 14 is an exception, but this location was previously excavated and 

without surface soils at the time of excavation in 2013. LOI data are not available for all 
excavated levels, but if the earliest available LOI is applied as SOMini and the latest 

applied as SOMfin, then it appears that SOM may increase. The upper levels are, 

however, receiving organic input from biological activity at the surface. A full application 
of the LSF method would be more successful once the distribution of activities and 

stratigraphy across the entire site is better known. Thorough measurement of SOM at 
regular intervals throughout the site's area and depth would be desirable, associated 

with chronology and occupation activities. Data for the LSF method might be best 
approached with a program of across-site deep cores. Similar off-site coring, with 

dated material, would also produce appropriate reference data for the LSF calculations.   
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Table 6.8. The currently available data for the LSF method. The SOM values for the lots are 
taken from LOI data, and represent averages where multiple measurements were taken. The 
full range of values is presented in Table V.XXXXIX, Appendix V. *= Marco Gonzalez bulk 
samples (Macphail et al., 2017, supplementary information); **= mean of LOI data from the 'San 
Bar' core (Simon Turner, pers. comm.).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

Bulk 
sample 

ref. Structure Lot
Depth 
(cm)

Soil bulk 
density 

(g cm -3)
 SOMa 

(%)*
SOMref  

(%)** SOMref – SOMa SOMini – SOMfin 

x0-5cm 8 362 0-5 N/A 28.10 10.5 -17.60 –
x8a 8 363 18-28 N/A 12.00 10.5 -1.50 –
x8b 8 366 28-35 0.486 8.67 10.5 1.83 –
x8c 8 Burials (368/370/372) 35-45 N/A 6.24 10.5 4.26 –
x9a 8 379/380 58-67 0.498 5.41 10.5 5.09 –
x9b 8 380 67-78 0.414 5.35 10.5 5.15 –
x10a 8 385 100-109 0.45 4.26 10.5 6.24 –

Total = 3.47 -23.84

x1a 14 359 0-10 N/A 6.865 10.5 3.64 –
x2a 14 364 3-8 0.466 7.605 10.5 2.90 –
x2c 14 367 16-20 0.446 13.26 10.5 -2.76 –
x3a 14 374 0-12 0.418 19.90 10.5 -9.40 –
x3b 14 377 12-15 0.472 7.34 10.5 3.16 –
x6a 14 383 243-251 N/A 4.155 10.5 6.35 –
x4a 14 382 203-218 0.472 5.51 10.5 4.99 –

Total = 8.87 -1.36

x0-5cm 19 360 0-5 0.664 26.90 10.5 -16.40 –
x12a 19 375 37-44 0.634 7.035 10.5 3.47 –
x13a 19 386 99-104 0.486 5.87 10.5 4.63 –
x13b 19 389 113-117 N/A 2.70 10.5 7.80 –
x13c 19 391 125-134 0.758 3.688 10.5 6.81 –

Total = 6.31 -23.21
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CHAPTER 7 

Discussion and Conclusions 
 

This chapter evaluates the methods and results presented in Chapters 4 to 6. The 

project was a pilot project to test feasibility, so the aim was to test methods – in relation 
to resource use, environment and impact – to advise on future strategies. I first review 

the results relating to plant resource use and environmental change, via the 

archaeobotanical results, identify the methodological limitations and propose future 
strategies. I next examine how anthropogenic impact may be identified and measured. 

In this second section I review the results from the LCA and then discuss the 
methodological issues with LCA. I next discuss the processes and conditions that I 

have recognised as important inputs to potential environmental impact in relation to 
waste, pedogenetic history and long-term environmental history at Marco Gonzalez, 

followed by proposals for how to improve the measurement of impact in future projects. 
The final part of the chapter presents overall conclusions from the project.  

 

 

7.1 Plant resource use and environmental change 
7.1.1 Results  

Macrobotanical 

The macrobotanical results suggest changes in plant use over time – with potential 

implications for local environment – that follow the broadly defined occupation phases. 

The macrobotanical assemblage for the Terminal Preclassic period (c. AD 1–250) is 
characterised by economic fruit trees and crop taxa such as Byrsonima cf. crassifolia 

(craboo), Pouteria sp., Spondias sp. (hogplum), Zea mays (maize) and palms, as well 
as local, wild taxa such as Cestrum nocturnum, Guazuma ulmifolia (bay cedar), 

Phytolacca sp., Picramnia sp., Poaceae, Rhizophora sp. (red mangrove) and Setaria 
sp. The Terminal Preclassic assemblage is thought to be indicative of domestic 

activities, the remains of which were then deposited as domestic midden waste 
alongside other waste such as fish bones and coprolitic material (Graham et al., 2017, 

pp. 118, 126–127; Macphail et al., 2017, pp. 40, 42). Although there are currently no 
primary deposits for the Terminal Preclassic to support or dismiss theories for land use, 
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the economic taxa are those that could conceivably have been grown in homegardens. 

The likelihood of cultivation, however, is unknown given the local coastal conditions 
(Chapter 5); in the present-day people do maintain fruit trees in their gardens on 

Ambergris Caye, but this is often sustained by dark earths taken from archaeological 
sites. If cultivation did occur in association with the site, this would have had 

implications for soils, particularly if management practices such as mulching were used 

that could have enriched soils. If thinning of vegetation occurred alongside cultivation, 
this would have increased the risk of erosion by reducing the soil’s vegetative 

protective covering; homegardens, which mimic forest structure, would not have 
caused this effect to any great extent. The presence of thicket/forest taxa – Cestrum 

nocturnum and Guazuma ulmifolia – as well as mangrove – Rhizophora mangle – 
suggests the use of local resources and also suggest that non-beach thicket/forest taxa 

may have been present in the site’s locale by the Terminal Preclassic.  
 

The Early Classic macrobotanical assemblage contains Guazuma ulmifolia, Poaceae, 
Sapotaceae and Solanaceae. These taxa constitute some continuation from the 

Terminal Preclassic, but with the notable absence of taxa such as Byrsonima 

crassifolia and Zea mays. Other data for the Early Classic period suggest the 
occurrence of domestic activities, such as the preparation of fish, alongside the 

potential start of salt production, but the contexts for this period were mostly dominated 
by construction (Graham et al., 2017, pp. 126–128; Macphail et al., 2017, pp. 40, 42–

43, 48). The difference between the Early Classic and Terminal Preclassic 
assemblages may represent a shift in diet, a change in on-site activities, discard or 

preparation in other locations, or otherwise taphonomic processes.  
 

The Late Classic macrobotanical samples are dominated by wood charcoal. The non-
wood assemblages include Guazuma ulmifolia, Moraceae, Phytolacca sp., Poaceae, 

Solanaceae, Trianthema sp., Zea mays, Bignoniaceae, Byrsonima cf. crassifolia, 

Coccoloba cf. diversifolia, and Setaria sp., at a lower frequency and abundance of 
economic taxa than for the Terminal Preclassic period. Soil micromorphology results 

suggest that domestic activities, as evidenced by midden, occurred alongside the 
dominant salt production activities (Graham et al., 2017, pp. 126, 128–129; Macphail et 

al., 2017, pp. 39, 43–44). The archaeobotany results support the outcomes of other 
datasets via the domination of fuelwood for salt production and a small quantity of 

edible taxa. For the Late Classic period at Marco Gonzalez, it is currently unknown 
whether salt production was seasonal or year-round; nor do we know whether the site 

included inhabitation areas alongside the salt production. The archaeobotanical 
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material recovered suggests that some food consumption did occur on-site during the 

Late Classic, but evidence such as the paucity of maize cupules (Chapter 5.2.2.4) 
cannot currently support the idea of on-site food processing in this period. Seasonality 

and function have implications for on-site land use in relation to vegetation 
management, the intensity of resource use and waste disposal. For example, were 

economic trees and other areas of vegetation maintained, or was cleared land 

considered more valuable for salt production activities? Or, was land cleared but 
economic trees left in situ, as often occurs in Maya milpa? These potential 

management techniques have implications for environmental history in relation to flora, 
fauna and soils, the taxa and habitats present. Clearance, for example, may have 

exposed soil to erosion. Vegetation management would also have affected species 
composition and the habitats available for other species.  

