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Abstract 

 

Since the 1970s, declines in UK farmland bird populations have been 

experienced, with agricultural intensification identified as a key driver. Agri-

environment schemes have failed to reverse these declines, principally due to 

a mismatch between measures adopted and local biodiversity requirements.  

 

Despite the proven potential of open-canopy ponds to support a wide range of 

species, the majority of the UK’s lowland agricultural ponds are highly 

terrestrialised. The restoration of overgrown pond sites has been shown to 

increase aquatic invertebrate and macrophyte diversity, with a preliminary 

study also demonstrating benefits of pond management for UK farmland birds. 

 

This thesis aims to expand on this research, investigating whether and how 

farmland pond management contributes towards supporting local birds over 

annual and seasonal periods, in combination with an analysis of the influence 

of pond margin and wider landscape on farmland birds. Further, pond-margin 

and emergent aquatic insect communities are investigated as potential key 

drivers of bird visits.  

 

Driven strongly by pond management and connectivity to semi-natural 

landscape features, bird abundance and species richness were significantly 

higher at managed open-canopy ponds over all seasons. The importance of 

in-pond and surrounding margin habitat variables in predicting birds varied 

over the seasons, while wider land-use patterns were not found to be 



 

Page 4 of 266 
 

significant predictors of bird communities at the pond sites. Bird communities 

displayed more pronounced seasonal shifts in composition at managed open-

canopy ponds, with warblers and other specialised bird species frequently 

recorded over the breeding and post-breeding seasons but largely absent from 

overgrown ponds. Significant differences between pond management types in 

emergent aquatic insect communities, but not pond-margin associated 

invertebrate communities, are identified as a key driver of bird visits to 

farmland ponds. 

 

This thesis shows that pond management offers significant potential to benefit 

local farmland birds alongside providing valuable insights for the design of 

future agri-environment prescriptions. 
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UCL Thesis Impact Statement 

 

With rapid declines in farmland bird populations recorded in the UK, 

continental Europe and North America, there is an urgent need to evaluate and 

initiate conservation measures that could contribute towards supporting local 

bird populations. This thesis evaluates the potential of farmland pond 

management to support local farmland bird communities, along with providing 

new insights into the mechanisms behind bird visits. 

 

Such findings are relevant to a wide range of stakeholders. For academics and 

researchers, the results of this thesis expand on previous research and also 

address a knowledge gap. My work provides evidence of the importance of 

farmland pond management for local bird communities while also highlighting 

the importance of a common farmland habitat, that has to date been largely 

undervalued as a conservation measure both by scientists and policy makers. 

Agri-environment policy in the UK, continental Europe and North America is 

informed by available scientific evidence and this thesis provides such 

substantiation of the benefits of pond management for invertebrates and birds. 

This information has been shared with government conservation 

organisations, such as Natural England, to help inform future agri-environment 

scheme policy direction. 

 

My results are of further use to conservation organisations, such as the Wildlife 

Trusts and National Trust. With the focus of many such organisations shifting 

from isolated nature reserves to a landscape-scale approach my findings 
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highlight the potential of a conservation measure that can be implemented 

within agricultural areas (largely without the loss of productive land, due to their 

position within waterlogged areas) alongside providing a general protocol 

outlining how to best manage pond sites (e.g. permitting the growth of a thick 

understory layer around pond margins) to increase local bird abundance and 

species richness, alongside emergent invertebrate abundance and biomass. 

As such, I have presented my results to Norfolk Wildlife Trust and 

communicated my results with National Trust employees involved with 

agricultural management on the estates.  

 

I have disseminated the main findings of this thesis with academia through 

three peer-reviewed academic papers published in well-respected journals; 

Agriculture Ecosystems and Environment (Lewis-Phillips et al. 2019a), Bird 

Study (Lewis-Phillips et al. 2019b) and Conservation Biology (Lewis-Phillips et 

al. 2019c). I have also shared my results through a number of oral and poster 

presentations, including at the European Pond Conservation Network and 

London Doctoral Training Partnership conferences. Conservation practitioners 

and famers have been involved, through a self-written article published in the 

Freshwater Biological Association newsletter, a review of the main findings of 

this thesis published within the ‘habitat management news’ section of the 

British Wildlife magazine (compiled and written by the conservation 

management advice unit of the RSPB) and through social media, with a single 

Twitter press release summarising the results of my first published paper being 

viewed over 34,000 times and, importantly, engaging with farmers and 

landowners. Furthermore, both an overview of the issues surrounding 
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farmland birds and my outputs have been shared with the general public 

through the mainstream media, such as a BBC news feature. 
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Chapter 1. Introduction 

 

1.1. Agriculture and birds 

 

1.1.1. A brief history of farmland birds 

 

Humans have greatly altered the British landscape for at least 6500 years 

(Newton 2017). Bone remains of open habitat bird species such as grey 

partridge Perdix perdix and great bustard Otis tarda indicate that areas of 

grassland existed prior to human intervention (Yalden & Albarella 2008). 

These areas may have been maintained by the grazing of large animals such 

as wild cattle and horses, resulting in dynamic pasture woodland (Vera 2002), 

but were greatly expanded through anthropogenic tree clearance. This change 

would have further benefited some groups of birds, such as kestrels and 

harriers (Newton 2017). By 500BC, as documented by shifts in tree to grass 

pollen, half of England was deforested and, by the Roman era, agricultural 

layout and open land was similar to modern times (Rackham 1990). Such 

changes led to the expansion and colonisation of open and marshland bird 

species (O’Connor & Shrubb 1986), including pipits, larks, chats, owls and 

buntings (Newton 2017), while some forest species transitioned to man-made 

habitats. For example, in Britain blackbird Turdus merula distribution is 

widespread over man-made, semi-natural and natural habitats, whereas in 

eastern Europe it remains largely restricted to natural woodland habitats. 

Some bird species have been associated with man-made habitats for so long 

that their natural habitat, or whether they even occurred in Britain at all in pre-
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Neolithic times, is unknown. Regardless, ‘farmland’ bird species that currently 

co-habit agricultural areas in Britain would likely not all have occurred together 

in their natural habitats and therefore the farmland bird community originates 

as a result of human modifications of the environment (Newton 2017). 

 

1.1.2. A definition of farmland birds 

 

The majority of terrestrial British birds have been recorded on farmland at 

some time (O’Connor & Shrubb 1986; Newton 2017) and as a result the exact 

definition and species included within ‘farmland bird’ communities varies 

depending on the criteria used (O’Connor & Shrubb 1986; Gibbons et al. 1993; 

Eaton 2012; Defra 2015; Newton 2017). Farmland bird species include a range 

of passerines, ranging from obligate granivorous to obligate insectivorous 

species, waders, game birds and raptors. Farmland bird species can either be 

broadly defined as those that breed or winter in open habitats (c. 70% of 

Britain), such as woodpigeon Columba palumbus and jackdaw Coloeus 

monedula, or, more narrowly, as those restricted to, or highly dependent on 

farmland, such as tree sparrow Passer montanus and yellowhammer 

Emberiza citronella (Newton 2004). Within this study, I adopt a broad definition 

of farmland birds, including any species observed around agricultural land or 

associated semi-natural habitats. The inclusion of this broader definition 

permits insights into species that may benefit from certain habitats (specifically 

ponds) for an aspect of their life cycle, regardless of whether or not they breed 

directly in that habitat. 
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1.1.3. Value of farmland birds 

 

Placing a value on nature is a complex but overarching aim in ecosystem 

service conservation (Hiron et al. 2018). The term ‘value’ can be broadly 

divided into direct and indirect categories (McNeely 1990; Gaston & Spicer 

2009), and can relate to a range of areas including economic, cultural and 

human wellbeing (Vucetich et al. 2015) alongside intrinsic values, classified as 

properties that are independent of attitudes or judgments (Sandler 2012). 

 

Direct values provided by farmland birds include ecosystem services such as 

biological pest control, where they have been demonstrated to fulfil a valuable 

role in sustainable agriculture by significantly reducing pest insect densities 

(Grass et al. 2017), enhancing crop yields and decreasing the application and 

costs of agri-chemicals (Thomson and Hoffmann 2010). One of the first 

recorded, but non-intentional experiments demonstrating the value of birds for 

pest control, was undertaken in China during the 1960s. Leader Chairman Mao 

Zedong initiated a national campaign to reduce sparrow populations, a species 

perceived to be responsible for grain losses. Millions of sparrows were killed 

and, consequently, pest numbers and related crop destruction increased and, 

in combination with other factors, contributed to a famine (Steinfeld 2018). 

Recent research demonstrates that birds reduce the most significant insect 

pests of Alfalfa by a third (Kross et al. 2016), infestation of a main coffee pest 

by ~50% (Karp et al. 2013), and played a significant role in reducing orchard 

pests (Jedlicka et al. 2011) and aphids in cereal crops (Grass et al. 2017). 

Birds can also contribute to vertebrate pest control. For example, Kross et al. 
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(2016) found that 99.5% of barn owl Tyto alba diet comprised of agricultural 

pest species, such as mice Mus musculus and vole Microtus californicus. 

Furthermore, chaffinch Fringilla coelebs consume large amounts of arable 

weed seeds and were identified as the most valued British bird species based 

on economic impact (Hiron et al. 2018). Farmland birds also potentially provide 

a direct value through eco-tourism. While the exact value of eco-tourism is not 

known, 79-million day trips were made to the English countryside for wildlife 

viewing over a single year (Natural England 2012a), with increases in visits to 

nature reserves outperforming current trends for general tourism (Molloy et al. 

2011). 

 

Indirect ecosystem service values are more difficult to quantify as they carry 

different weights according to the individual stakeholder. However, many 

farmland bird species have high cultural and historical value. For example, the 

Roman poet Catullus wrote about the death of his pet sparrow (Krebs et al. 

1999), the turtle dove Streptopelia turtur is one of the most frequently 

mentioned birds in poetry (Hiron et al. 2018), and Beethoven included 

yellowhammer Emberiza citronella song in his compositions (Bowden 2008). 

Birds also play an important social role, in particular benefitting human 

wellbeing, with lower levels of depression, stress and anxiety associated with 

experiencing higher abundances of birds (Cox et al. 2017). 

 

Finally, although not specifically linked to ecosystem service values, in Britain 

farmland birds are used as indicators of wider ecosystem health, due to their 

position close to the top of the food chain and in turn their sensitivity to 
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fluctuations in insect and plant abundance (Krebs et al. 1999; Taylor et al. 

2009). As a result 19 species of farmland bird have been monitored on an 

annual basis since 1967, providing reliable population trends over time (RSPB 

2019). 

 

 1.1.4. Farmland bird declines 

 

Bird populations associated with agricultural land are declining in several 

regions of the world. In Europe, widespread declines of farmland bird 

populations are a major conservation concern (Tucker & Heath 1994; Donald 

et al. 2001), with an estimated loss of 420 million individuals since 1980 (Inger 

et al. 2015) and similar trends have been experienced in North America 

(Mineau and Whiteside 2013; Hill et al. 2014). In line with these declines, UK 

farmland bird populations have decreased by 56% since 1970 (Defra 2018, 

Figure 1, Table 1), with populations of some species declining by more than 

80% in less than 20 years (Tucker et al. 1994; Fuller et al. 1995). Alongside 

population declines, between 1970 and 1990, 86% of UK farmland bird species 

experienced a range contraction (Fuller et al. 1995, Figure 2). Importantly, it is 

thought farmland bird population declines may be even more extreme than 

documented due to net immigration of birds from other habitats into farmland 

(Newton 2017). 
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Figure 1. Populations of farmland birds in the UK, 1970 to 2016. Source: DEFRA 

(2017). Unsmoothed trend (dashed line) and smoothed trend (solid line) with 95% 

confidence interval (shaded). 

 

Figure 2. Range contraction of tree sparrow breeding distribution between 1970 

(left) and 1990 (right) in Britain and Ireland. Source: Fuller et al. (1995).  
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Table 1. Population trends, showing percentage change, for 19 farmland ‘indicator’ 

species between 1970-2007 Source: RSPB (2019).  

Common name Scientific name % change 

Tree sparrow Passer montanus -94 

Corn bunting Emberiza calandra -90 

Turtle dove Streptopelia turtur -89 

Grey partridge Perdix perdix -87 

Yellow wagtail Motacilla flava -73 

Starling Sturnus vulgaris -68 

Linnet Carduelis cannabina -58 

Lapwing Vanellus vanellus -58 

Yellowhammer Emberiza citrinella -54 

Skylark Alauda Arvensis -51 

Kestrel Falco tinnunculus -35 

Reed bunting Emberiza schoeniclus -27 

Whitethroat Sylvia communis +5 

Greenfinch Chloris chloris +23 

Rook Corvus frugilegus +41 

Stock dove Columba oenas +55 

Goldfinch Carduelis carduelis +64 

Woodpigeon Columba palumbus +125 

Jackdaw Coloeus monedula +136 
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Three overarching requirements, named ‘the big three’, have been identified 

as vital components of survival and population growth for farmland birds: 

presence of nesting habitat, summer invertebrate food for chicks, and 

overwinter food and shelter (Aebischer et al. 2015). Farmland birds can be 

divided into two main groups; specialists and generalists. Specialist species, 

such as turtle dove and tree sparrow, have specialist habitat preferences or 

dietary requirements and are therefore restricted to, or highly dependent on, 

farmland habitats. In comparison, generalist species, such as jackdaw and 

woodpigeon, have broader habitat requirements, but still occupy farmland. 

Population decreases are particularly pronounced in bird species with 

specialist habitat preferences or dietary requirements. For example, specialist 

species are particularly vulnerable to extinction through environmental 

changes (Mckinney & Lockwood 1999; Julliard & Couvet 2003), whereas 

generalist species are less susceptible to environmental changes, and may 

even benefit from them (McKinney & Lockwood 1999). Accordingly, UK 

specialist farmland birds have experienced the greatest decline; 69% since 

1970, whilst generalist species have declined over the same period by 9% 

(Hayhow et al. 2015, Figure 3). Furthermore, Siriwardena et al. (1998) found 

that between 1968 and 1995, specialisation was the sole significant 

determinant of changes in farmland bird abundance, with seed-eating 

specialist species, such as tree sparrow, corn bunting Emberiza calandra and 

turtle dove, experiencing the largest population declines (Fuller et al. 1995). 

Species dependent upon seeds over the winter months have suffered the 

greatest decline of 39% since 1970 (Robinson and Sutherland 2002; Bright et 

al. 2008).  
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Figure 3. Populations of specialist and generalist farmland birds in the UK, 1970 to 

2016. Source: DEFRA (2017). Number in brackets show number of species. Lines 

show unsmoothed trend (dashed line) and smoothed trend (solid line). 

 

Many bird species shift their feeding habits depending on season or life stage. 

Some species, such as starling Sturnus vulgaris, focus on plant-based food 

over winter, but switch to a largely invertebrate diet through the breeding 

season (Baker et al. 2012) (Table 2) and the majority of chicks of all species, 

regardless of adult diet, rely on invertebrates to provide protein for growth 

(Holland et al. 2006). Therefore, the availability of both invertebrate and seed 

food sources can be a limiting factor for a broad range of farmland birds. 
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Table 2. Winter and summer dietary requirements of a selection of 21 farmland bird 

species in the UK (Baker et al. 2012). * denotes obligate summer migrant. 

Species Winter diet Summer diet 

Bullfinch Plant Both 

Corn bunting Plant Both 

Chaffinch Plant Both 

Dunnock Both Animal 

Goldfinch Plant Plant 

Greenfinch Plant Plant 

House sparrow Plant Both 

Lapwing Animal Animal 

Linnet Plant Plant 

Meadow pipit Animal Animal 

Grey partridge Plant Both 

Reed bunting Plant Both 

Skylark Plant Both 

Stock dove Plant Plant 

Starling Plant Animal 

Song thrush Plant Animal 

Turtle dove* -  Plant 

Tree sparrow Plant Both 

Whitethroat* -  Animal 

Yellowhammer Plant Both 

Yellow wagtail* -  Animal 
 

In light of such rapid population declines, many farmland bird species were 

given priority status under the UK Biodiversity Action Plan (BAP), and 
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subsequent research has provided evidence of the drivers and mechanisms 

behind individual species declines (Newton 2004; Grice et al. 2004, Table 3).  