 
For the Terminal Classic period (AD 750–1000) – where other evidence indicates a 

period of construction and occupation, with a large number of burials – non-wood 
macrobotanical evidence is almost absent, although this may be partially as a result of 

poor preservation in these upper levels (Graham et al., 2017, pp. 118, 121; Graham 

and Simmons, 2012b; Macphail et al., 2017, p. 36; Simmons and Graham, 2016). The 
paucity of non-wood remains continues into the Early Postclassic. Unfortunately, the 

non-wood archaeobotanical datasets are unable to reveal much about plant use in 
these later periods. The taxa in these later periods appears to be characterised by 

weedy and disturbed area taxa (Guazuma ulmifolia, Phytolacca sp., Trianthema cf. 
portulacastrum, Setaria sp.), as demonstrated in the statistical analyses, with a very 

small number of food-type taxa for the Terminal Classic (Byrsonima cf. crassifolia, Zea 
mays) (Chapter 5).  

 

Phytolith results 

The phytoliths, sampled from a Late Classic and a Terminal Preclassic level, show little 

difference between samples when broad categories (grass, sedge, palm, other 
monocot, dicot) are applied to the morphotypes (Chapter 5). Nonetheless it is clear that 

the samples from the two contexts differ in morphotypes and overall density of 
siliceous material. Sample Phyt2013.4 (Late Classic) presents higher density of 

phytoliths, but sample Phyt2013.6 (Terminal Preclassic) contains a greater variety of 

morphotypes and more unusual morphotypes. The difference between contexts may 
represent changes in local vegetation, or human exploitation, or reflect depositional 

environment because the alkaline pH is problematic for phytolith preservation, 
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particularly in the level from which Phyt2013.6 was sampled.   

 

7.1.2 Methodological limitations 

The archaeobotanical results unfortunately only relate to a small area of the site and 

constitute a fairly small sample size. The lot-based sampling is somewhat problematic 
because the lots encompass a degree of heterogeneity; more defined strata could be 

seen in section than could be observed during excavation. Macrobotanical material 
was also poorly preserved, and identification was further hindered by the residue that 

coated the remains. There are further concerns with the deposits owing to the potential 
effects of mixing from bioturbation, particularly crab activity (Chapter 1). The presence 

of defined strata and heterogeneity in section for Op 13-1 and 13-2 suggest that mixing 

is not severe or universal, but that it is still an important factor to consider because crab 
burrows can be seen to cut through the archaeological deposits. Thus the conclusions 

should be accepted with a degree of uncertainty.  
 

The very limited sampling of phytoliths clearly precludes conclusions from this dataset. 
Without a greater number of samples it is not possible currently to identify the cause of 

differences between the samples, be it ecological, social, or preservation. The absence 
of a phytolith reference collection also hinders a more detailed analysis of the more 

distinctive morphotypes in the samples.  
 

7.1.3 Future strategies 

Macrobotanical 

For the macrobotanical dataset, further research, with a greater number and 
distribution of samples, would facilitate more confidence in the results. Carbon dating 

could also enhance the results, with a confirmation of the age of remains and 
clarification as to the extent of mixing. Increased sample sizes would permit more valid 

statistical analyses. To enable a better understanding of plant-related activities, it 
would be valuable to perform across-site sampling, which could occur as part of future 

excavations, or if this not possible, alongside across-site coring. The expansion of 
other datasets such as geoarchaeology would also provide support for the 

interpretation of archaeobotanical datasets, such as in relation to land use. To attend to 

the problem of heterogeneity in lot-based samples, it might be beneficial to investigate 
an alternative sampling strategy to produce more detailed results. An alternative 

strategy could perhaps involve sampling from section faces, or digging test pits first, 
then using the revealed strata as guides to extend excavation for sampling, although 
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large sample volumes may not be produced.  

 
It would be valuable to investigate alternative retrieval strategies, and also methods to 

remove the residue coating, to determine if this improves the condition of the plant 
remains. The identifications of the material presented in this thesis could also be 

refined further to enhance interpretations. SEM could be used on material such as the 

parenchyma, Cucurbitaceae/ Crescentia rind and Sapotaceae seed coats to refine 
identifications. It would further be beneficial to expand the reference collection with 

material collected at different times of year to enhance current and future 
identifications.  

 

Phytolith 

The phytolith analyses, although limited, demonstrate the value of pursuing this dataset 

in future investigations. The expansion of macrobotanical and phytolith research would 
enhance information about resource use and management, the past environment, and 

activities. For example, is there a shift in vegetation with the era of salt production, as a 
result of areas cleared for sal cocida, and possibly even salt pans? The phytolith 

results suggest that a wide-scale investigation would be beneficial because the 
samples contained well-preserved material. A full-scale phytolith investigation would 

need to be accompanied by the creation of a phytolith reference collection. Given the 
poor preservation of macrobotanical material, and what appears to be a fairly good 

preservation of phytoliths, it may be that phytoliths could take a more leading role in 

future research. It would be beneficial, however, to include macrobotanical remains 
because the dataset does produce valuable information. 

 

Pollen and wood charcoal 

Bronwen Whitney at the University of Edinburgh conducted a pilot pollen study using 

material from a core taken by Simon Turner from a pool adjacent to the site area. The 
pollen study was primarily conducted to determine an overview of the taxa present, so 

counts were low (Whitney, 2015, pers. comm.). The counts at c.34 cm depth (Figure 

IV.V, Appendix IV), correspond to a level that was C14 dated to 1568±27 BP, or AD 

420–551 in the Early–Middle Classic (Turner, 2015, pers. comm.). At this date, pollen 
was counted for 'Asteraceae undiff', 'Asteraceae Ambrosia', Amaranthus/ 

Chenopodiaceae, Bataceae Batis maritima, Burseraceae cf. Protium, Combretaceae/ 

Melastomataceae Miconia type, Fabaceae Caesalpinia, Fabaceae Mimosa, Fagaceae 
Quercus, Moraceae/ Urticaceae Brosimum, Moraceae/Urticaceae Pourouma, 
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Polygonaceae cf. Symmeria, and Solanaceae. At this level, ‘Burseraceae cf. Protium’ 

pollen is particularly dominant (count: 63), followed by ‘Bataceae Batis maritima’ 
(count: 9). Protium sp. are a genus that are not generally associated with coast or 

beach environments, but the small sample size prevents conclusions. Future pollen 
studies, however, would prove valuable for environmental reconstruction and could be 

complemented by the expansion of the phytolith investigations. Phillip Austin’s 

research of the wood charcoal at Marco Gonzalez, when results are available, will 
provide information about resource use and management, from which details about 

Marco Gonzalez’s environmental history and human-plant relationships can be 
obtained. To determine impact, it is clear that any future project will need to conduct 

further research to establish baselines for Marco Gonzalez so that modifications from 
human activities can be identified. These background levels could be achieved with the 

investigation of other coastal locations.  
 

 

7.2 Measurable environmental impact 
7.2.1 LCA results 

The LCA used data from a range of datasets that include soil micromorphology, 

excavation, artefact counts, micro-artefacts from wet-sieving, bioarchaeology, 
zooarchaeology, and XRF, as well as compositional data from a variety of non-

archaeological sources. The archaeobotanical results also contributed to the LCA via 

the quantification of charred botanical waste, the quantification of other wastes such as 
dioxins, and the broad characterisation of the systems in which waste deposition 

occurred. 
 

The LCA results presented in Chapter 6 point to the Early Classic period – with mixed 
domestic and salt production evidence – as a potentially large contributor to toxicity 

(human, marine, terrestrial). The highest results for toxicity are for ash. Toxicity may 
therefore have been associated with burning activities. The results for marine (MEP) 

and freshwater (FEP) eutrophication also suggest that the Early Classic may have 

been the most environmentally problematic period. The Terminal Preclassic period 
produces the second highest result for eutrophication in the LCIA, a period that 

appears to be typified by domestic activities such as the preparation of food. For MEP, 
excreta (thought to be human) produce the highest result for waste materials, followed 

by ash and human remains. For FEP, the results for ash far exceed other wastes. In 
general, eutrophication potential appears to be associated predominantly with 
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household deposits, which is plausible owing to their organic, nutrient-rich content. For 

total solids, the results for the Early Classic produce the highest values, owing to the 
limestone construction in the inventory. Total solids is an important consideration for 

potential contributions to soil mass – which is associated with soil security (see the 
Introduction) – as well as modifications to the topography of the site. Soil mass assists 

in the maintenance of soil function via the retention of nutrients. The retention, and 

even increase, of soil mass counteracts the devasting effects of erosion. Overall the 
LCA results indicate that the Early Classic may have possessed the greatest potential 

for the environmental impacts included in the assessment. 
 

7.2.2 Methodological limitations with LCA 

Although many of the results are somewhat common-sensical, one benefit of the LCA 
is that it can provide quantitative data in support of hypotheses. The method is also 

beneficial for its systematic data collection, via the inventory method, that accounts for 
variables throughout a system and attends to factors that might otherwise be forgotten. 

LCA is also useful for its ability to test scenarios and determine potential outcomes that 
may arise from the modification of different variables. Experimental data may be 

applied when there are unknowns, or otherwise information may be updated as it 
becomes available. The ability to return to the data with ease, and modify variables, is 

particularly valuable for early-stage research and at sites with ongoing research. The 
LCA is easily repeatable and its standardised, quantitative methods and results are 

also beneficial for comparative work. 

 
Some of the potential problems with the LCA, however, are: its reliance on scale (of 

waste deposition or activity), which is problematic for archaeological deposits; the 
suggestion of causal effect between waste and impact, without a consideration of the 

factors that affect change; the identical treatment of different waste materials that are 
of different durability, mobility et cetera; the absence of temporal specificity, such as 

the rate of emission; the production of hypothesised results. The impact assessment 
results are dependent on the quantification methods used for the inventory that favour 

larger fragments, defined strata, durable materials, or depositional conditions that are 
more conducive to material retention and preservation. Potential issues with ash 

quantification, for example, were addressed in Chapter 6, primarily related to the 

identification of ash strata and possible movement of ashy material. A further example 
is that the input of the Terminal Preclassic middens is likely to be underestimated by 
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the inventory owing to the probable high organic content of the original deposit that has 

since decomposed. 
 

In a modern situation, LCA is commonly used in decision-making where the aim is to 
avoid or reduce the risk of negative environmental impact and to select – or support the 

selection of – a product or production system. In this modern application, although the 

data need to be as accurate as possible, the assessment often attends to somewhat 
hypothetical situations. For the archaeological application, impacts have already 

occurred and archaeologists are keen to identify actual environmental histories. With 
the use of general characterisation models, the LCA results do not provide these 

answers because the likelihood of the impacts is dependent on a wide range of 
variables, such as site hydrology for the transportation of leachates. It is more common 

in recent LCA research to aim for site-specificity to produce more accurate models, 
since many factors affect how substances impact the environment (Nielsen and 

Hauschild, 1998, pp. 159–160). For Specific Organic Compounds (SOCs) in a landfill 
scenario, for example, the flux of water from rainfall is essential in the modelling of 

leachate emissions (Nielsen and Hauschild, 1998, p. 163). The actual development 

and application of spatially and temporally differentiated LCA, however, remain in the 
early stages, and the use of early-stage data has previously been actively discouraged 

for LCA (European Commission, 2010, pp. 112, 130–131). For many of the LCA 
impacts (related to chemistry), waste must decompose and the decomposition 

products must be in a chemical form (e.g. chemical speciation) that affects impact. For 
a number of impacts, such as eutrophication, the decomposition products must also be 

transported as leachates to other locations – a body of water in the case of 
eutrophication. A further important consideration is the temporal aspect of emissions as 

this determines both impact – related to the local environment and occupation 
conditions at different periods – and also impact intensity. The overall intensity of 

impacts is also related to the spatial extent of the system. The results presented in 

Chapter 6 suffer from a small spatial scale of investigation.  
 

Temporally, from a modern landfill LCA perspective, emissions within the first 100 
years are considered predictable – and part of the technosphere – but beyond are 

considered unpredictable (Nielsen and Hauschild, 1998, p. 159). In this perspective, 
after 100 years, wastes that remain are generally considered to be stable and the 

impacts are often not included in the assessment (European Commission, 2010, p. 
304; Nielsen and Hauschild, 1998, p. 160). The stability of wastes in relation to 

degradation is important as it relates to the decomposition of materials to sedimentary 
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material and ultimately the contribution to soil mass, which is associated with soil 

security. In Chapter 6 I discussed the comparably inert properties of obsidian and 
chert, but demonstrated that their inclusion has little impact on the overall results; in 

landfill LCA, geological materials are only considered to occupy space, with no further 
impact (Nielsen and Hauschild, 1998, p. 165). For materials such as pottery, however, 

durability is variable, which determines the likelihood that different pottery types will 

contribute to sedimentary materials or other impacts. The degradation of pottery is 
dependent on the location conditions and on the pottery fabric. At Marco Gonzalez, 

Coconut Walk may have been more likely to degrade than fine pottery types. This is 
not always the case: in Stann Creek, with acid soils, the fine pottery is more prone to 

disintegration because it is tempered with calcite (Graham, 1994). The inventory in 
Chapter 6, however, is biased towards stable wastes because these were tangible in 

excavation and could be quantified. Not only do wastes degrade at different rates, but 
the persistence of emissions is also variable. In a modern context, mercury levels from 

fish waste in compost, for example, have been found to remain constant, since 
mercury cannot be broken down by biological action (Hudson, 2008; Kinnunen et al., 

2005). Metals in general can be quite persistent, although local conditions have some 

effect; 100 years after deposition the majority of metals remain in landfill (Nielsen and 
Hauschild, 1998, p. 165). The chemistries of non-stable emissions will shift over time. 