 

Table 3. Causal factors for declines of some species observed in this study (Newton 

2004). External causal factors: declines in habitat areas (H), food supply (F), nest-

sites (N), or increases in predation or nest trampling (P) (note that the majority of 

species are subject to multiple causes of decline). 

Species Causal factor 

Seed eaters 
 

House sparrow F + N 

Linnet F + N 

Bullfinch H + F 

Yellowhammer F 

Reed bunting H + F 

Other passerines 
 

Skylark H + F 

Meadow pipit H + F 

Starling F 

Blackbird H + F 

Song thrush H + F 

Waders and others 
 

Snipe H + F 

Game birds 
 

Grey partridge H + F +P + Pesticide 

Birds of prey 
 

Sparrowhawk Pesticide 

Kestrel H + F + N 
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Barn owl H + F + N 

 

The potential causes of farmland bird declines have been investigated. 

Declines in farmland bird populations have coincided with expansions in 

populations of predators including corvid species (Gregory and Marchant 

1996), sparrowhawk Accipter nisus (Fuller et al. 1995) and fox Vulpes vulpes, 

leading to the hypothesis that farmland bird declines may be linked to 

predation. However, neither short-term, small-scale (Newton 1993) nor long-

term, large-scale (Thomson et al. 1998) studies have found significant effects 

of avian predators on songbird population levels. Furthermore, under a regime 

of no predator control, but instead changes to farm management, farmland bird 

abundance at RSPB’s Hope Farm trebled over 10 years and experienced an 

increase in specialist and BAP species (Aebischer et al. 2015; Avery 2015). 

Systematic reduction of avian and mammal predators abundance has been 

shown to improve songbird nest success (White et al. 2014) and it may be that 

predation could have contributed towards preventing population recoveries, 

initially caused by different drivers (Newton 2017). However, systematic 

predator control as a nationwide conservation measure is considered 

impractical, due to the associated costs and negative public perception 

(Donald et al. 2002), and therefore other conservation measures must 

normally be initiated.  

 

The role that severe weather, such as particularly cold winters, may play in 

farmland bird declines has also been examined. Some declines, such as large 

decreases in song thrush Turdus philomelos and wren Troglodytes troglodytes 
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populations between 1962 and 1963 (Cawthorne and Marchant 2009), may 

have been initiated by weather events, including the hard winters in the early 

1960s (Newton 2017), but, in general, declines in farmland bird populations 

recovered after such events whilst continuing a long-term downward trend 

(Fuller et al. 1995). This suggests that weather events are not the main driver 

behind farmland bird decline. Finally, the role that disease may play in 

farmland bird declines has been considered. Robinson et al. (2010) showed 

that breeding populations of greenfinch Chloris chloris in regions with high 

incidence of canker Trichomonas gallinae decreased by 35%. Furthermore, 

Lennon et al. (2013) found that all four species of Columbidae in the UK (turtle 

dove, collared dove Streptopelia decaocto, stock dove Columba oenas and 

woodpigeon) were infected with the same parasite, causing mortality in adults 

and nestlings and with individuals more likely to be infected when 

supplementary food was provided on farmland for gamebirds. A further study 

by Stockdale et al. (2014) identified T. gallinae in 100% of turtle doves tested. 

Some species of farmland bird, such as linnet Carduelis cannabina, may be 

particularly susceptible to disease due to flocking behaviour over winter (Fuller 

et al. 1995), but while there is evidence for specific groups and species being 

affected, disease alone does not explain why such a broad spread of farmland 

bird species have experienced declines.   

 

While the above factors may have contributed to farmland bird declines, either 

in isolation or combination, agricultural intensification has been identified as 

the major underlying driver. Hayhow et al. (2016) identified agricultural 

intensification as the main cause of wildlife declines of 400 terrestrial and 
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aquatic species in the UK, greatly outweighing other changes such as 

urbanisation and climate change (Figure 4). Furthermore, Donald et al. (2001) 

found deleterious effects of agricultural intensification over Europe at a 

continental scale, with the negative impact on wildlife comparable with 

deforestation and climate change. 

 

 

Figure 4. Positive and negative drivers for 400 terrestrial and aquatic species in the 

UK between 1970 and 2012. Source: Hayhow et al. (2016) 

 

1.1.5. Agriculture and impacts on birds 

 

The majority of farmland bird species declines in the UK have been linked to 

the intensification of agricultural practices over the 20th century (Fuller et al. 

1995; Krebs et al. 1999; Benton et al. 2002; Aebischer et al. 2015). Likewise, 

agricultural intensification has been experienced throughout mainland Europe 

(Inger et al. 2015) and the USA (Mineau and Whiteside 2013; Hill et al. 2014), 

alongside similar associated bird declines. Geographically broad studies have 

identified that countries hosting more intensive agricultural practices have 
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experienced the greatest bird population declines and range contractions 

(Donald et al. 2001; Newton 2017). Increased yield production is a main goal 

of agricultural intensification and on this basis alone, agricultural intensification 

has been highly effective, for example increases of 201% in wheat yields in 

Scotland between 1967 – 1999 were achieved (Benton et al. 2002). However, 

increased yields are linked to greater bird declines, and cereal yields alone 

explain more than 30% variation in bird populations (Newton 2017). While yield 

itself has no direct impact on farmland bird populations, associated practices 

of agricultural intensification (e.g. increased pesticide use, see Figure 5) 

negatively impact on resource availability for farmland birds (Aebischer et al. 

2015, Table 3).  

 

While human-driven changes have occurred in the UK since the Neolithic, 

rapid and far-reaching farming intensification since the Second World War 

(WW2) has exceeded all other periods in terms of negative environmental 

impacts (Newton 2017), influencing a broad range of bird species and other 

wildlife (Fuller et al. 1995; Robinson & Sutherland 2002; Shrubb 2003). Many 

factors of agricultural intensification have negatively impacted on food 

availability for farmland birds, alongside reductions in habitat availability 

(Figure 5). The main changes associated with agricultural intensification that 

have had major negative impacts on farmland bird populations since the end 

of the WW2 are discussed below. 
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Figure 5. Potential mechanisms behind plant, insect and bird population changes. 

Major changes highlighted in shading. Source: Robinson & Sutherland (2002). 

 

1.1.5.1. Agro-chemical usage 

 

Pesticides, including herbicides, insecticides and fungicides, have been widely 

used in the UK since the 1950s. However, the number of approved 

compounds, the area treated, the number of applications per growing cycle 

and the weight of active ingredient of all of these compounds has increased 

significantly since then (Benton et al. 2002; Newton 2004). As a result, overall 

pesticide use, measured by active ingredient weight, has increased tenfold 

since 1950 and currently the majority of the UK’s 4,600,000 hectares of arable 

and horticultural land is currently treated with a mixture of agro-chemicals on 

multiple occasions every year (Newton 2017). For example, in 1996 the 

average Scottish cereal field was sprayed over six times, with a range of 

chemicals (McCreath & Snowden 1996). Many pesticides are non-target 
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specific and negatively impact on a wide range of organisms. Cereal fields can 

host up to 800 species of insect species and while around 10% of these can 

have a negative impact on crops, others act beneficially through the control of 

pest species. However, almost all of these species are effectively removed by 

insecticide applications (Buckwell and Armstrong-Brown 2004). Notably, the 

negative impacts of pesticides are not limited to farmland, with spray drift and 

surface run off contaminating surrounding terrestrial and aquatic habitats 

(Brown et al. 2006; Hallmann et al. 2017). 

 

In 2016, 7% of the total pesticide-treated arable areas of UK were sprayed with 

insecticides (Garthwaite et al. 2016). Organophosphates and carbamates, 

known to be highly damaging to people and wildlife, were largely replaced by 

neonicotinoids in the 1990s (Newton 2017). Neonicotinoids exhibit lower acute 

toxicity to vertebrates than organophosphates and carbamates but display 

longer persistence within the environment alongside high water solubility, 

resulting in increased runoff potential. Furthermore, research has recently 

shown neonicotinoids to be toxic to pollinators (Gibbons et al. 2015) and birds 

(Mineau & Palmer 1993). Alongside, direct toxic impacts on invertebrates, 

invertebrate community population dynamics are disrupted as many pest 

populations recover faster than their natural invertebrate predators, resulting 

in a requirement for further insecticide applications.  

 

Herbicides also impact on farmland bird populations. The number of herbicide 

compounds approved for use in the UK increased from one in 1960 to 40 in 

the 1980’s (Newton 2017). This change has been accompanied by a rapid 
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increase in treated area. For example, in 2016, 32% of the total treated area 

of arable farm crops in the UK (Garthwaite et al. 2016) was sprayed with 

herbicide resulting in major reductions in arable ‘weeds’ and associated 

declines in seed availability and dependent insects (Wilson et al. 1999) and, 

therefore, reducing food availability for birds (Taylor et al. 2006). Simultaneous 

declines in seed-eating birds were experienced, likely due to reductions in food 

availability (Bright et al. 2008).  

 

Fungicide use has also dramatically increased since the 1970s, with this group 

of chemicals now accounting for 39% of the total area of arable farm crops 

grown in the UK in 2016 (Garthwaite et al. 2016). Fungicides have been linked 

to reductions in the density of invertebrate abundances (Ewald & Aebischer 

1999), either through direct toxicity or reducing fungal food sources, which  in 

turn reduces invertebrate food availability for birds (Newton 2017).  

 

Finally, fertiliser usage has increased dramatically with agricultural use of 

nitrogen doubling between 1970 and 1986. This increase in fertiliser 

application resulted in major reductions in plant diversity in the countryside, a 

change also associated with declines in invertebrate diversity and abundance 

due to loss of food sources (Vickery et al. 2001). 

 

While in the UK birds are not legally targeted by pesticides, they can be 

impacted either directly or indirectly through their use. Direct effects on birds 

can occur through various means, including ingestion of a contaminated food 

source or prey item (Prosser and Hart 2005) or direct exposure of the eggshell 
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or skin to the pesticide (Newton 2017). Various examples of direct negative 

impacts of pesticides have been identified, ranging from reduced reproductive 

success (Newton 2004; Bright et al. 2008) to increased mortality (Mineau & 

Palmer 1993). For example, Dichlorodiphenyltrichloroethane (DDT) negatively 

impacted sparrowhawk eggshell thickness, leading to detrimental population 

level effects (Krebs et al. 1999), whereas a single neonicotinoid-treated corn 

kernel has been demonstrated to potentially result in songbird mortality, with 

songbird reproduction negatively impacted by as little as 1/10th of a corn seed 

per day consumed during the egg-laying season (Mineau & Palmer 1993). 

Direct effects of pesticides can also result in behavioural changes. For 

example, a study in North America showed white-crowned sparrow Zonotrichia 

leucophrys to suffer migrational departure delay and disrupted migratory 

direction after consuming the equivalent of four neonicotinoid-treated seeds 

(Eng et al. 2017), while tree sparrow parental behaviour was altered through 

exposure to organophosphates, potentially resulting in impeded chick 

development (Bright et al. 2008).  

 

The importance of indirect effects of pesticides causing farmland bird decline 

through the loss of food sources, including invertebrates and seeds, or habitat 

changes, associated with pesticide usage, has also been demonstrated 

(Boatman et al. 2004). It has been well documented that pesticide usage can 

result in a reduction in invertebrate food sources (Aebischer 1991; Bright et al. 

2008; Hallmann et al. 2014), with this link demonstrated both in the UK and 

internationally. Hallmann et al. (2017) found a 76% decrease in flying insect 

biomass over a 27-year period in Germany, Aebischer (1991) identified a 50% 
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reduction in invertebrate numbers in 100 UK cereal fields between 1970 and 

1990, with a predicted 75% decrease in invertebrate abundance since the 

introduction of herbicides in the 1950s, and Barrett (1968) found that just one 

application of a commonly used carbamate insecticide reduced the abundance 

and biomass of insects and other arthropods within the treated area by almost 

95%, resulting in a biomass recovery time of seven weeks. Furthermore, links 

between reduced invertebrate availability (as a result of pesticide use) and 

negative impacts on bird population have been identified. Hallmann et al. 

(2014) found that local bird population trends in the Netherlands were 

significantly more negative in areas with higher surface-water neonicotinoid 

concentrations, and reductions in invertebrate availability were a plausible 

driver of these bird declines.  

 

Single species studies provide further evidence of indirect impacts. Morris et 

al. (2005) found that pesticide use was associated with reduced invertebrate 

abundance, resulting in a negative correlation with yellowhammer foraging 

intensity and a further negative relationship between insecticide use and 

nestling body condition. Boatman et al. (2004) also found that reductions in 

brood productivity in yellowhammer decreased in line with increases in 

insecticide spraying of the foraging area around the nest. Brickle et al. (2000) 

found that corn bunting chick food abundance was significantly negatively 

correlated with the number of applications of insecticides, herbicides and 

fungicides. For grey partridge, Rands (1985) found that brood size was 

significantly higher where cereal field headlands were left unsprayed, as a 

result of higher insect abundance, while Potts (1986) found that the decline of 
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this species in the UK was partly a consequence of reduced chick survival due 

to the effects of herbicide-spraying and subsequent reductions in insect food 

supply. 

 

1.1.5.2. Changes in cropping regimes 

 

Changes in farm management and efficiency have resulted in reduced food 

availability for wildlife. Traditionally, cereal crops were planted in spring and 

harvested in late summer. Stubble then remained in situ over the winter or 

following spring until ploughing. Stubble fields provide a feeding ground for 

granivorous birds, such as linnet, complimenting a food source provided by 

grain spilled from the harvesting and threshing process along with weed seeds 

made available by ploughing. In England and Wales, the area of land ploughed 

during spring reduced from 80% in 1960 to just 10% in 1990. This change had 

negative consequences for seed availability and also affected ground-nesting 

species, such as skylark Alauda arvensis, which consequently suffered higher 

rates of nest failure (Eraud & Boutin 2002). Harvesting efficiency has also 

increased and between 1970 and 2000 the amount of grain spilled during the 

process reduced by 92% thus removing another vital food resource for seed 

eating birds over winter (Robinson & Sutherland 2002, Evans et al. 2004). 

Furthermore, herbicides significantly reduced the availability of arable ‘weed’ 

seeds (Boatman et al. 2004), with an estimated decrease of 88% of arable 

‘weed’ seeds in stubble areas between 1920 and 1995 (Robinson & 

Sutherland 2002). In combination, these factors have resulted in low food 

availability over winter for birds, termed the “hungry gap”, that is thought to be 
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one of the main mechanisms leading to population collapses in bird species 

that feed on seeds over winter (Siriwardena et al. 2000; Siriwardena et al. 

2008; Natural England 2011). Indeed, the late winter months, especially 

February and March, are considered to be especially critical as this is when 

seed resources are at their absolute lowest, whilst bird energy requirements 

are potentially at their highest, leading to increased mortality rates 

(Siriwardena et al. 2008). 

 

From the mid-20th century a further cause of bird declines has been the 

transition from hay to silage production causing reduced food availability for 

birds due to earlier cutting of grasslands (Vickery et al. 2001), as well as 

increased nest destruction for field-nesting species such as corn bunting (Crick 

et al. 1994, Wilson et al. 2007). A 50% increase in sheep stocking between 

1976 and 1997 caused structural changes to vegetation, which, in the uplands 

of the UK, resulted in the reduction of plant and invertebrate diversity and, 

consequently, decreasing food availability for bird populations (Fuller and 

Gough 1999; Vickery et al. 2001). 