In landfill, nitrogen is considered to be a quick emission – approximately 50% of 
nitrogen is emitted from waste in the first 100 years – that is reduced to NH4 and is 

then assumed to become a leachate in water (Nielsen and Hauschild, 1998, p. 166). In 
the same scenario, sulphur will become a sulphide under reducing conditions and will 

then be emitted to the atmosphere within the first decade; after a century, if sulphur 
remains and the depositional environment is aerobic, the sulphur may be oxidised and 

emitted slowly to water as sulphates (Nielsen and Hauschild, 1998, p. 166). The single 
elements inventoried in the LCA, therefore, represent mostly short-term emissions. It is 

likely that emissions were in more complex forms (compound chemicals et cetera) so 

the inventoried emissions are over-simplified. The inventory, however, provides a basis 
for detailing longer-term emissions as further information becomes available. The 

consideration of short-term hazards is, in reality, also valuable to comprehend possible 
payoffs against perceived benefits in the longer-term; these considerations are 

pertinent if the research themes are considered to have value in modern applications. 
The understanding of decomposition and degradation processes requires information 

about factors such as the soil microbial communities, hydrology, soil temperature, 
aeration and pH (Christensen and Kjeldsen, 1989, p. 33). For organic wastes, for 

example, microbial processes will dominate the stabilisation of waste and as a result 
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govern emissions (Christensen and Kjeldsen, 1989, p. 29). In anaerobic conditions, a 

range of elements – nitrogen, phosphorous, sulphur, calcium, magnesium, potassium, 
iron, zinc, copper, cobalt, molybdenum, selenium – will provide nutrients for bacteria, 

so that the presence of some waste emissions will actually impact further 
decomposition processes (Christensen and Kjeldsen, 1989, p. 38).  

 

Some emissions (elements) could not be included in the LCA characterisation owing to 
the absence of those single elements in the databases used for characterisation 

factors. For example aluminium, which was recorded in the inventory and that may 
impact toxicity, was not included. For the LCA, although microscopic soil 

micromorphology data were used for some of the quantification calculations, I 
quantified waste generally down to the lowest size in the archaeobotanical analysis 

and the micro-artefact sampling. The inventory does not capture the anthropogenic 
materials that form the finer sedimentary material, which is important since this material 

is potentially more likely to have impact. 
 

An accurate model of the environmental impact of waste needs to understand the fate 

of decomposition products (emissions) and whether they remain in situ, or otherwise, 
whether and how they move to locations other than where waste was deposited. 

Models for the movement of degradation products (emissions) would account for 
factors such as hydrology, erosion patterns and soil percolation. A detailed 

understanding of these factors does not exist for Marco Gonzalez currently, but some 
of the effects from the local conditions can be hypothesised. The caye's sediments, 

which are loose and open, have a high infiltration rate with limited surface runoff, 
except in extreme precipitation (Murray et al., 1999). The characteristics of the 

sediments, therefore, provide conditions for the movement of decomposition 
substances (emissions), for example via percolation down to the water table. 

Percolation, however, is likely to have been reduced by anthropogenic deposits such 

as limestone construction or plaster floors, both of which are less permeable than the 
caye’s sands. Thus, deposits under protective levels are likely to have experienced 

lower levels of disturbance from water, reducing the movement of substances and also 
degradation. Movement is also different between substances. Metals, for example, 

have specific and complex transportation mechanisms that are important to 
understand, owing to their pertinence to toxicity (Nielsen and Hauschild, 1998, p. 165).  

 
The LCIA results allow a comparison of the impacts of different wastes at the site, but 

do not indicate the significance of the impact. The scale of impact at Marco Gonzalez – 
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in relation to the toxicity and possibly eutrophication examined by the LCA – is, overall, 

likely to have been well below that of modern waste disposal owing to the extensive 
variety and scale of materials used in a modern context. In relation to piscine waste, for 

example, mercury levels in composting experiments – a comparable situation to waste 
deposition at Marco Gonzalez – were shown, although persistent, to be well below the 

thresholds set for modern wastes such as sewage sludge (Hudson, 2008; Kinnunen et 

al., 2005). It is clear, however, that impacts at Marco Gonzalez have been significant in 
relation to the formation of dark earths. The LCA presented in Chapter 6 provides a 

small snapshot of the entire site and does not provide an indication of total across-site 
impact. As a demonstration of the snapshot effect, the inventory results suggest a fairly 

small contribution of human remains, but overall a large number of individuals have 
been found at Marco Gonzalez and this waste type could potentially have had a 

significant environmental impact. The LCA results determine the different impacts 
between deposits of the same size (same waste volume), according to the LCA’s 

functional unit, but do not allow for uneven distribution across the site.  
 

7.2.3 Processes and conditions as inputs to environmental impact 

There are a number of specific impact considerations that are valuable for the 
investigation of the long-term environmental impact of waste, that the LCA does not 

currently address, or that it oversimplifies. At the end of Chapter 6 I discussed the 
potential for future inclusion of soil organic matter (SOM) in the LCA. One current issue 

with LCA is that the recommended, or standard, impact categories concern only human 

degradation or contamination of the environment. At Marco Gonzalez however, where 
we believe that human activities had some beneficial effects relating to soil chemistry 

and mass, it would be appropriate to consider ‘neutral’ impacts, in line with approaches 
such as historical ecology, outlined in Chapter 3.  

 

Burials 

Burials create specific environmental effects, the complexity of which is not conveyed 

by the LCA. ‘Cadaver Decomposition Islands’ (CDIs) are recognised as impact 
hotspots that are created by the carbon, water and nutrients (ammonium, 

phosphorous, potassium, calcium, magnesium) released during cadaver decay, 
particularly in the Advance Decay stage (last phase of soft tissue decay) (Carter et al., 

2007; Carter and Tibbett, 2008; Towne, 2000). CDI size is dependent on factors such 
as cadaver mass and soil texture. The decay of a cadaver delivers a concentrated and 

localised pulse of nutrients (nitrogen, phosphorous, potassium, calcium, magnesium); 
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nitrogen emissions, for example, exceed the levels and longevity of other nutrient 

sources such as dung (Carter et al., 2007; Towne, 2000). CDIs can become fertility 
hotspots, with increased biomass, heterogeneity of plant communities and nutritional 

value of plants (Carter and Tibbett, 2008; Towne, 2000). Plant roots will often grow 
towards a cadaver, seeking out nutrients (Schultz, 1997, p. 206; Stejskal, 2013, p. 

181). CDIs may cause a long-term decrease in pH (inclusive of limestone areas) and 

increased biological activity and biomass of arthropods, nematodes and microbes 
(Carter et al., 2007; Towne, 2000). The endurance of CDIs is somewhat unknown. 

Nitrogen-responsive fungi species have been recorded one to four years after soft 
tissue decay and impacts on plant communities have been recorded at least five to ten 

years post-deposition (Carter et al., 2007; Carter and Tibbett, 2008), but these 
timescales are very short archaeologically. Nonetheless, these short-term changes are 

significant for the time of occupation, but also may have had legacy effects that 
produced more long-term change. Vass and colleagues (1992), suggest that all anions 

and cations, aside from sulphate and calcium, return to baseline levels after 
approximately one and a half to two years for above-ground burials. The burial of a 

cadaver generally reduces decomposition rate, but nutrient-rich conditions can still 

occur such as calcium/ phosphorous/ manganese hotspots in pseudomorph/ grave 
silhouette formation, alongside elevated organic carbon, plant available phosphorous 

and total phosphorous with adipocere61 formation in reducing conditions (Bethell and 

Carver, 1987; Carter et al., 2007; Carter and Tibbett, 2008). Variables such as 

temperature, soil texture, geology, rainfall, moisture, pH, microbial activity and oxygen 
availability will impact decay rate and the movement of decay products. Sandy soils, for 

example, assist decomposition via gas diffusivity, but high pH reduces decomposition 
rate (Carter and Tibbett, 2008; Dent, 2002). Solubility and mobility of decay products is 

particularly relevant to Marco Gonzalez, where the plaster floors that sealed burials 
inhibited – in the short term – interactions with aboveground vegetation. The 

accumulation of strata outside of house floors may also have this effect on other 

deposits in some areas. Environmental impact for modern cemeteries in temperate 
countries is considered minimal, comparable to, or cleaner than, other anthropogenic 

activities in the urban and agricultural environment (Dent, 2002). In the absence of 
buffers, however, decomposition products can enter groundwater and cause issues 

such as nitrification of water sources and pathogen contamination (Dent, 2002). 
Tropical conditions can increase accumulation of potentially pathogenic bacteria, 

accelerate release of gases, and increase the likelihood of grave saturation that, 

                                                        
61 a waxy substance formed by the decomposition of soft tissues. 
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together with a high percolation rate and changing water table level, contribute to an 

increase in burial emissions (necro-leachates) in tropical groundwater (Dent, 2002). 
The majority of the leaching and mobilisation of burial products in a temperate 

environment is expected to occur within 10 years (with minor releases up to 30 years), 
although adipocere formation may slow decomposition (Dent, 2002). I, unfortunately, 

could not find a figure for tropical environments.  