 

1.1.5.3. Removal of non-cropped features 

 

Habitat heterogeneity at a local and landscape scale is a primary driver of 

biodiversity (Benton et al. 2003), and Burns et al. (2013) identified that declines 

in populations of over 3000 British species were linked to a loss of habitat 

heterogeneity. Reductions in habitat heterogeneity result in direct negative 

impacts for birds, such as reductions in associated invertebrate communities 
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or nesting habitat, combined with indirect consequences, such as a reduction 

in landscape connectivity. Lawton et al. (2010) advocated the key importance 

of landscape connectivity for wildlife, demonstrated to be an important factor 

for birds, and a range of plant, invertebrate and mammal species, through both 

increased food provision and ease of movement (Bennett et al. 1994, Parish 

et al. 1994, Joyce et al. 1999; Wehling & Diekmann 2009, Sullivan et al. 2017). 

From the 1950s onwards, a push for increased farm productivity resulted in 

the removal of non-cropped features, such as hedgerows and ponds, in order 

to increase field sizes and yields (Benton et al. 2002). Research has shown 

that both bird abundance and species richness increase in response to higher 

levels of semi-natural features and, therefore, the rapid loss of these unfarmed 

areas has contributed to some of the losses of farmland birds (Newton 2017).  

Woodland supports more species of bird than any other habitat in the UK 

(Fuller et al. 1995). Over the 20th century, woodland was removed to create 

more farmland (Newton 2017) and, combined with widespread deforestation 

prior to this, the UK currently has one of the lowest proportions of tree cover in 

Europe (13% compared with an average of 37% within the EU) (Woodland 

Trust 2011). Alongside reductions in woodland cover, structural changes have 

taken place within remaining woodland. Declines in traditional management 

practices, such as coppicing, in combination with overgrazing by rising deer 

populations, have resulted in the removal of the thick understory shrub layer, 

an important feeding and nesting habitat for many bird species. Deer exclusion 

experiments demonstrate that Nightingale Luscinia megarhynchos territory 

density is 15 times greater within deer proof enclosures than at grazed control 

sites, with individuals spending 69% of their time within the deer excluded area 
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(Holt et al. 2010). Similar responses have been identified for other birds, 

with significantly more ground and understorey foraging birds recorded where 

deer have been excluded (Holt et al. 2011). Negative effects of overgrazing 

have been identified in both summer and winter linked to reduction in nesting 

habitat and changes to thermal cover (Holt et al. 2014). While these impacts 

may not seem to affect farmland birds, many species occur in both habitats 

(Newton 2017) and therefore changes to woodland may impact overall 

populations. Furthermore, remnant woodland patches within agricultural areas 

are often used to raise large populations of gamebirds, such as pheasant 

Phasianus colchicus, a practice that may be linked to a reduction in hedgerow 

plant species richness and ground-active invertebrates (Lois 2009; Bicknell et 

al. 2010), which may have negative impacts on farmland bird species.  

 

Hedgerows are an important habitat for birds, especially within open 

agricultural environments, as they facilitate the movement of animals and 

plants around the landscape. In the UK, an estimated 52% reduction in 

hedgerows occurred between 1954 and 2007, due to the removal of c. 514,000 

km of hedgerow (Robinson & Sutherland 2002: Newton 2017) (Figure 6). Da 

Prato (1985) found that two-thirds of the birds in farmland in southeast 

Scotland nested in hedgerows, and Newton (2017) estimated a potential loss 

of 5,140,000 pairs of hedgerow birds, mainly small songbirds, over a 60-year 

period due to hedgerow loss in the UK, by extrapolating average estimates of 

hedgerow bird densities (O’Connor & Shrubb 1986). Species specific impacts 

of hedgerow removal have been identified. Cornulier et al. (2011) found that 

yellowhammer population density was related to hedgerow availability and Bull 
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et al. (1976) demonstrated local declines in wren (38%), blackbird (25%) and 

song thrush (19%) abundance, after a 30% removal of hedgerows on a farm. 

Changes to hedgerow structure can also impact bird communities, with 

removal of large trees within the hedgerow reducing the abundance of 

breeding birds (Osborne 1982). 

Figure 6. Hedgerows (straight red lines) and ponds (red circles) removed between 

1946 and 2014 over an area of North Norfolk c. 1km2. Green line on 2014 map is a 

main road. 

Freshwater habitats have also been negatively impacted by agricultural 

intensification. Since Roman times, wetland habitats have declined in the UK 

by 90% (RSPB 2016). The process of marshland drainage became 

widespread in the 18th and 19th century, followed by widespread underdrainage 

of farmland from the 19th century, reaching a peak of 100,000 hectares drained 

annually in the 1970’s (Bradbury and Kirby 2006). This has resulted in the loss 

of the majority of wet grassland, floodplains, low lying meadows, marshland 

and wetlands, along with the birds and wildlife these areas would have 

supported (Newton 2004). Such changes have negatively impacted both 

wetland breeding bird species and those that feed on invertebrates associated 
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with wetland areas, such as common snipe Gallinago gallinago. Ponds 

situated within agricultural areas have also been affected. In order to increase 

the agriculturally productive area, many farmland ponds were filled in over the 

last 50 years, resulting in the number of ponds in the UK reaching a historical 

low (Thornhill 2017). Furthermore, remaining ponds became increasingly 

overgrown, leading to most agricultural landscapes holding late-succession 

ponds (Sayer et al. 2012; 2013), likely to produce less diverse invertebrate and 

plant communities than a combination of early- to late-succession ponds 

(Hassall et al. 2012). The implications of this will be discussed later (see 

section 1.2) and is the major focus of this thesis. 

 

1.1.6.  Conservation and agri-environment schemes 

 

1.1.6.1.  Introduction 

 

With such rapid declines in farmland bird populations, conservation 

intervention has been required to attempt to reverse the trend. As part of the 

Common Agricultural Policy (CAP), Agri-Environmental Schemes (AES) were 

introduced into Britain in 1987, with paid incentives for farmers aimed to 

alleviate the negative impacts of intensive agriculture on biodiversity 

(Aebischer et al. 2015). At present, AES funding covers over 50 conservation 

management measures, including the creation and management of grassland, 

ponds and woodland, alongside specific measures, such as sowing wild bird 

seed mix (Bright et al. 2008). By 2013, AES were operating on around 70% of 

all UK farms, but despite the broad range of management options available 



 

Page 50 of 266 
 

less than 10% of the CAP budget is allocated to AES schemes, and only a 

small proportion of land on each farm (< 5 - 7%) is targeted (Newton 2017).  

 

In the UK, AES schemes have been reviewed and renamed periodically. The 

initial scheme introduced in Britain, Environmentally Sensitive Areas (ESA) 

was accompanied by Countryside Stewardship (CS) from 1991. ESA and CS 

were combined to create Environmental Stewardship (ES) from 2005 which 

reverted back to Countryside Stewardship (CSS) from 2016. 

 

Between 2005 and 2016, AES offered two distinct tiers; Entry Level 

Stewardship (ELS) and Higher Level Stewardship (HLS). ELS was the 

government’s key mechanism for reversing widespread farm biodiversity 

declines, such as farmland birds, and was made available to all farmers and 

landowners. This approach was termed “broad-and-shallow” (Baker et al. 

2012) in that it provided low-level environmental enhancements through a 

range of largely non-targeted measures. HLS focused on areas of land thought 

to contain features of greatest environmental value, such as Sites of Special 

Scientific Interest (SSSI) (Natural England 2012a). This tier was termed 

“narrow-and-deep” and was targeted specifically at local scales or range-

restricted species populations (Baker et al. 2012).  

 

In 2016 a new AES scheme entitled ‘Country Stewardship Scheme’ (CSS) was 

launched, replacing the previous stewardship scheme while running 

concurrently with current HLS agreements until they expired. Unlike the 

previous scheme, CSS does not contain a tier instantly available to all farmers 
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and landowners and instead offers a mid- and higher tier. Mid-tier aims to 

deliver targeted landscape scale environmental gains and the higher tier is 

similar to HLS and targets priority sites only (England Natural 2015).  

 

The effectiveness of AES measures in promoting farmland bird populations 

has been investigated through assessments of the abundance of target 

species pre- and post-intervention and through comparing the abundance of 

target species or communities within AES areas alongside control areas. 

Overall, two areas of AES measures have been proposed as most important 

for farmland birds (i) those that provide food resources throughout the winter, 

such as stubble management and wild bird cover crop, which have been 

shown to have a positive landscape-scale effect for several declining 

granivorous species (Baker et al. 2012), and (ii) those that promote 

management of grass margins to improve accessibility to invertebrate prey 

(Vickery et al. 2008). However, to fully assess the effectiveness of AES 

schemes consideration of both the immediate impacts (e.g. the abundance of 

seed eating birds at a bird cover crop area over winter) and long-term impacts 

(e.g. the breeding success of these birds) need to be included as part of the 

scheme.  

 

1.1.6.2. Issues with AES effectiveness 

 

Long-term monitoring of bird populations in the UK is used to determine 

whether government led interventions, such as AES measures targeted at 

farmland birds, are successful (Hayhow et al. 2015). Despite the overall rate 
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of farmland bird population decline slowing, overall populations continue to 

decline (Gamero et al. 2017), suggesting that successive schemes have thus 

far failed to fully deliver for birds (Risely et al. 2010). Accordingly, AES 

schemes aiming to provide food over the winter ‘hungry gap’, such as stubble 

management and bird cover crop, are thought to fail to provide an adequate 

food resource in late winter months, with this factor likely contributed towards 

the decline, and failure of farmland bird population recovery (Siriwardena et al. 

2008; Vickery et al. 2008). 

 

Davey et al. (2010) analysed local bird population changes in relation to AES 

measures in the UK and found only limited evidence for short-term effects of 

AES measures, suggesting that AES was insufficient to reverse declines in 

farmland bird populations (Davey et al. 2010; Baker et al. 2012). This lack of 

significant positive impact of ELS has been partly accredited to farmers not 

being provided with adequate guidance on which measures provide the 

greatest biodiversity gains for their specific farm. This has in turn resulted in a 

mismatch between the requirements of local bird populations and measures 

provided and, consequently, an over-investment in measures selected 

because they require less time and effort to implement, or worse, measures 

already in place being duplicated. Measures known to provide the greatest 

biodiversity benefits, including in-field options such as stubble fields, which 

also generally require significantly more effort from the farmer, were 

undersubscribed (Vickery et al. 2008). 
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1.1.6.3.  Examples of conservation success for farmland birds 

 

Despite an overall failure to address farmland bird declines, a number of case 

studies have demonstrated that some AES conservation measures have 

successfully increased particular species and wider bird community 

populations. Success, both at the species and landscape level has occurred 

when targeted efforts have been made to provide the ‘big three’ requirements 

for species within the local area (Aebischer et al. 2015), namely habitat 

provision including the three critical resources farmland birds need to breed, 

survive overwinter and increase their population numbers.  

 

Cirl bunting Emberiza cirlus was common throughout southern England prior 

to WW2, but by 1989 the population was reduced to 118 pairs, restricted to 

south Devon (Evans 1992). Subsequently, Evans et al. (1997) found that chick 

mortality was high in early nests due to starvation and predation, but that later 

nests were more successful due to a switch to grasshoppers derived from 

unimproved grassland. A 10-year AES agreement was reached with local 

farmers with the aim of providing year-round food supplies and nesting habitat 

through overwinter stubble, grass margins and sensitive hedgerow 

management. In response, the cirl bunting population increased to 862 

territories by 2009, with almost all of the population increase occurring within 

areas under the AES agreements (Stanbury et al. 2010). Further to this 

success, a reintroduction scheme involving the release of 376 birds was then 

carried out on the Roseland Peninsula in Cornwall between 2006 and 2011. A 
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breeding population was established and by 2015 some 52 breeding pairs 

were recorded (Jeffs et al. 2016).   

 

Hope Farm, a conventionally farmed arable estate in Cambridgeshire, UK, 

provides an example of a broader community approach to farmland bird 

conservation. It was purchased by the RSPB and in 2004, management 

manipulation began. Substantial increases in the amount of habitat providing 

summer food, nesting cover and winter food were introduced through a 

number of available AES measures. Farmland bird populations trebled within 

10 years (Avery 2015), delivering local rates of population expansion greater 

than 10% per year. Overall, a near-linear increase in abundance of birds was 

documented, with farmland birds, including specialists, increasing the most. In 

comparison, the East of England as a region saw a 0% increase across all 

birds over the same period (Aebischer et al. 2015). As demonstrated by both 

case studies, when the ‘big three’ requirements are fulfilled, there is much 

potential for farmland bird populations to recover. 

 

1.2. Ponds 

 

Ponds are defined as small, natural or artificial, shallow water-bodies, less than 

100m across, that hold water either permanently or temporarily (Norfolk Ponds 

Project 2017). Ponds are present in nearly all terrestrial environments, from 

rainforests to polar regions, and are more abundant than lakes (Oertli et al. 

2005), numbering in the hundreds of millions worldwide (Downing et al. 2008). 

Despite their small size, research shows ponds to be an extremely important 
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biodiversity resource both at local and regional scales (De Meester et al. 2005) 

and it has been proposed that ponds should not be considered as individual 

entities but instead as networks or ‘pondscapes’ (Boothby 1997). In the UK 

ponds support at least two thirds of freshwater plant and animal species 

(Williams et al. 1997). At a regional level ponds act as biodiversity ‘hot spots’ 

(Céréghino et al. 2008) and are the most species-rich aquatic habitat for 

macroinvertebrates and wetland plants, supporting higher levels of these taxa 

per area than rivers, streams, ditches and lakes (Davies et al. 2008). Lowland 

ponds are of particular importance within agricultural landscapes, where they 

have been shown to provide a greater contribution to regional diversity than 

other common freshwater aquatic habitats, such as ditches and streams 

(Biggs et al. 2005). Furthermore, they provide wider benefits, collectively 

trapping more carbon than the oceans (Downing et al. 2008) and with carbon 

burial rates 20 to 30 times higher than woodland or grassland and higher than 

other natural wetlands (Taylor et al. 2019). Despite their importance to nature 

conservation, ponds are not afforded the same protection as other freshwater 

habitats and have also been relatively understudied (Céréghino et al. 2008; 

Oertli et al. 2009). They are largely excluded from improvement mechanisms 

of the Water Framework Directive (WFD) (Céréghino et al. 2008; Davies et al. 

2008) and are afforded no UK legislation protection to prevent them being filled 

or destroyed (Sayer 2014). In comparison to other AES conservation 

measures, the economic compensation for farmers to carry out pond 

maintenance is very low, with a payment of just £90 for ponds under 100m2 

and, perhaps consequently, the uptake of this measure is poor (Natural 

England 2012b). As a result, rapid pond losses have been experienced in 
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agricultural areas of the UK, for example the number of farmland ponds around 

Birmingham decreased from 71% of total pond numbers in 1904 to 15% by 

2009 (Thornhill 2017). Alongside this reduction in farmland pond sites, pond 

quality of remaining sites declined significantly in lowland England and Wales 

between 1996 and 2007, with reductions in mean plant species richness 

documented (Williams et al. 2007). Contributing factors to the decline in 

number and quality of ponds include: (i) increased post-war agricultural 

intensification which focused on removing non-crop areas (Wood et al. 2003), 

often leading to pond sites being in-filled (Céréghino et al. 2008; Oertli et al. 

2009), (ii) changes in agricultural practice, such as watering livestock from 

drinkers, and removing the traditional requirement of ponds for marl extraction 

by the use of other fertilisers, (iii) widespread declines in water quality due to 

agricultural inputs (Céréghino et al. 2008; Davies et al. 2009) and (iv) non-

management of pond sites over the last 50 years leading to the process of 

terrestrialisation, returning sites to that of scrubby wet woodland (Sayer et al. 

2012). In combination these factors have resulted in the majority of remaining 

farmland ponds in the UK now being in a late successional, terrestrialised state 

(Sayer et al. 2013). Research shows that networks of ponds which include a 

mosaic of early to late successional stages offer the highest biodiversity value 

(Hassall et al. 2012) and that smaller, connected networks of wetland areas 

have also been found to harbour a higher diversity of rare bird species in 

comparison to larger, isolated wetland areas (Santoul et al. 2009). Therefore, 

the loss of ponds, together with the transition to agricultural landscapes with 

predominately late-succession ponds, has likely resulted in a reduction of 

overall diversity of aquatic plants and invertebrates, in conjunction with the 
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disruption of free movement of wildlife around catchments (Santoul et al al. 

2009; Jeliazkov et al. 2014). 

 

 1.2.1. Pond conservation in the UK 

 

The main approach currently proposed to counteract the decline in ponds 

within the UK is to create new pond sites. This movement has been 

spearheaded by the Freshwater Habitat Trust (FHT) with their ‘Million Ponds’ 

project (Freshwater Habitats Trust 2015). The basis of this concept is the 

importance of various pond successional stages to landscape-scale diversity 

(Williams et al. 2010). This scheme aims to create new ponds rather than 

interrupt successional processes in existing ones. This approach requires a 

continual source of new suitable pond construction sites to be located, which 

may not be possible within an intensively farmed agricultural landscape.  

 

An alternative approach is restoring existing pond sites (with restoration 

defined as “the process of assisting the recovery of an ecosystem that has 

been degraded, damaged, or destroyed”) (Society for Ecological Restoration 

2019) and subsequently managing pond sites through scrub and sediment 

removal (Sayer et al. 2012). Management at a landscape scale effectively halts 

successional processes and rotational management of networks of ponds 

provides a mixture of successional stages thus utilising existing pond site 

networks, without the requirement for new land to be gained for pond creation. 

This is especially important in agricultural landscapes where land is at a 

premium. Restoring previously in-filled ponds, or ‘ghost ponds’, is an 
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alternative method and Alderton et al. (2017) showed that at least eight 

macrophyte species could be germinated from the seed-bank within pond 

sediment, following 50–150 years of being dormant.  

 

The remainder of this section will focus on pond management and its potential 

role in farmland bird conservation.  

 

The diversity of aquatic invertebrates (Figure 7) and macrophytes have been 

demonstrated to be higher at managed ponds than unmanaged, terrestrialised 

ponds (Sayer et al. 2012), with diversity increasing straight after management, 

peaking after around 3-5 years, and declining thereafter as terrestrialisation 

progresses.  

 

 

Figure 7. Invertebrate species richness in managed and unmanaged ponds, with 

95% confidence intervals. Reproduced from Sayer et al. (2012). 
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Pond management benefits aquatic plants and invertebrate diversity through 

three main pathways (Sayer et al. 2012): (i) removal of scrub and tree cover 

allows light to penetrate and consequently increases aquatic macrophyte 

diversity and abundance. Macrophytes provide important structural habitat 

within the water for aquatic organisms, alongside increased oxygen levels, that 

is linked to an increased density of aquatic invertebrates (Declerck et al. 2011), 

(ii) removal of sediment reduces the dominance of decomposition processes 

and associated lowered oxygen levels and (iii) reduction of extensive shade-

tolerant duckweeds, Lemnaceae spp., leads to increased oxygen (Pokorny & 

Rejmankova 1983). 

 

1.2.2. Potential role of ponds in supporting farmland bird 

conservation 

 

Whilst much research has been conducted on the value of pond conservation 

and restoration to enhance aquatic biodiversity, such as macrophytes, 

invertebrates and amphibians, the role of ponds in supporting terrestrial 

species is less well-studied. It has been demonstrated that aquatic-terrestrial 

interactions are numerous and that terrestrial species can profit from the high 

productivity of freshwater habitats (Baxter et al. 2005). It is known that high 

quality freshwater habitats promote high abundances of aquatic 

macroinvertebrates, and that the flying adult life stage of aquatic insects 

provides an important food source for many nesting and fledging bird species 

(Baxter et al. 2005; Bradbury & Kirby 2006; Santoul et al. 2009: Schummer et 

al. 2012). Additionally, the emergence of large numbers of adult aquatic 
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insects provides, from an optimal foraging perspective, an ideal food source 

that birds can return to (Bradbury and Kirby 2006). As outlined in section 1.2.3, 

aquatic insects originating from wetland habitats, such as ponds, are usually 

high in omega-3 fatty acids, which are vital for growth in birds, but are 

otherwise scarce in the wild (Twining et al. 2016). This may explain why 

damselflies are a highly important component of chick diet in yellow wagtail 

Motacilla flava and other species (Nelson et al. 2003). Furthermore, Baxter et 

al. (2005) found that, although insect emergence climaxes in early summer in 

stream habitats, a lower level of individuals continue to emerge throughout late 

summer and autumn and then again during spring. This continued low-level 

output of invertebrates is thought to be important in providing a significant 

subsidy to bird species, with some birds foraging almost exclusively on aquatic 

prey over winter (Nakano and Murakami 2012). 

 

Holland (2006) showed that the most important terrestrial invertebrate families 

in terms of bird food are Coleoptera (adult), Hemiptera (adult), Lepidoptera 

(adult and larva), Diptera (adult and larva), Arachnida and Hymenoptera 

(adult). Managed, open canopy ponds may provide high abundances of these 

invertebrate groups due to the rich variety of habitat offered on the margins, 

and therefore may provide an important food source to farmland birds. 

Additional benefits of emergent and bankside plants around ponds have also 

been documented in bird nest site selection (Sebastián-González et al. 2010), 

and increased surface macrophyte cover provides further benefits, including 

providing food, nesting material and refuge from predators (Knapton & Petrie 

1999; McKinstry & Anderson 2002).  
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The benefits of pond management extend further than the pond itself. The 

diversity of terrestrial plants is significantly higher at managed ponds (Walton 

2019) with marginal areas around ponds often affording dense structural 

habitat consisting of sedges, shrubs, grasses, herbs and rushes. Holland 

(2006) showed that the most important plant families providing seeds for bird 

diets are Poaceae, Polygonaceae, Caryophyllaceae, Cruciferae, Compositae, 

Chenopodiaceae and Labiatae. Many of these families are found in abundance 

around managed ponds so it is plausible that they provide an important rich 

food-source for birds, alongside additionally providing cover, nesting habitat 

and refuge from predators. Damp bankside edges are known to support bird 

species such as song thrush (Bradbury and Kirby 2006). Finally, ponds 

managed within stewardship schemes are required to have a buffer strip of 

around 7 m (Natural England 2012a), often consisting of mixed grass and 

flowering plant species. These areas increase the availability of seeds to 

granivorous birds (Mccracken and Tallowin 2004), and also provide nesting 

habitat and materials, and an invertebrate food source (Bradbury and Kirby 

2006). 

 

A preliminary study conducted within the same study area by Davies et al. 

(2016) demonstrated that bird species richness, abundance and bird visit-

frequencies are higher at managed, open canopy agricultural ponds than at 

unmanaged, terrestrialised agricultural ponds. It was hypothesised that the 

wide variety of birds were attracted to managed pond sites due to increased 

invertebrate abundance, in particular emergent aquatic insects, but the scope 



 

Page 62 of 266 
 

of this study was limited to bird surveys over one month (June), and pond-

associated invertebrate communities were not explored. The current project 

aims to expand on these findings, providing year-round and seasonal insights 

into local bird activity at farmland ponds, in combination with surveys of pond-

margin invertebrates and aquatic emergent insect communities, to better 

understand the mechanisms behind bird visits. 

 

1.2.3. Potential importance of emergent invertebrates  

 

The loss of aquatic habitats outlined in section 1.1.4.3, ranging from large 

wetland areas to ponds, has resulted in both a loss of available wetland habitat 

and associated aquatic invertebrates. Aquatic invertebrates are potentially an 

important food resource for a wide range of animals as they contain 

significantly higher levels of fatty acids, specifically omega-3 polyunsaturate 

fatty acid (LCPUFA) and their pre-cursor omega-3 PUFA, alpha-linolenic acid 

(ALA), than their terrestrial counterparts (Gladyshev et al. 2013; Twining et al. 

2016). These organic compounds are biochemically important to animals but 

generally in short supply in the wild. They cannot be synthesised and instead 

must be obtained through dietary means, where they are incorporated and 

assimilated at the next trophic level. The transfer of fatty acids between aquatic 

and terrestrial systems is significant, ranging from terrestrial animals predating 

on aquatic invertebrates, terrestrial predators consuming water birds to 

fisheries providing aquatic food for humans (Figure 8). 
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Figure 8. Estimates of aquatic to terrestrial transfer of fatty acids, such as 

eicosapentaenoic (EPA) and docosahexaenoic (DHA) aids: figures in squares are 

global estimations of quantity of exported EPA + DHA. Reproduced from 

Gladyshev et al. (2013). 

 

Hundreds of laboratory experiments have demonstrated that LCPUFA’s are 

important for growth, tissue function, sensory function and reproduction in a 

wide range of taxa, ranging from humans to nematodes (summarised in 

Twining et al. 2016). The significance of these compounds for birds has been 

outlined in a laboratory experiment at Cornell University, USA, on tree swallow 

Tachycineta bicolor chicks raised on both high and low LCPUFA diets. Chicks 

raised on high-LCPUFA diets exhibited better overall condition, grew faster 

and had greater immunocompetence and lower basal metabolic rates than 

chicks raised on low LCPUFA diets (Twining et al. 2016). The study concluded 

that consumption of even small amounts of aquatic invertebrates contributed 
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the same or more toward supporting growth and healthy function than chicks 

consuming large numbers of terrestrial invertebrates. 

 

Sayer et al. (2012) showed that farmland pond terrestrialisation results in 

reductions in aquatic invertebrates, and it is likely that emergent aquatic 

insects are also negatively impacted. The terrestrialisation of the majority of 

UK farmland ponds is therefore likely linked to major decreases in the 

availability of aquatic invertebrates and associated LCPUFA compounds. For 

birds, this means both a reduction in food quantity and food quality, with the 

potential to negatively impact behavioural and functional changes at both a 

food web and ecosystem level (Twining et al. 2016). 

 

1.3. Thesis overview, aims and hypotheses 

 

With such rapid declines in bird populations in the UK, it is vital to identify 

further conservation measures which support and increase bird populations. 

With the UK in the process of exiting the European Union (EU), there may be 

increased pressure to reduce agricultural subsidy payments (Hope 2016; 

Davies 2016), whilst maintaining or increasing productivity and biodiversity. 

Due to their location, often at field margins or in waterlogged areas, farmland 

ponds provide an ideal resource to support biodiversity without negatively 

impacting agricultural productivity. The long-term goal of this research is to 

provide robust evidence to help inform policy decisions, such as more efficient 

allocations of farm conservation subsidies to achieve their conservation 

objectives and to provide core ecological information to better inform the 
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conservation management of farmland ponds for bird conservation in England 

and further afield.  

 

Farmland ponds have the potential to contribute towards the ‘big three’ 

requirements for birds; namely providing a rich source of nesting habitat, 

abundant summer invertebrate food, and an overwinter source of seeds and 

shelter. A growing number of scientific papers have demonstrated the wide 

range of benefits ponds deliver to both local and catchment-scale biodiversity 

(Céréghino et al. 2008; Oertli et al. 2009), but to date there has been limited 

research to investigate whether high quality open-canopy farm ponds can play 

a key role in supporting farmland bird populations (Davies et al. 2016). 

Alongside the potential year-round importance of farm ponds managed for 

birds, there is currently no knowledge of the seasonal benefits of ponds 

managed for farmland birds, particularly as farmland bird requirements shift 

during the year. Finally, while the impact of pond management on the diversity 

of in-pond invertebrates has been researched (Sayer et al. 2013), less is 

known about how pond management influences pond-margin and emerging 

invertebrate communities, nor whether these invertebrate communities are 

linked to local bird abundance and species richness. This thesis aims to 

explore these research gaps. Figure 9 provides an overview of the data 

chapters while an outline of each chapter, including chapter aims and 

hypotheses, is outlined below. 
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Figure 9 – Conceptual diagram highlighting the key themes of each data chapter in 

this thesis, starting from a broad resolution analysis of year-round contribution of 

farmland pond management for birds and focusing progressively towards 

determining the main mechanisms behind bird visits.   
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Chapter 2. Methods and study sites 

This chapter provides background on the ponds within the study region, and 

the locations and selection criteria for the study sites. Sampling and 

experimental methods and data analysis are also covered. The objectives for 

this chapter are:  

1.  Description of the study region.  

2. Outline of the general research design. 

3. Outline of the sampling methods employed for birds, invertebrates and 

pond sites used throughout the thesis. 

4. Outline the general approaches to data analysis. 

Chapter 3. The effect of farmland pond management on the local 

abundance and species richness of local bird communities 

This chapter expands on previous preliminary research by using a year-round 

field study assessing the implications of pond management for local farmland 

bird communities. Bird abundance, species richness, diversity and activity at 

managed open-canopy ponds and unmanaged overgrown ponds is compared. 

Furthermore, both in-pond and wider landscape environmental predictors of 

local bird communities are assessed, and the implications for bird conservation 

discussed. The aims and hypotheses of this chapter are:  

 

Aim 1 - explore the overall role farmland pond management plays in 

supporting local bird communities, alongside determining annual 

environmental drivers. 
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Hypothesis 1 - Managed open-canopy farmland ponds will support higher 

levels of local bird diversity and abundance than unmanaged overgrown 

farmland ponds. 

 

Hypothesis 2 - Bird behaviours, such as foraging, parental care, nesting and 

breeding, will differ between managed open-canopy and unmanaged 

overgrown ponds. 

 

Hypothesis 3 - Managed open-canopy ponds will support higher levels of 

conservation bird priority species than unmanaged overgrown ponds. 

 

 

Chapter 4. How does the restoration of open-canopy farmland ponds 

benefit birds during different seasons? 

 

In order to better understand the potential contribution of AES measures for 

farmland birds, it is important to evaluate the localised effects of these 

measures over different times of the year and to separate patterns for breeding 

and non-breeding periods, associated with major bird diet shifts. To address 

this research gap, this chapter investigates the local effect of farmland pond 

management for bird communities during the breeding, post-breeding and 

winter seasons. Furthermore, both in-pond and surrounding environmental 

predictors of seasonal local bird communities are assessed.  
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The aims and hypotheses of this chapter are:  

 

Aim 2 – explore the role that farmland pond management plays in supporting 

local bird communities throughout the seasons, alongside determining 

seasonal environmental drivers of bird abundance and diversity. 

 

Hypothesis 3 - managed open-canopy ponds harbour a significantly higher 

bird species richness and abundance than unmanaged overgrown ponds 

over all seasons, reflecting a higher availability of resources all year around. 

 

Hypothesis 4 - bird communities vary seasonally in response to 

environmental variations in pond and pond-margin environments (e.g. 

specific environmental habitat variables - e.g. bramble understory area - will 

influence bird communities over specific seasons). 

 

Hypothesis 5 - conservation priority bird species are recorded at higher 

abundances over all seasons at managed open-canopy ponds in comparison 

to unmanaged overgrown ponds. 

 

Chapter 5. A buzz in the margins: are pond-margin associated 

invertebrates influenced by pond restoration, with subsequent benefits 

for birds? 

Farmland birds are influenced by the availability of invertebrates, especially 

over the breeding season when they provide a substantial proportion of many 
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bird species diet. This chapter investigates the effect of farmland pond 

management on pond-margin associated invertebrate communities, annually 

and seasonally, and in turn whether these invertebrate communities are linked 

to bird abundance and species richness. The aims and hypotheses of this 

chapter are:  

 

Aim 3 – to determine whether farmland pond management exerts a 

significant effect on pond-margin associated invertebrates. 