 
In addition to impacts from soft tissue, osseous material has the potential to impact, 

particularly where vegetation is able to interact with the burial. Bone is composed of 
essential plant nutrients such as phosphorous, and plant roots are known to infiltrate 

the interiors of bones since bones ‘can act as a moisture reservoir in soil and may be 
infiltrated preferentially by plant roots to obtain pooled water and dissolved minerals’ 

(Pokines, 2009, p. 146). These effects could have occurred later in Marco Gonzalez’s 
history when deposits and burials were disturbed and plant roots were able to access 

skeletal material. For Marco Gonzalez, with sub-floor burials, it is likely that burial 
decomposition was retarded as a result of the protection offered by the floor or floors 

above. In situ the burial is likely to have impacted the biomass of soil arthropods, 

nematodes and microbes. The sandy caye soils – dependent on percolation from 
above – lend themselves to burial leachates that could have entered the water table 

not far beneath the surface. These impacts would have occurred during the time of 
occupation but are still important considerations for environmental history. Considering 

the fairly large number of burials, the potential for pathogen contamination of the water 
table is also of concern for human health. The movement of leachates to water could 

also have caused the eutrophication impacts indicated in the LCA. A further 
consideration for burials is the physical disturbance caused by burial cuts that 

disrupted sediment horizons.  
 

Ash 

Ash is another waste type with potentially more complex impacts than might be implied 
by the LCA. Ash may impact soil texture, aeration, water holding capacity, salinity, and 

– ash of plant origin in particular – can also ameliorate nutrient deficiencies and 
increase pH to counteract acidification and aluminium and manganese toxicity (Canti 

and Huisman, 2015; Demeyer et al., 2001). Increased pH, however, is frequently short-

lived since ash’s potassium and sodium oxides, hydroxides and carbonates are very 
soluble. Ash may also cause enhanced mineralisation and nitrification (Canti and 

Huisman, 2015; Demeyer et al., 2001). Phosphorous in ash is not strongly taken up by 
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plants owing to low solubility, but elements such as calcium and potassium have a far 

stronger uptake, and ash may be used also specifically to treat boron deficiency (Canti 
and Huisman, 2015; Demeyer et al., 2001). Ash is further complicated by the 

taxonomic specificity of plant ash, a feature that Arroyo-Kalin and colleagues (2009, 
pp. 115–116) have discussed in relation to the contribution of calcium, potassium, 

magnesium, nitrogen and phosphorous from ash to dark earths (as shown by Hecht, 

2003, p. 365). A generalised ash composition was, however, used in the life cycle 
inventory.  

 

Soil quality and fertility 

The LCA results are currently not particularly relevant to an understanding of the 

development of dark earths, for example nutrient content. The results instead relate 
more to risk of toxicity or degradation to bodies of water, organisms, plants and 

humans. Some of the inventoried data can, however, be applied to aspects such as 
nutrients, although appropriate characterisation models are not yet available. The 

definition of soil fertility is problematic, and thus it is difficult to identify increases in 
fertility in relation to human input. Fertility is usually related to the capability of the soil 

to produce desired crops and yields (Brewer, 1965, pp. 43–44; Cresser et al., 1993, p. 
100). The notion of soil health integrates biological, chemical, physical and ecological 

properties, to ‘determine how well a specific soil resource is performing the wanted and 
needed critical functions’ (Karlen, 2012, p. 335). The characteristics of a fertile or 

healthy soil vary according to the plants growing on that soil, the climate, or 

management techniques (Brewer, 1965, pp. 43–44). ‘Soil quality’ may be defined in 
chemical, physical and biological terms with a defined set of indicators, the choice of 

which is contextual (Andrews, S. S. et al., 2002; Karlen et al., 2001, 2003; McBratney 
et al., 2014, p. 210). ‘Soil condition’ varies according to how the soil is managed and 

the intended use of the land (McBratney et al., 2014, p. 207). Thus, a soil with high 
capacity will still provide poor yields if it is poorly managed (McBratney et al., 2014, p. 

207).  
 

Plant growth is most often limited by major nutrients (nitrogen, phosphorous, 
potassium, calcium, magnesium, sulphur) that are needed in large amounts, but growth 

can also be limited by micronutrients (manganese, copper, nickel, zinc, molybdenum, 

boron, chlorine, iron, iodine, cobalt, chromium, vanadium, and thallium) that are 
needed in far smaller amounts (Cresser et al., 1993, p. 54; Fullen and Catt, 2004, p. 5). 

Tables 7.1 and 7.2 apply data collected during the LCA inventory (Chapter 6, Appendix 
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V) to quantify the major and micro- nutrients associated with soil productivity, for the 

occupation periods and the waste types. The tables suggest, although not analysed in 
detail, that the Early Classic period and ash waste hold the highest potential for the 

contribution of nutrients involved in plant growth. These data, however, do not consider 
other factors such as charcoal’s impact on fertility via effects such as cation exchange 

capacity.  

 
The bulk presence of limiting nutrients does not equate to the availability at the root 

surfaces of plants (Rengel and Marschner, 2005, p. 306). In assessing soil function it is 
necessary to determine nutrient availability to assess the ‘nutrient supplying power of 

soils’ (Jones, E., 1965, p. 20). Nutrient deficiency may still occur where nutrients are 
poorly mobile or the chemical form is poorly soluble (Rengel and Marschner, 2005, p. 

305). Phosphorous, potassium, iron, zinc, manganese and copper, for example, have 
limited mobility in soils so that although these elements are usually present in high 

concentrations in soils, the plant-available fraction may be insufficient to meet plant 
requirements (Rengel, 2001, pp. 1164–1165; Rengel and Marschner, 2005, pp. 306, 

309). The capacity of different plant genotypes to convert non-available forms of 

nutrients to available forms is also variable (Rengel, 2001, p. 1165; Rengel and 
Marschner, 2005, p. 305).  
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The specific local character of soils will also affect their reaction to human input. 