 

Aim 4 – determine the contribution of farmland pond-margin associated 

invertebrates for local bird abundance and species richness. 

 

Hypothesis 6 - managed open-canopy ponds harbour a significantly higher 

abundance and biomass of pond-margin associated invertebrates over all 

seasons, and in all invertebrate orders. 

 

Hypothesis 7 - bird abundance and species richness will be significantly 

linked to pond-margin associated invertebrate abundance and biomass. 

 

Chapter 6. Ponds as insect chimneys: restoring overgrown farmland 

ponds benefits birds through elevated productivity of emerging aquatic 

insects 

This chapter investigates whether and how farmland pond management 

influences emergent aquatic insects, and whether emergent insect abundance 
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and biomass is subsequently linked to local bird assemblages. The aims and 

hypotheses of this chapter are:  

 

Aim 5 – to determine whether farmland pond management exerts a 

significant effect on emergent aquatic insects. 

 

Aim 6 – to determine the contribution of emerging aquatic insects from 

farmland ponds to local bird communities. 

 

Hypothesis 6 - Emergent invertebrate abundance and biomass will be 

significantly higher at managed open-canopy ponds compared to their 

unmanaged overgrown counterparts. 

 

Hypothesis 7 - bird abundance and species richness will be significantly 

positively correlated with the abundance and biomass of these emergent 

insects. 

 

Hypothesis 8 – The timing of the emergence of aquatic insects is directly 

linked to water temperature (Chapter 6). 

 

Chapter 7. Discussion and conclusion 

This chapter summarises the findings of this thesis and evaluates the potential 

role that farmland pond management could offer for the conservation of local 

bird communities. The objectives of this chapter are:  
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1. Provide a summary of the thesis. 

2. Provide an overview of the main findings of this thesis. 

3. Discuss future research directions. 

4. Provide conservation conclusions. 
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Chapter 2. Methods 

 

2.1. Study area 

 

The study was conducted in North Norfolk, Eastern England. North Norfolk is 

a predominantly agricultural area, with around 75% of the land utilised for 

farming. The region’s main agricultural products are cereals, root crops 

(especially sugar beet), potatoes, pigs and poultry production (NFU 2019). The 

study area is divided between soilscape 10 (freely draining slightly acid and 

sandy soils) and soilscape 6 (freely draining slightly acid and loamy soils) 

(Landis 2019) and is underlain with chalk group base rock (Figure 10). The 

area investigated is broadly representative of UK lowland agricultural 

landscapes (especially south-east England) that have experienced 

widespread farmland bird population declines. 

 

Between 1981 and 2010 the mean temperature for the region was 6 - 8°C in 

winter and 20 - 23°C in summer, with the county averaging around 1600 hours 

of sunshine per year. Norfolk is one of the driest counties in England and 

receives around 700mm of rain per year (Met Office 2017).  
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Figure 10. Geological map of the study area, showing range and distribution of bed 

rock types. Red rectangle denotes study area. Reproduced from BGS (2019). 

 

The study was conducted at 17 farmland ponds, distributed over seven farms 

around the villages of Briston and Bodham (Figure 11, Table 4). Study ponds 

were likely created as a by-product of marl extraction, known as “marling”, with 

marl, a lime-rich clay used to correct soil acidity or texture (Prince 1962) 

(Figure 12). The earliest evidence of “marling” in Norfolk is apparent from field 

names such as ‘Marlepitlond’ in North East Norfolk in 1277, but by 1600 estate 

maps show that marl pits were widespread and numbering around 27,000 over 

the region (Prince 1962). The creation of new marl pits ceased around the time 

of the First World War and while the exact age of the study ponds is unknown, 

all sites were featured on 1836 tithe maps, and are most likely to be 

significantly older than this date. Once created, the resulting ponds (known to 

this day as pits amongst local people) were used for a host of reasons including 

the provision of water for livestock, hemp-retting, a source of firewood and 

sometimes for fishing (Sayer et al. 2013). These ponds were normally 
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managed post-harvest (a period when agricultural workers had less work to 

undertake), with scrub being removed as it otherwise provided dense cover for 

rats within fields.  

 

Figure 11. The farmland study ponds and surrounding landscape near to Briston (a) 

and Bodham (b) in North Norfolk, Eastern England.  
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Figure 12. Marl pit in Salthouse, North Norfolk in 1914, dug to provide materials to 

create roads and subsequently used to supply water for livestock and allotments. 

Reproduced from Salthouse History (2019). 

 

All study ponds are situated within comparable landscapes dominated by 

arable land but also including a combination of hedgerows, woodland patches 

and grassland. The area is therefore ideal to study the effect of farmland pond 

management on farmland bird populations. Study ponds were all immediately 

surrounded by agricultural fields, had an average water surface area of 303 

m2 ± 126 m2 (x ± SD), a total average footprint (including margins) of 2694 m2 

± 1859 m2 (x ± SD), were shallow (average depth < 1.5 m), situated on loamy 

free-draining soil (Landis 2018) and surrounded by grassland buffers of at least 

7 m width, mostly established as part of existing AES agreements. Six of the 

seven farms in the study participated in agri-environment schemes (AES) and 

have implemented a range of conservation measures such as installation of 

wild bird cover crops and conservation headlands.  
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Table 4. Details of study ponds. 

Pond 
Name 

Grid 
Reference Category Management 

year Connectivity Landowner/ 
farmer 

WADD9 TG 04836 
31785 

Managed 
open-

canopy 

2014 Hedgerow Richard 
Waddingham 

WADD10 TG 04683 
31647 

Managed 
open-

canopy 

2011 Hedgerow Richard 
Waddingham 

WADD17 TG 05209 
31737 

Managed 
open-

canopy 

2011 Open field Richard 
Waddingham 

WADD23 TG 05715 
33657 

Managed 
open-

canopy 

2013 Open field Richard 
Waddingham 

BECK TG 11079 
37653 

Managed 
open-

canopy 

2014 Hedgerow Paul Marsh 

SHOOT TG 11334 
37813 

Managed 
open-

canopy 

2014 Hedgerow Paul Marsh 

SABA TG 12644 
39592 

Managed 
open-

canopy 

2011 Hedgerow Derek Sayer 

MYST TG 12560 
39446 

Managed 
open-

canopy 

2011 Hedgerow Paul Marsh 

STODY9 TG 04089 
34337 

Unmanaged 
overgrown 

Pre 1980 Hedgerow Stody Estate 

STODY10 TG 04160 
34507 

Unmanaged 
overgrown 

Pre 1980 Hedgerow Stody Estate 

STODY11 TG 04391 
34508 

Unmanaged 
overgrown 

Pre 1980 Hedgerow Stody Estate 

CHFA2 TG 11886 
38818 

Unmanaged 
overgrown 

Pre 1980 Hedgerow Thomas 
Courtauld 
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BAWO2 TG 12846 
38343 

Unmanaged 
overgrown 

Pre 1980 Open field Paul Marsh 

BRECK TG 12591 
37622 

Unmanaged 
overgrown 

Pre 1980 Open field Paul Marsh 

NROAD TG 12882 
37684 

Unmanaged 
overgrown 

Pre 1980 Hedgerow Paul Marsh 

SKYLA TG 11060 
38332 

Unmanaged 
overgrown 

Pre 1980 Open field Paul Marsh 

HART TG 12952 
39304 

Unmanaged 
overgrown 

Pre 1980 Hedgerow Elizabeth 
Thurtle 

 

2.2. Research design 

 

Study ponds were selected to fit within two clearly defined categories: 

managed open-canopy and unmanaged overgrown (Figure 13). 

 

Open-canopy study ponds (n = 8) had either been restored recently from an 

overgrown, terrestrialised state or had been subject to management on a long-

term basis. For example, study pond SHOOT was restored from an entirely 

terrestrialised state in 2014 whereas the open-canopy ponds of Manor Farm 

had been subject to long-term management, with 3 – 4 of the 40 farm ponds 

managed each year through the removal of scrub and mud. The ponds of 

Manor Farm were the subject of previous research by the UCL Pond 

Restoration Research Group focussing on the biodiversity benefits of pond 

management (Sayer et al. 2013), and were the inspiration behind the formation 

of the Norfolk Ponds Project (NPP) in 2014. NPP has delivered over 60 pond 
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restorations and created two restored pond landscape mosaics, including in 

the villages of Bodham and Baconsthorpe (the location of several of the more 

recently restored study ponds featured in this thesis e.g. BECK). As such, 

managed open-canopy ponds included within the study have either been 

subject to restoration by scrub and mud removal or have been subject to long-

term scrub management within the last five years. Regardless of management 

history, all open-canopy pond sites have < 10% canopy shading of the water 

surface and support species-rich aquatic vegetation communities with frequent 

dominance of Potamogeton natans and/ or Ceratophyllum submersum in open 

water, and are all, at least in part, fringed by emergent vegetation including 

Sparganium erectum, Typha latifolia and Epilobium hirsutum. By contrast, 

unmanaged ponds (n = 9) are overgrown by willow (Salix spp.) and or Alnus 

glutinosa due to a lack of scrub management for at least 20-30 years, resulting 

in high shading (> 85%) and the absence of surface and emergent 

macrophytes. This later terrestrialised pond state is typical of pond sites within 

the wider study area.  

 

All ponds contained alkaline water (pH > 7) with alkalinity typically > 100 mg 

CaCO3/ L. All study sites except BRECK (that was dry between July and 

August 2016) held permanent water throughout the year. 
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Figure 13. Selection of farmland ponds featured in this study. Managed open-

canopy pond sites featured in left column, overgrown unmanaged pond sites in right 

column.  

 

Ponds were selected so that a minimum distance of 200 m between study sites 

was maintained throughout (mean distance = 5604 m, SD = 3954 m, range = 

11044 m) (Table 5) and pond visit order was randomised for all surveys in 
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order to reduce replicate records of individuals moving between the pond sites 

(Ralph et al. 1995) and thus resulting in spatial autocorrelation. 

 

Table 5. Distance in metres between study ponds. 
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2.3. Sampling methods for birds 

 

Two types of bird survey, ‘main’ and ‘snapshot’, were employed over AM 

(05:00 and 10:30) and PM sessions (12:00 and 17:00). ‘Main’ surveys 

consisted of five-minute point count surveys recording all bird species with the 

exception of the aerial insectivores, barn swallow Hirundo rustica, swift Apus 

apus and house martin Delichon urbicum. The five-minute duration was 

selected to maximise bird detection, whilst minimising the chance of 

duplicating individual recordings (Bibby et al. 1998). ‘Snapshot’ surveys were 

conducted to specifically record the aforementioned aerial insectivore species 

when they were directly interacting with the pond (e.g. feeding directly above 

the water surface) at a set moment in time, exactly one minute after the ‘main’ 

survey was completed. To eliminate potential detection bias due to habitat 

differences between the managed open-canopy and unmanaged overgrown 

ponds, birds were recorded by both sight and sound. Recording individuals by 

sound decreases potential detectability bias as sound suffers less attenuation 

than sight in enclosed habitats. Furthermore, the BTO found that habitat-

specific detectability does not differ greatly within small habitat areas, such as 

ponds (A. Johnston, pers. comm.). Surveys were conducted using a viewing 

telescope or binoculars from a set location that maximised the visibility of the 

pond open surface area and margin (Bibby et al. 1992). Birds flushed on 

approach were recorded within the first survey (Voříšek et al. 2008). All 

individual birds observed at the pond within any habitat category were 

recorded. Flying individuals were included when observed within 10 m of the 
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water surface and if observed to be interacting with the pond or pond margin 

habitat.  

 

Birds were recorded to species, conservation status (Eaton et al. 2015), and 

according to Defra habitat and generalist/ specialist groups (Defra 2018). 

Wherever possible, the sex and life stage of bird individuals was also 

determined. In addition, the location within the pond of each bird was recorded, 

such as within emergent aquatic vegetation, on open water, within a tree or 

the herbaceous margin or overhead (e.g. flying within 10m of the water 

surface). Further, behavioural activities such as foraging, travelling, singing 

and call displays, courtship and parental behaviour were recorded (Table 6). 

 

Table 6. Definitions of bird behaviour recorded at farmland ponds. 

Behaviour Definition 

Foraging Foraging activity, including for plant (e.g. seeds) 
and animal (e.g. insects) or water, also including 

searching behaviour, attack behaviour, food 
handling or eating (Remsen and Robinson 2015). 
Where possible, item consumed was recorded. 

Travelling Travelling from one location to another without 
directly stopping at pond, includes observations < 

10 m above pond surface and around pond margin. 

Territorial Primary form of aggressive spacing behaviour, 
including acts of display and defence (Gill 1990) 

and song (Williams 2004). 

Perching Perching or roosting behaviour. 
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Nesting Building or occupying nest. 

Courtship Non-song behavioural displays including crest 
raising, shoulder hunching, dancing rituals, partner 

preening and offering food (Mayntz 2019). 

Parental Parental behaviour including observations of birds 
provisioning young, foraging alongside young or 

travelling in a family group. 

Washing Washing within water or dust bathing. 

 

2.4. Sampling methods for invertebrates 

This thesis aimed to identify the mechanisms that link bird abundance and 

species richness to pond sites. One plausible mechanism was the availability 

of pond-associated invertebrate communities, that could provide a food 

resource for both chicks and adult birds. Two sampling methods were utilised 

to explore the differences in two distinct invertebrate communities between 

pond management types, and subsequent links between these invertebrate 

communities and with birds. 

 2.4.1. Pan trapping 

Pan-traps were selected due to their wide use as conservation monitoring tools 

for managed and restored habitats (Williams 1993), in particular to sample 

flying invertebrates as a measure of bird food availability (Hollander et al. 2013, 

Riedl et al. 2018), together with their potential to yield estimates of the relative 

abundance of invertebrate taxa with minimal collector bias (Leong and Thorp 

1999). Furthermore, invertebrate orders known to be effectively collected by 
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pan-traps include important prey species for insectivorous birds (Hoi et al. 

1995; Natural England 2005; Neville & Yen 2006; Bulbert et al. 2012), including 

Diptera, Hymenoptera, Coleoptera, Hemiptera and Lepidoptera (Holland et al. 

2006). 

Pan traps consisted of yellow plastic bowls with a diameter of 15 cm, filled with 

200 ml of a 5% saline solution containing 10 ml of detergent (Sutherland 2006). 

Yellow bowls were selected as this colour has been recognised to attract many 

invertebrate species (Disney et al. 1982; Natural England 2005; Heneberg & 

Bogusch 2014). There appears to be no clear consensus on the height pan 

traps should be situated at, with the majority of studies not confirming what 

height pan traps were set at (Saunders and Luck 2013). Within this study, pan 

traps were placed on top of 1.5 m wooden poles, ensuring they were visible 

within the tall vegetation commonly found growing around pond sites, e.g. 

yellow iris Iris pseudacorus that grows to 1.5 m (Plantlife 2019). Traps 

contained 5 mm wide gauze-covered overflow holes below the upper rim to 

prevent the loss of any samples due to overflow of water after rain (Figure 14). 

Pan traps were used in conjunction with bird surveys between May 2016 and 

April 2017. Further details are outlined in chapter 5.  
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Figure 14. Pan trap (circled) at managed open-canopy farmland pond, WADD17 

and (inset) pan trap with sampled invertebrates. 

 

 2.4.2. Emergence trapping 

 

Emergence traps were used during the second year of the study, in response 

to observations that some birds were specifically feeding on emerging aquatic 

insects, in combination with preliminary pan trap analysis showing this method 

underrepresented aquatic insects such as Ephemeroptera. 