Fertility is related to the original chemical and physical properties, including cation 
exchange capacity, base saturation, pH, and the distribution and availability of trace 

elements (Cresser et al., 1993, pp. 101–102). The pH of soils is particularly important 
for how nutrients ‘behave’. The pH can directly affect plant growth, and the retention 

and availability of major and trace elements, via an influence on physicochemical 

adsorption, precipitation or microbial activity (Cresser et al., 1993, pp. 54–55, 67, 69–
78). As pH increases, for example, iron and manganese become less available but 

molybdenum increases in availability (Cresser et al., 1993, pp. 72–74). Nitrogen 
decreases in availability below pH 5.5-6, but also declines above pH 8 (Cresser et al., 

1993, p. 78). In strongly alkaline soils, the solubility of SOM is increased (Cresser et 
al., 1993, p. 83). Inorganic phosphorous is generally poorly mobile as it is highly 

reactive with a variety of soil constituents, but in tropical and subtropical calcareous 
soils, phosphorous retention is markedly increased, so that the levels of phosphorous 

in solution – i.e. plant available – are lower (Hinsinger, 2001, pp. 173–174). The 'critical 
level' is the concentration limit below which application of a nutrient will produce a 

beneficial response unless inhibited by other factors (Bedada et al., 2016, p. 226; 

Heckman et al., 2006). For some elements, such as boron, the range of plant tolerance 
is small, so that toxicity occurs at levels only slightly greater than for deficiency 

(Cresser et al., 1993, p. 77). The critical levels therefore determine the reaction of soils 
to the introduction of nutrients. This brief overview demonstrates that a fertile or 

productive soil is dependent on a range of factors that should be considered in an 
assessment of land degradation or ‘improvement’.  

 

Physical effects 

It is also important to consider the physical impacts of waste. In Chapter 3, for urban 

ecology, I discussed the impacts of soil sealing on the urban environment and on urban 
soils in particular. Many of these effects are relevant for consideration at Marco 

Gonzalez. The limestone construction at the site, dating to the Early Classic, Terminal 
Classic and Early Postclassic (Graham et al., 2017), consists of limestone platforms 

and also lime plaster floors. The construction would have physically separated soils 
from the surface and, via reduced permeability compared to surface soils, would have 

interrupted – to varying degrees – percolation of water from above. As outlined in 

Chapter 3, soil sealing disconnects soils from the surrounding ecosystem and may 
reduce chemical reactivity, decrease filtration, decrease soil moisture, decrease 

biomass, diminish the recharging of aquifers, increase ponding and erosion in adjacent 
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areas, and facilitate the transfer of contaminants to other areas (Pavao-Zuckerman, 

2012, pp. 271–272; Pickett et al., 2011, p. 335; Pickett and Cadenasso, 2009, p. 26; 
Scalenghe and Marsan, 2009, pp. 2–8). In the tropical climate with heavy rainfall, the 

potential for erosion in adjacent areas, as the result of sealing, is a consideration that 
seems particularly relevant for Marco Gonzalez, for the examination of soil mass 

retention. Other buried wastes at subsurface levels may have created similar effects 

related to percolation, soil texture, and barriers to organism activities.  
 

Simon Turner’s core and surface samples at Marco Gonzalez show some evidence for 
erosion that may be related to effects from construction and soil sealing. One 

mangrove sediment core (MG1), which spans the occupation of Marco Gonzalez, 
contains evidence for a shift to more terrestrial elements that indicate broad 

environmental changes in Chetumal Bay that include erosion (Graham et al., 2017, p. 
133). Another core (MG4) shows evidence for a buried apron of waste (Graham et al., 

2017, pp. 133–134) that might be indicative of erosion. The surface soils at the 
southern edge of the site appear to be the product of the erosion of material from the 

centre of the site (Simon Turner pers. comm.). Evidence for erosion could possibly also 

be found in soil micromorphology; the 2013 thin sections showed evidence for colluvial 
deposits (Graham et al., 2014, 2017; Macphail et al., 2017). 

 

Human niche construction 

Human niche construction (Chapter 3) provides a perspective that demonstrates some 

of the important considerations for Marco Gonzalez that are absent from LCA. Human 
niche construction places humans within the local ecosystem and considers the 

interaction of humans with other organisms. Human niche construction also considers 
the residual and long-term effects from modification and a review of the continued 

effect of ancient activities on the ecosystems at Marco Gonzalez today. The following 
discussion provides a few examples, and uses available data, informal observations of 

the on-site ecosystem, and hypotheses that could be tested with future research. Both 
LCA and human niche construction take a systems approach, but while the LCA’s 

results suggest causal relationships and short-term impacts, human niche construction 
facilitates the consideration of longer-term effects and the interaction of different parts 

of the local ecosystem. Human niche construction also considers social factors and 

aspects such as agency.  
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From a human niche construction perspective, the structures at Marco Gonzalez can 

be considered as human engineering of the landscape (cf. Arroyo-Kalin, 2017, p. 126), 
for habitation and other activities. The construction followed Maya architectural 

traditions – a social response – but also, in addition to the provision of shelter, 
contributed to raising the site above sea level, as sea level rose (Dunn and Mazzullo, 

1993, p. 122), and would have afforded more protection from storm surges. These 

modifications constitute a counteractive perturbation of selection pressures, since the 
environment was physically altered, and the changes in topography opposed the 

shifting environment (cf. Arroyo-Kalin, 2017, p. 123; Laland and O’Brien, 2010, pp. 
306–307). The modification of site topography via construction has had a number of 

legacy effects on the local ecosystem up to the present day. The underground 
freshwater lens at the site is important in the caye environment for the diversity of 

botanical species, and is particularly important for littoral forest taxa that have deeper 
root systems than beach thicket/scrub species and a higher sensitivity to salinity 

(Murray et al., 1999, pp. 26–27). The groundwater supply is also particularly important 
to all species during the dry season (Murray et al., 1999, p. 26). Construction, by 

modifying elevation, altered the depth from the surface to the freshwater lens, and is 

thought to have changed the habitat for vegetation, in favour of species with deeper 
root depth atop structure platforms. The modification of the distribution of vegetation 

could likely then impact pedogenesis owing to the varied relationships of species with 
soils. The enriched soils at Marco Gonzalez appear to influence the modern vegetation 

at the site and engage in feedback. Whilst the organic conditions created by the 
ancient waste materials appear to be a contributor to the development of cay/littoral 

forest and distribution of flora, the forest itself also contributes to soil development via 
root perturbation and the contribution of organic matter, the effects of which may then 

have created feedbacks that contributed to the further development of vegetation 
towards its modern state (Simon Turner pers. comm.).  

 

In much the same way that British brownfield sites have been found to support a 
diverse biota (Gibson, C. W. D., 1998), the Marco Gonzalez site is also home to a 

range of flora and fauna today (Chapter 1). Fauna live in a habitat that has been 
shaped by past human occupation. The modification of topography, in addition to the 

likely impacts on vegetation, would also have altered the local habitat for land crabs 
(Cardisoma guanhumi) that need to burrow for protection and to access the 

underground water for physiological needs such as hydration, nitrogen and CO2 
excretion, and also calcification of their carapaces after moulting (Pinder and Smits, 

1993, pp. 230, 233; Wood and Boutilier, 1985; Wood and Randall, 1981). Burrowing 
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behaviour is affected by the need to burrow to a particular depth for protection, and 

also the sediment temperature and type, organic matter, pH, tree cover and root 
density (Frusher et al., 1994, p. 652; Govender et al., 2008, p. 422; Iribarne et al., 

1997, pp. 143–144; Jiménez et al., 1994, p. 12; Wang et al., 2010, pp. 596–597) 
(Chapter 1). The increased depth to the water level and changes in sediment texture 

from anthropogenic waste appear to have reduced the preferred areas for burrowing; 

informal observations at the site suggest that crabs prefer to burrow on the lower areas 
and not on the larger structures. A reduction in the area for burrowing would constitute 

a modification of crab selection pressures because burrowing is critical to crab 
physiology and also for protection from predators. The altered conditions may have 

increased competition between crabs, and could have potentially restricted population 
growth, although they appear to be fairly numerous in the areas in which they burrow. 

Burrowing activity also appears to have some relationship to soil histories. In 
bioturbation, burrowing crabs move sedimentary material from lower levels to the 

surface, where it then may become part of surface geochemical cycles (Glanville-
Wallis, 2015; Wolfrath, 1992, p. 241). Zoning of crab burrowing, as modified by 

construction, may thus have impacted pedogenesis in different areas, via bioturbation, 

and also the contribution of nutrients to soils via their faecal and moulted matter.  
 

A large volume of shells from mollusc consumption, largely various species of conch, 
were used in construction at Marco Gonzalez (Chapters 2.3.2 and 2.3.6) (Emery and 

Graham, 2003, p. 79; Graham and Pendergast, 1987, 1989, p. 4; Pendergast and 
Graham, 1987). In addition to the engineering aspect of the structures, this shell waste 

occurred as a result of human strategising to fulfil basic needs for nutrition, as well as 
being made into jewellery. The ancient shell waste today provides protection and 

habitation for a large number of hermit crabs (Coenobita clypeatus, Caribbean hermit 
crab), who can be seen wandering the site carrying their homes. It is possible that this 

waste may have changed the on-site selection pressures for the crabs and contributed 

to the distribution of the species and population increase, although this is currently only 
hypothetical. The effects on both crab species are examples of ‘ecological spillover’ 

(e.g. Laland and O’Brien, 2010, pp. 303, 305–6; Odling-Smee et al., 2013, pp. 5–6) 
because habitats were produced and modified via the engineering activities of humans.  

 
The consideration of the long-term effects of modifications that can outlive the lifespan 

of organisms (Arroyo-Kalin, 2017, p. 122; Arroyo-Kalin et al., 2017; Laland et al., 2000, 
p. 133; Odling-Smee, 1988; Odling-Smee et al., 2013, p. 5) is particularly relevant to 

the development of dark earths. The modification of soils at Marco Gonzalez appears 
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to be an example of the inadvertent modification of an abiotic resource, whereby the 

disturbance from human activities contributed to soils moving away from equilibrium to 
occupy a different state (cf. Odling-Smee et al., 2013, p. 11). Waste, as the product of 

niche building activities such as food procurement and salt production – to fulfil 
biological needs – appears to have modified the sediments and soils on-site. Inputs 

such as organic waste would have modified the selection pressures on soil microbiota. 

The modifications that appear to have increased soil mass and nutrient content are a 
demonstration of the enhancing consequences of niche construction and the creation 

of landscapes that are able to support increasing populations (cf. Boivin et al., 2016, p. 
6393) via increased soil productivity. 

 
The dark earths at Marco Gonzalez are an example of how the consequences of niche 

construction may have time-lagged effects (cf. Odling-Smee et al., 2013, p. 6). It is 
currently uncertain when dark earths developed at the site, but it appears that they may 

have occurred after the main periods of occupation, in abandoned areas. We currently 
do not know whether the dark earths were exploited by ancient occupants. The area 

has been used in more recent times as a coconut plantation (Graham and Pendergast, 

1989, p. 3), perhaps attracted by the soils. The site has also experienced problems 
from people harvesting soils for use in their gardens. Thus, the legacy of past 

occupation is valued and utilised by more modern populations. A similar effect is 
described by Arroyo-Kalin (2017, p. 128) for the Amazonian landscape, whereby 

enriched soils post-abandonment, attracted later populations.  
 

7.2.4 Future strategies 

An understanding of the environmental impact of human activities relies on a detailed 
knowledge of the social processes at Marco Gonzalez, and thus it will be essential to 

expand the excavations and sampling in future, to gather further details regarding the 
site’s history and the activities that occurred. Continued research at Marco Gonzalez 

will need to maintain a multidisciplinary approach to consider the multitude of factors 
that interact in the long-term history of the site. In addition to those that have already 

worked at the site, it would be useful to include researchers in disciplines such as 
zoology and microbiology so that we can better understand the current ecosystem at 

Marco Gonzalez.  

 
Some of the issues with the Marco Gonzalez LCA that could possibly be improved with 

further research are: the focus on negative and short-term impacts; impact categories 
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that are not particularly relevant to land use and fertility; the provision of potential 

impact rather than actual impact results; the general nature of the characterisation 
factors applied; the small snapshot of waste and its impacts. LCA nevertheless shows 

potential as a starting point from which to discuss further aspects. The LCA method is 
suited to the re-evaluation of data and the modification of variables, and so it would be 

possible in future, with further research at Marco Gonzalez, to develop and improve the 

LCA presented in this thesis. 
 

A closer approximation to actual impact with the LCA results – more in line with the 
research interests at Marco Gonzalez – could be achieved with the development of 

site- and research- specific characterisation models (categorisation factors, impact 
categories and fates) for Marco Gonzalez that more accurately associate waste and 

impact. A more in-depth assessment of the contribution of nutrients, as well as the 
effects of wood charcoal on soil fertility, could be considered in future investigations 

with site-specific models. The factors that relate to nutrient retention, and the reaction 
of soils to the addition of nutrients, will need to be defined for Marco Gonzalez to 

determine anthropogenic effects. Site-specific long-term characterisation models for 

Marco Gonzalez will need to consider waste stability, emission stability, conditions that 
could change emission chemistry, and factors that influence the fate of waste 

emissions, such as topography and hydrology. Decomposition experiments with 
different waste materials, that recreate depositional conditions, would also be valuable 

to understand waste emissions in terms of their likelihood, rate, intensity and 
chemistry. It would also be necessary to understand and model emissions and impacts 

over far longer timeframes than are usually considered in LCA. The decomposition 
experiments would also allow a more accurate inventory of emissions, inclusive of 

details for compound emissions – for example the compound form of aluminium – so 
that they can be included in the inventory, and also the addition of more emissions, 

such as polycyclic aromatic hydrocarbons (PAHs) that result from burning activities.  

 
To continue research with LCA, it will be necessary to increase data collection. It would 

be ideal to expand LCA to the entire site to gather a better understanding of the 
distribution of waste and scale of impact on a site-wide basis. Any spatial expansion of 

the system boundaries, however, would prove beneficial to improve the modelling of 
potential impact. For future LCA research, it will be essential to build the quantification 

requirements of the LCA into fieldwork strategies to ensure that quantified data are 
available across the deposits, and for all waste materials at all size levels. It would also 

be valuable to work with other researchers to build more quantification into datasets 
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such as soil micromorphology. Although the level of quantification required for LCA 

would make it a labour-intensive task, an increase in spatial scale, and a better 
understanding of waste distribution and impact scale could be a fairly simple addition to 

the LCA when more data are available. Wastes such as human excrement might be 
better approximated in future with improved estimates of population size, although 

these estimations are problematic (e.g. Zorn, 1994) (Chapter 6) and disposal may have 

been off-site, for example in the sea. With a better understanding of the scale of waste 

deposition and impact, results from Marco Gonzalez could be compared to other coastal 

and Maya sites to further comprehend the conditions for long-term impact from waste 
deposition and other activities.   