 

Consequently, emergence traps were employed to specifically target 

emergent aquatic insects, such as Ephemeroptera, Odonata and aquatic 

Diptera, such as Chironomidae, which are known to potentially be an important 

aspect of the diet of a variety of birds including migrant songbirds (Rodewald 

and Hatch 2011), wagtails (Davies 1977), warblers (Dodson et al. 2016), 

hirundines (Twining et al. 2018), waterfowl (Eldridge 1978; Solanki and Shukla 
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2017) and other bird species associated with riparian habitats (Jackson and 

Resh 1989; Paetzold and Tockner 2005). 

 

Floating emergence traps, measuring 50 x 50 x 100 cm (w x l x h, Figure 15), 

were positioned and secured using waterproof rope at a central location on 

each pond. All individuals within the trap, including the collection bottle and 

main frame, were manually collected using a HB-type aspirator with a 12 mm 

collection pipe. 

 

 

Figure 15. Emergence traps in situ at study farmland ponds. From top left 

clockwise: SABA (managed open-canopy), CHFA2 (unmanaged overgrown), 

BRECK (unmanaged overgrown), SABA (managed open-canopy), BRECK 

(unmanaged overgrown) and SHOOT (managed open-canopy). 
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2.5. Treatment of invertebrate specimens 

 

Pan trap samples were preserved in an 80% IMS / 20% water solution and 

then sorted into order (Figure 16), a successful approach used in other studies 

investigating the role of invertebrates in bird diet (Hoi et al. 1995; Wilson et al. 

1999; Dodson et al. 2016; Martin-Creuzburg et al. 2017; Twining et al. 2018). 

Emergence trap samples were also sorted into order (Figure 17), frozen and 

subsequently freeze dried. Details of specific approaches to invertebrate 

sorting and analysis used to address each research question are outlined in 

the individual chapters (see Chapters 5 - 6). 

 

 

Figure 16. Pan trap sample from NROAD (unmanaged overgrown) dated 

September 2016 with individuals sorted to order level. 
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Figure 17. Emergence trap samples from managed open-canopy study pond MYST  

(left) and unmanaged overgrown study pond BRECK (right). 

 

2.6. Characterising pond study sites 

 

Local bird communities are influenced by the availability of semi-natural habitat 

features that can be utilised by different species over different times of year 

and life stages. The importance of dense undergrowth (Holt et al. 2010), 

herbaceous vegetation (Brickle, and Peach 2004), tree cover (Whittingham et 

al. 2009) and open water (Newton 2017) has been recognised for bird nesting, 

foraging and refuge, while connectivity is also acknowledged to play an 

important role for birds (Vanhinsbergh et al. 2002; Bellamy & Hinsley 2005).  

  

In order to determine the environmental setting of each pond site and the 

potential influence they exert on local bird abundance and species richness, 

pond habitat and landscape variables were measured over 2016 - 2017, 

including pond management, distance from the centre of the pond to the 
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nearest hedgerow or woodland patch (as a measure of pond connectivity with 

other key semi-natural terrestrial habitats), total pond area, area of non-shaded 

water, area of shaded water, area of submerged and floating aquatic 

macrophyte cover, area of the herbaceous margin, area of bramble understory 

within the pond margin and area of trees (Figure 18, Table 7). 

 

Figure 18. In-pond and surrounding habitat categories at managed open-canopy 

ponds (a) and unmanaged overgrown ponds (b). 

Aerial photographs were recorded for each pond using a DJI Mavik Pro 

unmanned aerial vehicle, with a scale marker placed at each pond (Figure 19). 

Bramble/ 
understory

Tree

Submerged & 
floating 

macrophytes

Herbaceous 
margin

Shaded 
water

Non-shaded  
water

a)

b)
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Habitat areas were then calculated using the scale tool in Photoshop Creative 

Cloud 2017 and subsequently updated over a year by field surveys. At 

unmanaged overgrown sites, the occupied area of shaded water was verified 

by field surveys. Pond connectivity was calculated as the distance from the 

centre of the pond and the nearest semi-natural terrestrial habitat feature 

(typically a hedgerow or woodland patch), using online Ordnance Survey maps 

and verified via field surveys. 

 

For the wider landscape, the occupied area (m2) of different land use types, 

including as arable, grassland, woodland, open water, residential, 

conservation cover crop and hedgerow, were calculated for an area of 785,398 

m2 around each pond (using a 500 m radius with pond as centre) (Table 7, 

Figure 19c). Area was calculated from 1:25,000 Ordnance Survey aerial 

photographs combined with field surveying, again using Photoshop Creative 

Cloud 2017.  
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Figure 19. Aerial photograph of pond site, SABA (a) SABA with main habitat types 

mapped (b) and (c) wider landscape mapping, p.94. 

 

Scale 
marker
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Table 7. Definitions of in-pond, surrounding and wider landscape habitat types. 

Habitat Definition Unit 

In-pond and 
surrounding 

  

Connectivity Distance from pond centre to nearest semi-
natural landscape feature e.g. hedgerow. 

m 

Total pond area Total water surface area of pond, regardless 
of canopy shading. 

m2 

Non-shaded 
water 

Area of water surface that is exposed to direct 
sunlight for the majority of daylight hours. 

m2 

Shaded water Area of water surface that is shaded for the 
majority of daylight hours. 

m2 

Macrophyte 
cover 

Area of submerged and floating macrophyte 
cover on pond water surface, including 

emerging macrophytes. 

m2 

Herbaceous 
margin 

Area of margin around the pond, consisting of 
herbaceous vegetation but excluding bramble 

and tree area. 

m2 

Bramble Area of understory dominated by bramble, but 
also containing other dense vegetation e.g. 

Hawthorn < 3 m. 

m2 

Tree Canopy area of trees > 3 m in height located, 
around the pond and within the margin area. 

m2 

Wider 
landscape 

  

Arable Area of land in permanent arable state 
throughout the study period. 

m2 

Grassland Area of land in permanent grassland state 
throughout the study period. 

m2 

Woodland Area of land in permanent woodland state 
throughout the study period. 

m2 

Open water Area of standing open water, including ponds 
and lakes. 

m2 

Residential Area of residential properties and land. m2 
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Cover crop Area of land in permanent AES cover crop 
state (e.g. bird seed mix) throughout the study 

period. 

m2 

Hedgerow Distance of hedgerow. m 

 

 

 

Figure 19c. Wider landscape habitat mapping around SABA. 

 

2.7. Data analysis 

 

Models of counts using Poisson distributions implicitly assume that all counts 

are independent. Within the context of this thesis, this assumption would infer 

that flocking birds are not influenced by other individuals within the flock that 

have selected the habitat before. However, this is not the case, with bird flocks 

or family groups influencing each other (Sridhar and Shanker 2014). 
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Therefore, bird flocks or family groups were treated as a single visit event to 

avoid statistical bias by artificially inflating the effective sample size (i.e. a 

single species flock of 10 birds arriving together was counted as one visit, as 

was a single bird arriving alone), an approach utilised in similar research e.g. 

Defra (2007). This approach underestimates bird abundance, especially 

species such as linnet and starling that regularly form flocks over certain times 

of the year (Figure 20), but nevertheless provides a reliable but conservative 

response of overall local bird communities to pond management. 

 

Jost (2006) and Chao et al. (2014) highlight that raw diversity indices, such as 

Simpson diversity (Simpson 1949), are entropies not true diversities and 

provide the uncertainty in the species identity of a sample as opposed to the 

true number of species in the community. Therefore, values may misinterpret 

underlying community diversity and not provide biologically meaningful 

comparisons. Raw diversity indices values can be converted to true diversities, 

or effective numbers of species (also known as Hill numbers). As true diversity 

values are in units of “number of species” they are comparable across different 

metrics and have been judged to be the best choice to quantify abundance-

based species diversity (Ellison 2010). 

 

Accordingly, Simpson’s (1/D) and Shannon’s exponential diversity indices 

(providing true diversity values) alongside abundance and species richness 

were used to characterise meaningful alpha (each pond site) and gamma (the 

total pond landscape combined and each pond management type combined) 

diversity of birds and invertebrates (Crist et al., 2003; Jost 2006), with 
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independent T-Tests (using the t.test function in R software 3.5.2), Mann 

Whitney tests (using the wilcox.test function in R software 3.5.2) and 

Multivariate Analysis of Variance (MANOVA) used to compare these indices. 

Both diversity indices used are frequently utilised in ecological diversity 

analyses, but each feature presents acknowledged benefits and challenges 

(e.g. Simpson’s (1/D) diversity is more influenced by evenness than richness 

than Shannon’s, while Shannon’s exponential diversity does not favour rare or 

common species disproportionately). Therefore, the inclusion of both diversity 

indices provides a more comprehensive and diverse approach to interpreting 

results.  

 
Bird and invertebrate responses to pond type and environmental factors were 

investigated both annually and seasonally using Generalised Linear Mixed 

Models (GLMMs) of assemblage-level indices, with specific variations in 

response (e.g. conservation priority groups or foraging behaviours) then being 

analysed either using Detrended Correspondence Analysis (DCA), Principal 

Component Analysis (PCA) and Redundancy Analysis (RDA) or with 

independent T-Tests (or their non-parametric alternatives). Rarefaction 

analysis was used to standardise for differences in numbers and compare bird 

species richness among pond management types. 

 

Details of software packages and specific approaches to data analysis to 

address each research question are outlined in the individual chapters (see 

chapters 3 – 6). 
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Figure 20. Comparison of number of occasions species observed (with flocks 

treated as a single occasion) and actual abundance of species (with individuals in 

flock counted and included) for a selection of bird species at managed open canopy 

ponds between May 2016 and April 2017. 
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Chapter 3. The effect of farmland pond management on the 

local abundance and species richness of local bird 

communities1 

 

1 Main results published in Agriculture, Ecosystems & Environment (Lewis-Phillips et al. 

2019a). I was the lead author, completing the analysis and main content. 

 

Summary 

 

Recent research undertaken at farmland ponds in early summer, 

demonstrated that over the month of June restored open-canopy, macrophyte-

dominated ponds support an increased abundance and diversity of farmland 

birds, compared to non-managed, overgrown ponds. This chapter expands on 

this previous research with a year-long field study, comprising of 192 surveys, 

to assess the implications of overall year-round pond management for 

farmland birds by comparing bird diversity, abundance and activity at managed 

open-canopy ponds with those at unmanaged overgrown ponds. Driven 

strongly by pond management and connectivity to semi-natural landscape 

features such as hedgerows and woodland patches, bird abundance, species 

richness and diversity, as well as foraging and parental behaviour, were all 

significantly higher at managed open-canopy ponds. Further, a wider 

landscape analysis found that terrestrial land-use patterns in the vicinity of the 

ponds were not significant predictors of bird communities at the pond sites. 
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3.1.  Introduction 

 

Rapid declines in many farmland bird populations across continental Europe 

(Tucker & Heath 1994) and the UK (Defra 2018) have occurred over the last 

quarter of the 20th century. Despite the introduction of agri-environment 

schemes (AES), aimed in part to alleviate the negative impacts of intensive 

agriculture on biodiversity (Natural England 2009; Davey et al. 2010), farmland 

bird populations have continued to decline, suggesting that current AES 

approaches have largely failed (Vickery et al. 2008; Risely et al. 2010; 

Chaudhary et al. 2016). Despite the proven potential of ponds to support a 

wide range of aquatic and semi-aquatic species in an otherwise species-poor 

landscape (O’Connor & Shrubb 1986; Davies et al. 2008; Sayer et al. 2013), 

farmland pond management and creation are particularly poorly subscribed 

measures in comparison to other AES options (Natural England 2009), with an 

overall lack of importance placed on similar measures aimed at increasing wet 

habitat provision (Bradbury & Kirby 2006; Defra 2015).  

 

In a preliminary study of pond management benefits for UK farmland birds, 

Davies et al. (2016) demonstrated that, in the month of June, avian species 

richness and abundance were significantly higher at managed open-canopy 

agricultural ponds compared to unmanaged overgrown ponds. It was 

hypothesised that these patterns were related to higher habitat complexity and 

food availability at managed open-canopy pond sites. Expanding on this 

preliminary research, this chapter provides an integrated, year-round, insight 

into bird activity patterns at a different configuration of restored and overgrown 
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farmland ponds in the same study area, in combination with a further in-depth 

analysis of pond margin and wider landscape influences on birds.  

 

I firstly hypothesised that (a) in line with the patterns observed by Davies et al. 

(2016), managed open-canopy ponds will generally harbour a significantly 

higher species bird abundance, species richness and diversity than 

unmanaged overgrown ponds. Secondly, I hypothesised that (b) habitats 

afforded by the pond margin, that vary between open-canopy and overgrown 

ponds, such as herbaceous margins and bramble understory, will influence 

bird abundance and species richness. Finally, I hypothesised that bird 

foraging, territorial and parental behaviour will be increased at managed open-

canopy ponds.  

 

3.2.  Methods and data analysis 

 

3.2.1. Study area 

 

This chapter was conducted at 16 farmland ponds, distributed over five farms 

in North Norfolk, eastern England (Figure 21) between May 2016 and April 

2017, with eight managed open-canopy and eight unmanaged overgrown 

ponds included. 
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Figure 21. Chapter 3 study ponds and surrounding landscape near to Briston (a) 

and Bodham (b) in North Norfolk, Eastern England. 

 

3.2.2. Bird monitoring 

 

Bird surveys were completed at each study pond between May 2016 and April 

2017, with one set of morning and afternoon ‘main’ and ‘snapshot’ surveys 

completed at each pond every month. Morning surveys were consistent with 

British Trust for Ornithology (BTO) Breeding Bird Survey (BTO 2011) protocol 

and undertaken between 05:00 and 10:30 while afternoon surveys were 

completed between 12:00 and 17:00. The inclusion of afternoon surveys 

increased the opportunity to record bird use of the ponds over a wide range of 

species. For example, foraging frequency of swallow peaks around midday 

and therefore omitting early afternoon surveys would probably lead to an 

underestimation of their interaction with the ponds (Zielinski & Wojciechowski 

1999). Three ‘main’ surveys were completed in each session, with a 2-minute 

gap between individual survey events (Voříšek et al. 2008). ‘Snapshot’ surveys 
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were conducted in the 2-minute intervals between the ‘main’ surveys, at a set 

moment in time, exactly one minute after the ‘main’ survey was completed. All 

surveys were completed during good weather in the absence of significant rain 

to avoid bias from lowered bird activity due to poor weather. Pond visit order 

was randomised throughout the survey season. 

 

Further details about the study area, survey methodology and environmental 

data recording can be found in Chapter 2. 

 

 3.2.3. Data analysis 

 

3.2.3.1. Bird abundance, species richness and diversity 

Bird abundance, measured as the total number of individual bird observations, 

combined across species at each pond was investigated alongside species 

richness. Alpha and gamma diversity (Crist et al. 2003; Jost 2006) were 

represented by Simpson’s exponential and Shannon’s diversity indices. The 

‘vegan’ package (Oksanen et al. 2013) in R-software 1.1.423 (R Core Team, 

2017) was used to calculate diversity values and iNEXT online (Hsieh et al. 

2016) was used to create rarefaction curves. 
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3.2.3.2. Environmental controls on bird community compositions 

 

Bird community responses to pond type were investigated using GLMMs of 

assemblage-level indices, with species-specific variations in response then 

being analysed using Redundancy Analysis (RDA).  

 

For GLMM analysis, highly correlated variables (coefficients > 0.7) (shaded 

water area, open water area, macrophyte surface area, grassland area, 

woodland area, open water area and woodland area) were removed (Booth et 

al. 1994; Dormann et al. 2013) and the variables pond management, pond 

landscape connectivity, pond water area, herbaceous margin, bramble 

understory area, tree, arable land, residential land and cover crops as well as 

hedge length were subsequently selected for GLMM analysis (Bates & 

Maechler 2010). Effects were modelled using a Poisson distribution applying 

a log link function. Study pond and ‘pond nested within date’ were included as 

random effects, using the lme4 package (Bates & Maechler 2010) in R-

software package 3.5.2. (R Core Team 2017), controlling potential temporal 

autocorrelation connected with repeat survey visits to study sites, in 

combination with multiple observations per date-pond combination. Model 

averaging was conducted, and Akaike’s information criterion (AICc < 2) was 

used to select the best predictive models (Burnham & Anderson 2002; Grueber 

et al. 2011) with full average results reported (Bolker et al. 2009).  

 

Detrended correspondence analysis (DCA) was completed to determine 

gradient length and accordingly a Principal Components Analysis (PCA) was 
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conducted to distil the main gradients for the full set of predictor variables 

including management, macrophyte cover, open water area, shaded water 

area, waterline perimeter, pond connectivity, bramble area, tree area and 

herbaceous margin area. Redundancy Analysis (RDA) was subsequently 

conducted to examine direct links between the resulting principal components 

and bird assemblages, using Hellinger-transformed bird species richness and 

abundance data. Hellinger transformation was used due to the better 

compromise it provides between linearity and resolution in comparison to other 

distance measures (Legendre & Gallagher 2001). The ‘vegan’ package 

(Oksanen et al. 2013) in R-software 1.1.423 (R Core Team 2017) was used to 

calculate Hellinger transformations (Oksanen et al. 2013) and SPSS (IBM 

Corp 2016) was used to calculate PCA values. CANOCO 5 (Morris 2015) was 

used to generate ordination plots. 

 

3.2.3.3. Foraging activity 

 

Total observations of foraging activity and territorial and parental behaviour 

patterns were compared between the pond management types using a two-

proportions Z-test using R-software 1.1.423 (R Core Team 2017). 

 

3.3.  Results 

 

66 bird species were observed over all study ponds (Table 8). 64 of these were 

recorded at managed open-canopy ponds in comparison to 37 at unmanaged 

overgrown ponds (Table 8). Bird abundance, species richness and diversity 
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were significantly higher at managed open-canopy ponds, compared to 

unmanaged overgrown ponds (Table 8, Figures 22 & 23). Similarly, rarefaction 

estimated total species richness was higher at managed open-canopy ponds 

compared to unmanaged overgrown ponds, with rarefaction curves indicating 

that γ-diversity across the agricultural pondscape did not exceed estimated 

diversity values for the combined data from the managed ponds (Figure 24).   

 

 

 

Figure 22. Bird abundance at managed open-canopy and unmanaged overgrown 

farmland ponds, showing median, interquartile range and distribution of data points 

(flocks not grouped). 
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Figure 23. Bird species richness at managed open-canopy and unmanaged 

overgrown farmland ponds, showing median, interquartile range and distribution of 

data points.  

 

With the exception of treecreeper Certhia familiaris and woodcock Scolopax 

rusticola, all species recorded at the unmanaged overgrown ponds were also 

found at managed open-canopy ponds. In comparison, 31 bird species were 

exclusively recorded at the open-canopy managed ponds.  
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Table 8. Bird species richness and observations comparing bird alpha diversity of 

managed open-canopy and unmanaged overgrown ponds and gamma diversity of 

birds from all ponds, where figures for the alpha diversity measures represent mean 

values ± standard error of the mean. Statistical significance of independent samples 

t-tests comparing alpha diversity means of managed open-canopy and unmanaged 

overgrown ponds are based on a p-value threshold of p<0.05 denoted as <0.001 

‘***’, 0.001 ‘**’, 0.05 ‘*’, 0.1 ‘. 

Pond 
category 

Species 
richness 
(x ± SE) 

Observations 
(x ± SE) 

Shannon 
Diversity 

(exp) 

Simpson's 
Diversity 

(1/D) 
     

Alpha 
diversity 

    

Managed 34.00 ± 
0.5*** 

288.13 ± 
23.16** 

20.20 ± 
0.64*** 

14.98 ± 
0.56*** 

Unmanaged 15.63 ± 
1.62*** 

142.75 ± 
22.89** 

9.13 ± 
0.85*** 

7.32 ± 
0.72*** 

     
Gamma 
diversity 

    

All Ponds 66 3447 22.05 14.8 

Combined 
managed 

64 2305 25.52 17.3 

Combined 
unmanaged 

37 1142 12.67 9.53 
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Figure 24. Rarefaction curves with 95% confidence intervals for managed open-

canopy ponds and unmanaged overgrown ponds and all ponds combined. The 

number of individuals sampled are plotted against number of species. 
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Pond management and connectivity to semi-natural terrestrial habitats were 

significant predictors of overall bird abundance, with both pond management 

and closer connectivity exerting a positive influence on bird abundance (Figure 

25). Similarly, pond management and connectivity were also significant 

predictors of overall bird species richness (Figure 25). When examined at the 

wider landscape scale, no variables recorded showed any significant link to 

bird abundance or species richness at the ponds. Bramble understory area 

showed a close to significant positive relationship with abundance (p = 0.08), 

but not the species richness of birds encountered at the ponds. 

 



 

Page 110 of 266 
 

Figure 25. Effect size plot for bird abundance (a) and bird species richness (b). 

Significance value codes: <0.001 ‘***’, 0.001 ‘**’, 0.05 ‘*’, 0.1 ‘.’ WL denotes a wider 

landscape variable. Estimated effect size with standard error, upper and lower limits 

included. 
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Four main principal components were distilled from the set of predictor 

parameters in the PCA, together explaining 90.9% of total variance. The first 

principal component (PC1) represents the pond management gradient, with 

higher values indicative of open-canopy ponds with large areas of aquatic 

macrophyte-filled open water as a result of recent management. Higher values 

for PC2 are associated with ponds that are highly connected to semi-natural 

landscape features, such as hedgerows or woodland patches, as well as 

representing an increase in overall pond size. PC3 represents areas with 

larger areas of bramble understory and tree cover around the pond margin, 

whereas PC4 increases in line with the area of pond margin, occupied by 

herbaceous plants. 

 

As reflected by their association with PC1 in the RDA ordination plot (Figure 

26), the majority of bird species, including conservation priority farmland, 

woodland and water specialists, demonstrated a clear preference for 

managed, open-canopy ponds (Table 9). These species consisted of a wide 

variety of bird species occupying different feeding niches, including ranging 

from aerial insectivores like house martin and swallow, granivores like linnet 

and yellowhammer, dabbling ducks like teal Anas crecca and mallard Anas 

platyrhynchos and other obligate wetland species like kingfisher Alcedo atthis, 

grey heron Ardea cinerea, moorhen Gallinula chloropus, and common snipe. 

A smaller group of generalist species, woodpigeon, blue tit Cyanistes 

caeruleus and rook Corvus frugilegus, displayed a preference for unmanaged 

overgrown ponds (Figure 26). 
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Several woodland species, including robin Erithacus rubecula, wren, blackbird, 

long-tailed tit Aegithalos caudatus, woodcock and brambling Fringilla 

montifringilla, appear loosely associated with increased connectivity between 

the pond and woody landscape elements (PC2), in addition to their preference 

for unmanaged overgrown pond habitats. Chaffinch showed a clear preference 

for ponds with increased tree and bramble cover (PC3) while grey partridge, 

fieldfare Turdus pilaris, meadow pipit Anthus pratensis, and sedge warbler 

Acrocephalus schoeniclus, displayed a preference for ponds with low tree and 

bramble cover.  
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Figure 26. Redundancy Analysis (RDA) of bird assemblages recorded at managed 

open canopy ponds (white, non-filled circle) and unmanaged overgrown ponds (grey 

circle). Amber listed species annotated with *, red listed bird species **. Key to 

species codes: BLHG: black-headed gull, BBIR: blackbird, BLAC: blackcap, BTIT: 

blue tit, BRAM: brambling, BULL: bullfinch, BUZZ: common buzzard, CHAF: 

chaffinch, CHIF: chiffchaff, CTIT: coal tit, CROW: carrion crow, DUNN: dunnock, 

FFAR: fieldfare, GADW: gadwall, GARD: garden warbler, GOLC: goldcrest, GOLF: 

goldfinch, GTIT: great tit, GSPO: great-spotted woodpecker, GREW: green 
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woodpecker, GREF: greenfinch, GREH: grey heron, GPAR: grey partridge, GWAG: 

grey wagtail, HOUM: house martin, JSNI: jack snipe, JDAW: jackdaw, JAY: jay, 

KEST: kestrel, KING: kingfisher, LWHI: lesser whitethroat, LINN: linnet, LGRE: little 

grebe, LTIT: long-tailed tit, MAGP: magpie, MALL: mallard, MPIP: meadow pipit, 

MOOR: moorhen, MUTE: mute swan, PHEA: pheasant, PWAG: pied wagtail, 

REDK: red kite, REDL: red-legged partridge, REDW: redwing, REED: reed bunting: 

ROBI: robin, ROOK: rook, SEDG: sedge warbler, SKYL: skylark, SNIP: snipe, 

SONG: song thrush, SPAR: sparrowhawk, SFLY: spotted flycatcher, STAR: starling, 

STOC: stock dove, SWAL: swallow, SWIF: swift, TEAL: teal, TREE: treecreeper, 

WHIT: whitethroat, WWAR: willow warbler, WPIG: woodpigeon, WCOC: woodcock, 

WOOL: woodlark, WREN: wren, YHAM: yellowhammer. 

 

Table 9. Specialist bird species, subdivided into Defra habitat category, observed at 

managed and unmanaged ponds. Number indicates abundance (as defined in 

methodology). Red listed species notated with † †, amber with †, with text colour 

coded accordingly (RSPB 2018). 

Habitat Common 
name Species name Managed Unmanaged 

Farmland Goldfinch Carduelis 
carduelis 

96 16 

 
Greenfinch Chloris chloris 32 4 

 
Grey partridge 

††  
Perdix perdix 1 0 

 
Linnet †† Linaria 

cannabina 
64 1 

 
Skylark ††  Alauda arvensis 14 2 

 
Starling ††  Sturnus vulgaris 5 0 

 
Stock dove †  Columba oenas 1 0 
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Whitethroat Sylvia 

communis 
60 8 

 
Yellowhammer 

††  
Emberiza 
citrinella 

79 0 

Woodland Blackcap Sylvia atricapilla 33 16 
 

Chiffchaff Phylloscopus 
collybita 

132 80 

 
Coal tit Periparus ater 2 0 

 
Garden warbler Sylvia borin 3 0 

 
Goldcrest Regulus regulus 8 1 

 
Greater spotted 

woodpecker 
Dendrocopos 

major 
1 0 

 
Green 

woodpecker 
Picus viridis 3 0 

 
Jay Garrulus 

glandarius 
4 1 

 
Sparrowhawk Accipiter nisus 1 0 

 
Treecreeper Certhia 

familiaris 
0 1 

 
Willow warbler † Phylloscopus 

trochilus 
13 0 

Water/ 
wetland 

Grey wagtail †† Motacilla 
cinerea 

4 0 

 
Kingfisher † Alcedo atthis 5 0 

 
Little grebe Tachybaptus 

ruficollis 
4 0 

 
Sedge warbler Acrocephalus 

schoenobaenus 
4 0 

 
Snipe †  Gallinago 

gallinago 
14 0 

 
Teal †  Anas crecca 15 0 
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Observations of foraging activity and parental behaviours were significantly 

higher (p < 0.001) at managed open-canopy ponds than at the unmanaged 

overgrown ponds (Figure 27, Table 10). In comparison, observations of 

territorial behaviour did not differ significantly between the pond management 

types. 

 

 

Figure 27. Bird foraging observations at managed open-canopy and unmanaged 

overgrown farmland ponds, showing median, interquartile range and distribution of 

data points.  
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Table 10. Bird behavioural observations at managed open-canopy and unmanaged 

overgrown ponds. Significant results (<0.05) highlighted in bold. 

Pond 
management Behaviour 

No. 
behavioural 

observations  
Total 

observations  X2 df P 

Managed 
Foraging 

595 2305 52.806 1 <0.001 

Unmanaged 170 1142 
   

 
  

Managed 
Territorial 

457 2305 0.576 1 0.45 

Unmanaged 214 1142 
 

 
  

Managed 
Parental 

59 2305 9.782 1 0.001 

Unmanaged 11 1142 
   

 

 

3.4. Discussion 

 

3.4.1. Drivers of bird diversity and abundance 

 

Expanding on the study of Davies et al. (2016), this chapter provides a year-

long integrated analysis of farmland bird interactions with open-canopy and 

overgrown ponds along with a more in-depth consideration of wider landscape 

influences. In support of my first hypothesis, the results show that managed 

open-canopy ponds support significantly higher bird abundance, species 

richness and diversity than their unmanaged counterparts, hence solidifying 

evidence of pond management benefits for farmland bird conservation. 

Managed open-canopy ponds were shown to attract a suite of bird species 
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across a wide range of families and guilds, expanding on previous research 

identifying ponds as important wildfowl habitats (O’Connor & Shrubb 1986; 

Sebastián-González et al. 2010; Newton 2017), and indicating that 

beneficiaries of open pond habitats extend to a range of farmland and 

woodland habitat specialist bird species, including a number of declining 

species included on UK red and amber lists (Table 9). Importantly, as well as 

showing a preference for open-canopy ponds, conservation priority farmland 

and woodland species currently experiencing significant declines also showed 

a preference for ponds with high connectivity to hedgerow or woodland 

habitats and with wide herbaceous pond margins. The association of such a 

wide range of species with open-canopy managed ponds, combined with 

behavioural observations of increased foraging and parental interactions 

further lend support for the hypothesis that birds are gaining benefits from 

increased resource availability at open-canopy ponds. 

 

3.4.2. The importance of the aquatic ecosystem 

 

Pond management was found to be a significant predictor of both bird 

abundance and species richness in the local vicinity of farmland ponds, with a 

further significant positive correlation between management and bird activity. 

The process of pond management has been demonstrated to result in high 

levels of aquatic plant diversity (Sayer et al. 2012), with managed open-canopy 

study ponds characterised by extensive stands of submerged and emergent 

macrophytes in contrast to unmanaged terrestrialised ponds which are 

generally free of all macrophyte vegetation. Macrophytes play a key role in 
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pond ecology and importantly the high structural complexity provided by plants 

is known to alter the density and community structure of aquatic invertebrates 

(Gregg and Rose 1985; Declerck et al. 2011). A positive link between 

macrophytes and farmland birds at study ponds seems likely to stem from 

increased invertebrate abundance and emergence in plant-dominated ponds 

and hence an important source of food to birds. Indeed, a positive response of 

birds to increased aquatic macrophyte coverage has been identified previously 

for waterfowl (Knapton & Petrie 1999; McKinstry & Anderson 2002; Santoul et 

al. 2009; Sebastián-González et al. 2010) with the same true for streams and 

birds via aquatic-terrestrial subsidies (Baxter et al. 2005). 

 

Significantly higher levels of bird foraging at managed open-canopy ponds 

suggest that, in comparison to unmanaged overgrown ponds, the higher levels 

of bird abundance, species richness, diversity and foraging observations 

recorded could be a direct response to increased invertebrate food availability, 

provided by either pond-margin associated or emergent aquatic invertebrates. 

These high-quality food sources could be especially important over the 

breeding season, when chick and adult nutritional requirements are 

particularly high. Parental observations were also significantly higher at 

managed open-canopy ponds with adults observed repeatedly provisioning 

juveniles with invertebrates emerging directly from the pond. Pond-side nest 

sites, including yellowhammer and chiffchaff Phylloscopus collybita, were 

observed at open-canopy ponds with pairs likely drawn to high-quality local 

foraging opportunities. In contrast, only a single nest, occupied by a pair of 

woodpigeons was encountered at the unmanaged overgrown ponds. Birds 
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may also benefit from refuge and abundant perching habitat provided by the 

heterogenous vegetation structure with exposed mud also affording nest-

building material (Davies et al. 2016). Differences identified in foraging and 

parental behaviour between pond management types informed the 

development of later chapters of this thesis. Accordingly, Chapters 5 and 6 

directly explore the impact that pond management has on pond-margin 

associated and emergent aquatic invertebrate communities, and the 

consequent role these invertebrate communities play in predicting bird 

abundance and species richness at pond sites.  