 
It would be valuable to consider how to identify and quantify the smaller particulate 

waste-derived matter in the sediments, and thus better inventory the waste profile. 
Lijian Leng at University College London experimented with a few samples using 

thermogravimetry (thermal decomposition). This analytical method examines loss of 
mass in increasing temperature gradients and is a potentially useful way to identify the 

quantities of organic and carbonate matter in the small sediment fraction. The analysis 

can also potentially distinguish between different types of carbonates (e.g. shell versus 
limestone) and organic matter (e.g. soil organic matter versus charcoal) to give a more 

detailed picture of this smaller sedimentary material. The results suggest that there 
may be some potential in this method, but there are issues when using 

thermogravimetry with combustibles, so it might be that another analytical method 
would be more appropriate, or otherwise measurement of loss on ignition followed by 

thermogravimetry. Either way, it appears that there may be some method, with further 
experiments, to more thoroughly quantify the archaeological record at a wide range of 

size-related scales. In association, it would be beneficial to work towards a more 
detailed and accurate waste profile at the site via more accurate compositional data, 

and a combination of direct measurements and other information such as the 

identification of fish taxa present in specific waste deposits (which affect composition of 
fish bone). Ashing experiments would prove useful, to include a more accurate account 

of ash composition. Modern examples of the taxa identified in archaeobotanical wood 
charcoal could be ashed and then examined compositionally to identify chemical 

contributions to sediments and soils. It would also be beneficial to distinguish between 
organic and inorganic mass in total solids values, since these make different 

contributions to soil function and fertility. 
 

To access a more complete picture of the impact of human occupation at Marco 
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Gonzalez, it would be beneficial to expand the scope of the LCA so that the impact of 

particular site activities and their processes are considered in addition to the impact of 
waste. An examination of salt production is a clear contender for an activity-based 

LCA. Salt production is likely to have had impacts prior to waste deposition via the 
harvesting of sediment, the clearance of vegetation for pans – if they occurred – and 

the harvesting of fuelwood. Increased information relating to the scale of activities, and 

the exact production methods used would need to be established prior to an LCA of all 
processes. Activity-specific LCA will become more feasible as more data are gathered 

from future excavations over extended areas. 
 

In future research at Marco Gonzalez, the hypothesised impacts from LCA, and the 
other potential impacts discussed above, will need to be identified in relation to 

evidence for actual impact. We have some evidence for impacts to date, but otherwise 
indicators and proxies for impacts will have to be developed. One of the LCA’s impact 

categories, marine eutrophication, might be indicated by mangrove, fish or algal 
evidence. Eutrophication at lower levels can be beneficial to mangroves (Wanek et al., 

2007, p. 78), but excessive nutrients may promote conditions such as excessive algal 

growth and water deoxygenation that impede mangrove function and damage the 
ecosystem (Feller et al., 2002, p. 169; Hogarth, 2007) (Chapter 1). With the loss of 

mangroves, nutrients may enter marine ecosystems and degrade seagrass and coral 
reef ecosystems (Gibson, J. and Carter, 2003, p. 188; Hogarth, 2007, p. 217). The 

eutrophication of mangroves and seagrasses may also affect fish that rely on these 
ecosystems. Proxies for eutrophication might be found in Rhizophora (red mangrove) 

pollen, shifts in zooarchaeological assemblages of fish remains, or in the algal record 
(diatoms). Sedimentation can also damage corals, mangroves, seagrass and fish 

populations (Emery and Graham, 2003, p. 80; Hogarth, 2007; Orth et al., 2006, p. 991; 
Poussart, 2008, pp. 77–78) (Chapter 1). Mangrove oyster populations are particularly 

sensitive to sedimentation (Emery and Graham, 2003, p. 80). The evidence from 

Simon Turner’s cores, that show erosion, suggests that sedimentation did occur. The 
proxies for sedimentation might be similar to those for eutrophication, in relation to 

Rhizophora and fish remains. Oyster abundance and distribution, if their remains 
survive, might be an additional proxy to suggest the health of mangrove ecosystems, 

with particular regards to sedimentation. Marine, terrestrial and freshwater toxicity were 
also LCA impact categories. It is possible that these could be indicated by evidence 

from a wide range of environmental datasets (e.g. phytolith, pollen, zooarchaeological) 
that suggest changes in, or loss of, biodiversity. Human toxicity might be evidenced by 



 353 

pathologies observed in the skeletal material from the large number of burials at Marco 

Gonzalez.  
 

 

7.3 Conclusions 

The results suggest a variety of activities throughout the history of Marco Gonzalez that 
include food processing, fishing, salt production, burials, construction, possibly the 

management of economic plants, and the use of both local and imported resources. 
The processes of these activities, and the waste they created, appear to have had 

effects on the soils, vegetation and landscape of Marco Gonzalez up to the present 
day. The human long-term contribution to pedogenesis and soil history at Marco 

Gonzalez goes beyond contamination, degradation, or even simple enrichment by the 
addition of organic plant-based matter. Humans brought off-site materials to Marco 

Gonzalez that appear to have functioned as soil parent materials, in the same manner 
as material transported by abiotic processes. Waste deposited by humans was 

transformed and used by non-human factors, including flora and fauna. Humans were 

one element in a complex on-site ecosystem, with a variety of interactions between 
biotic and abiotic factors. Ecological functions continued even when occupation was 

dense (cf. Pickett et al., 2011, p. 355), and continue today at the site, which is covered 
by dense vegetation and provides habitats for a number of different fauna species, 

some of which directly interact with the archaeological material.  
 

My research has presented a variety of datasets, produced by myself and also by other 
researchers working at Marco Gonzalez. Multidisciplinary approaches are critical to the 

investigation of the impacts of waste and land use on long-term environmental histories 
because of the wide variety of factors that interact or that influence impact, and the 

range of temporal and spatial scales at which impacts occur. The archaeobotanical 

results demonstrated the valuable contribution that charred remains can make in a 
tropical setting, despite some issues with preservation. The results were able to 

support other datasets, produce data for the LCA, and make some suggestions about 
resource use that had not previously been researched. The phytolith samples 

demonstrated good preservation of remains despite prior concerns about preservation 
in the shell-rich strata, and indicated that research should be expanded for this dataset. 

Both macrobotanicals and phytolith show great potential for future research at Marco 
Gonzalez, for their contribution to our understanding of human-plant relationships, the 

environment, and on-site activities. 
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The research suggests that LCA can be completed to good effect with archaeological 
data and that LCA provides a good basis to question the data, suggest other avenues 

for research, or provide quantitative support to hypotheses. The analyses, however, 
demonstrate that LCA requirements need to be considered in the planning stages of 

fieldwork. For future assessments it will be essential to develop more archaeologically- 

and site-specific characterisation models to more accurately represent the conditions 
and history at Marco Gonzalez, and answer research questions about the impact of 

wastes on soils. It will also be necessary to develop the methods needed to identify 
actual environmental change, to increase the relevancy of LCA results. The LCA also 

must be complemented by analyses from other approaches – perhaps human niche 
construction – that can address the causal issues inherent in the LCA results, and 

investigate the interactions and feedbacks between different ecosystem elements. The 
alternative approaches could also explain longer-term patterns and be inclusive of 

important social factors.  
 

For applied results to the modern world, the LCA provides a neat and familiar package 

of data that can be presented to non-archaeological stakeholders, and increases the 
accessibility of data to disciplines such as environmental engineering or those in 

industrial settings. It will be necessary to engage with researchers and participants in 
these fields to maximise effective communication and applicability of the research. 

Building on this research, and other research at Marco Gonzalez, future experiments to 
understand the decomposition of waste materials and contribution to sedimentary 

material and soil nutrients are hoped to contribute to applications in soil security that 
will benefit future generations.  

 
My research has proposed potential methods for investigating the impact of waste and 

land use on the local environment in the long-term. It is clear, however, that the 

research at Marco Gonzalez is still in its early stages and that there is an exciting road 
ahead where these methods can be further applied and we can establish the long-term 

connections between humans, waste, soils and landscapes.  
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