 

Pond size was not a strong predictor of bird abundance or diversity at the 

farmland pond sites. This is in line with the findings of Santoul et al. (2009), 

but contrasts with observations from other studies (Sebastián-González et al. 

2010; Davies et al. 2016). However, sites used in the Sebastián-González 

study were considerably larger, with an average area of 6000 m2. 

 

3.4.3. The importance of pond margins 

 

While the area of herb-dominated pond margin was not found to have a 

significant effect on either bird abundance or species richness, PCA indicates 

a positive association of this feature with a number of individual bird species, 

including the UK conservation priority species skylark and redwing Turdus 

iliacus. Vickery et al. (2008) proposed that grass margins provide one of the 

most valuable invertebrate food sources for birds in agricultural areas and 

Davies et al. (2016) hypothesised that herbaceous pond margins were likely 
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inhabited by large numbers of invertebrates, a subject investigated in Chapter 

5. In addition, the herbaceous margins of managed open-canopy ponds 

support a number of seed-rich plants, including species from the 

Polygonaceae and Asteraceae, that form an important diet component for 

farmland specialist species (McCracken & Tallowin 2004; Holland et al. 2006), 

whilst also providing nesting habitat for species such as reed bunting Emberiza 

schoeniclus, that nest in tall, non-woody vegetation (Redhead et al. 2018), 

alongside cover from predators (Bradbury and Kirby 2006). Overgrown ponds 

are often also encircled by herbaceous margins, but these areas did not 

appear to offer the same resources to birds, potentially because of lowered 

plant diversity due to shading by trees over large portions of the wet pond 

margin, or avoidance of foraging on the ground next to dense woody 

vegetation that could harbour predators. 

 

Increased understory area, mainly consisting of bramble (Rubus spp.) was 

found to provide a near-significant effect on bird abundance. Bramble 

development is driven by the removal of shading at open-canopy ponds, 

leaving large open spaces available for rapid colonisation by this strongly 

competitive species. In comparison, the heavily shaded environment of 

overgrown ponds impedes bramble growth (Harmer et al. 2012). While 

bramble is known to supress plant diversity (Harmer 2006) it nevertheless 

provides a complex habitat structure and offers a range of benefits to birds, 

including food resources, especially fruit and insects (Harmer 2006; Charman 

et al. 2009), cover from predators and nesting habitat, including for specialist 

farmland and woodland species (Peakall 1960; Rodrigues & Crick 1997). In 
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order to explore the importance of specific environmental variables, such as 

bramble understory area, in finer detail, Chapter 4 further investigates the 

effect of pond habitat composition on bird communities over the different 

seasons.  

 

3.4.4. Influence of the wider landscape on bird diversity and 

abundance 

 

Lawton et al. (2010) advocated the key importance of landscape connectivity 

for wildlife. In support of this idea, our results show pond sites connected to, 

or in close proximity to tree-dominated landscape features (hedgerows and 

woodland patches) support a significantly higher overall abundance and 

species richness of birds. Connectivity with landscape features such as 

hedgerows has been regularly shown to represent an important factor for birds 

and a range of plant, invertebrate and mammal species (Bennett et al. 1994, 

Parish et al. 1994, Joyce et al. 1999; Wehling & Diekmann 2009, Sullivan et 

al. 2017), with hedgerows acting as corridors and stepping stones by which 

individuals move through the landscape. Birds may also gain benefits from the 

resources provided by linear connecting features, such as hedgerows 

(Whittingham et al. 2009) via increased provision of food in the form of seeds 

and invertebrates, in addition to increased shelter, nest site provision and 

protection from predators. The majority of species that appear to benefit from 

greater connectivity to woodland and hedgerow patches were woodland 

generalist species such as robin and blackbird, but other species including 
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bullfinch Pyrrhula pyrrhula and willow warbler Phylloscopus trochilus also 

showed similar preferences. 

 

Apart from connectivity to hedges and woodland, wider landscape analysis 

suggests that terrestrial land-use patterns in the vicinity of the ponds were not 

significant predictors of bird abundance or species richness at the pond sites. 

This may be because the land-use surrounding the study sites was consistent, 

with all ponds surrounded by a mixture of arable and grassland. Therefore, it 

appears that the management of farmland ponds is locally influencing the 

abundance, species richness and diversity of the birds recorded at pond sites, 

rather than bird responses being influenced by the surrounding landscape 

matrix. 
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Chapter 4. Seasonal benefits of farmland pond management 

for birds2 

 
2 Main results published in Bird Study (Lewis-Phillips et al. 2019b). I was the lead author, 

completing the analysis and main content. 

 

Summary 

 

Previous research demonstrated that pond management exerts a positive 

influence of local bird abundance and species richness, both over a single 

month and also when analysed over a complete year (Chapter 3). Farmland 

birds are highly mobile and switch between different resources and habitats 

over the year. As a result, in order to assess the full potential contribution of 

AES measures it is important to understand how conservation intervention, 

such as pond management, support this group of birds over the different 

seasons. This chapter expands on my previous findings by exploring the 

potential seasonal benefits of farmland pond management for birds. At both 

managed open-canopy and unmanaged overgrown ponds, local bird 

abundance, species richness, diversity and composition were examined over 

the bird breeding, post-breeding and winter seasons. Bird communities at 

managed open-canopy ponds showed a higher abundance, species richness 

and diversity over all seasons displaying pronounced seasonal shifts in 

composition. Warblers and other specialised bird species were frequently 

observed at open-canopy sites over the breeding and post-breeding seasons 

but were generally absent from overgrown ponds. While pond management 
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and landscape connectivity provided a consistent positive influence on bird 

communities over all seasons, the importance of other predictors, such as 

bramble area, varied seasonally. Importantly, alongside reconfirming the 

overall importance of pond management and connectivity to surrounding semi-

natural habitats, this chapter identifies previously unidentified seasonal 

predictors of birds at farmland ponds, such as the importance of bramble-

dominated patches and pond marginal habitat over the breeding season, and 

therefore provides valuable lessons for the design of agri-environment 

prescriptions for farmland ponds.  

 

4.1. Introduction 

 

With an estimated loss of 420 million farmland bird individuals since 1980 

(Inger et al. 2015) there is an urgent need to identify AES measures that can 

support local bird communities. Farmland birds are highly mobile organisms 

(Siriwardena et al. 2006) that prioritise different resources at different times of 

the year (Vickery et al. 2009) and switch between breeding and winter feeding 

sites within the wider landscape (Aebischer et al. 2015). As a result, in order 

to better understand the potential contribution of AES measures for farmland 

birds, it is important to evaluate the localised effects of these measures over 

different times of the year (Siriwardena et al. 2006, Redhead et al. 2018) and 

to separate patterns for breeding and non-breeding periods, associated with 

major bird diet shifts (Wilson et al. 1999).  
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Previous research has demonstrated that bird abundance, species richness 

and diversity were significantly higher at managed open-canopy agricultural 

ponds than at their unmanaged overgrown counterparts in mid-summer and 

year-around surveys, respectively (Davies et al. (2016) and Lewis-Phillips et 

al. (2019a, Chapter 3) but seasonal usage of farmland ponds was not 

explored. To address this research gap, this chapter investigates the local 

effect of farmland pond management for bird communities during the breeding, 

post-breeding and winter seasons. 

 

I specifically test the hypotheses that a) managed open-canopy ponds harbour 

a significantly higher bird abundance, species richness and diversity than 

unmanaged overgrown ponds over all seasons, reflecting a higher availability 

of resources all year around, b) bird responses to environmental variations in 

pond and pond-margin environments will vary over the seasons (i.e. specific 

environmental habitat variables will influence local birds over specific seasons) 

and c) conservation priority bird species are recorded at higher abundances 

over all seasons at managed open-canopy ponds in comparison to 

unmanaged overgrown ponds. 

 

4.2. Methods and data analysis 

This chapter further analyses the bird dataset acquired between May 2016 and 

April 2017 (Chapter 3). All 16 farmland study ponds from Chapter 3 were 

included, with the study pond sites equally divided into eight managed open-

canopy and eight unmanaged overgrown ponds (Figure 28). 
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Figure 28. Study ponds included in this chapter, situated in Briston (a) and Bodham 

(b) in North Norfolk, Eastern England. 

 

For analysis, the dataset was divided into the three major ecological seasons 

for birds: April to June as ‘breeding season’ (BTO 2011, Redhead et al. 2018), 

December to February as ‘winter season’ (Redhead et al. 2018), with the 

inclusion of a ‘post-breeding season’ from July to September.  

 

All bird surveys recorded within the above selected months, including all ‘main’ 

and ‘snapshot’ surveys, were included within this analysis. To provide further 

insights, the bird conservation status of each species was also included, with 

all recorded species categorised into ‘green’ (species of least conservation 

concern), ‘amber’ (species that have experienced moderate declines) or ‘red’ 

(species that have experienced severe population declines) (for further details 

see RSPB 2018). 
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In order to investigate the seasonal impact of pond habitat variables (e.g. 

bramble understory area, see chapter 2.6) on birds over the year, pond habitat 

variables were updated on a seasonal basis, with data collected over the 

breeding, post-breeding and winter seasons. 

 

Further details about the study area, survey methodology and environmental 

data recording can be found in Chapter 2. 

 

4.2.1. Data analysis 

 

4.2.1.1. Bird community analysis 

 

For each season, bird abundance was measured as the overall number of bird 

recordings at each study site, combined across species and survey types. 

Species richness, Simpson’s exponential and Shannon’s diversity indices 

were utilised to calculate seasonal α-diversity and γ-diversity (Crist et al. 2003, 

Jost 2006). The ‘vegan’ package (Oksanen et al. 2013) in R software 3.5.2. (R 

Core Team 2017) was used to calculate the diversity indices. All further 

analyses were also completed in R software 3.5.2. (R Core Team 2017). 

This chapters analysis mainly focuses on assemblage-level bird indices, 

based on the assumption that the seasonal benefits of pond management are 

displayed through net increases in seasonal abundance or species richness. 

However, individual species are likely to show species-specific seasonal 

response patterns to certain environmental variables, such as bramble 

understory area, and therefore a further analysis of linnet (as an obligate 
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granivorous specialist) and hirundine (swallow, swift and house martin, as 

obligate insectivorous specialists) abundance, alongside combined 

abundance of conservation priority red and amber listed species is included. 

Mann-Whitney tests were used to compare bird abundance and species 

richness alongside the abundance of linnet, hirundines and conservation 

priority species, between pond management types for each season. 

 

4.2.1.2. Environmental predictors of seasonal bird communities 

 

For each season, Pearson’s correlations between environmental predictors 

were calculated and individual variables from pairs with correlation coefficients 

> 0.7 were removed (Booth et al. 1994, Dormann et al. 2013). Subsequent 

seasonal analyses were then conducted based on the remaining variables 

(Bates & Maechler 2010). 

 

Bird abundance and species richness were analysed for each season 

individually using Generalised Linear Mixed Models (GLMMs) of assemblage-

level indices. Effects were modelled using a Poisson distribution applying a log 

link function. Study pond and ‘pond nested within date’ were included as 

random effects, using the lme4 package (Bates & Maechler 2010) in R-

software package 3.5.2. (R Core Team 2017), controlling potential temporal 

autocorrelation connected with repeat survey visits to study sites, in 

combination with multiple observations per date-pond combination. Akaike’s 

information criterion (AICc < 2) was utilised to select models (Burnham & 

Anderson 2002, Grueber et al. 2011) and model averaging was conducted with 
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full average results presented (Bolker et al. 2009). All variables were 

standardised prior to analysis. 

 

4.3. Results 

 

 4.3.1. Seasonal patterns in bird assemblages 

 

Significantly higher bird abundance was recorded at managed open-canopy 

pond sites over the breeding, post-breeding and winter seasons, in 

comparison to unmanaged overgrown ponds (Table 11). At both pond 

management types bird abundance was highest over the breeding season and 

lowest over the winter season (Table 11, Figure 29). 
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Figure 29. Bird abundance at managed open-canopy and unmanaged overgrown 

farmland ponds over the breeding, post-breeding and winter seasons. 
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Table 11. Bird species richness and abundance for seasonal bird α-diversity by 

pond management type and seasonal γ-diversity of birds over all ponds. α-diversity 

represented by mean values ± standard error of the mean. Statistical significance 

denoted by p < 0.001 (***), p < 0.01 (**) and p < 0.05 (*) and highlighted in bold. 

Season Pond 
category 

Spp. 
richness 
(x ± SE) 

Abundance 
(x ± SE) 

Shannon 
Diversity 

(exp) 

Simpson's 
Diversity 

(1/D) 

Breeding Alpha 
diversity 

    

 
Managed 24.75 ± 

1.03*** 
100.38 ± 
7.43*** 

16.69 ± 
0.78*** 

13.11 ± 
0.62*** 

 
Unmanaged 11.75 ± 

1.26*** 
46.50 ± 
6.92*** 

8.25 ± 
0.89*** 

6.82 ± 
0.73*** 

      
 

Gamma 
diversity 

    

 
All Ponds 52 1459 21.96 15.99 

 
Combined 
managed 

48 992 24.80 18.80 

 
Combined 

unmanaged 
25 467 12.58 9.74 

      

Post-
breeding 

Alpha 
diversity 

    

 
Managed 29.2 ± 

1.0*** 
74.25 ± 
6.16** 

17.80 ± 
1.41*** 

13.05 ± 
1.46** 

 
Unmanaged 12.63 ± 

1.0*** 
41.25 ± 
6.05** 

8.21 ± 
0.66*** 

6.70 ± 
0.60** 

      
 

Gamma 
diversity 

    

 
All Ponds 57 1165 23.86 16.90 
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Combined 
managed 

52 762 24.96 16.22 

 
Combined 

unmanaged 
26 403 12.64 9.60 

      

Winter Alpha 
diversity 

    

 
Managed 17 ± 

0.94*** 
49.25 ± 
3.96* 

11.30 ± 
0.93*** 

8.82 ± 
1.00** 

 
Unmanaged 9 ± 

1.27*** 
27.88 ± 
6.00* 

5.83 ± 
0.71*** 

4.63 ± 
0.62** 

      
 

Gamma 
diversity 

    

 
All Ponds 41 886 17.67 12.00 

 
Combined 
managed 

39 580 20.04 14.79 

 
Combined 

unmanaged 
24 306 9.36 6.10 

 

Pond management consistently exerted the strongest positive influence over 

bird abundance, with significant differences identified over the breeding and 

winter seasons. Pond connectivity to semi-natural terrestrial landscape 

features such as hedgerows was also found to be a consistent significant 

predictor of bird abundance, exercising a positive influence over all seasons 

(Figure 30). Bramble understory area was identified as a significant predictor 

of bird abundance over the breeding and post-breeding seasons, with higher 

bird abundance associated with larger areas of this dense understory habitat. 

Bird abundance was significantly positively associated with overall area of the 
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pond margin over the breeding season, and with the area of tree cover around 

the pond margin over the winter season.  

 

Figure 30. Effect size plots for bird abundance over breeding (a), post-breeding (b) 

and winter (c) seasons. Taken from GLMM analysis, with SE and upper and lower 

confidence intervals. Significance values as: p < 0.001 ***, p < 0.001 **, p < 0.05 * 

a c

b
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In comparison to unmanaged overgrown ponds, significantly higher bird 

species richness was also recorded at managed open-canopy pond sites 

throughout the breeding, post-breeding and winter seasons (Table 11). 

Regardless of pond management, bird species richness was highest at all 

study sites over the post-breeding season and lowest over the winter season.  

 

Pond management and connectivity with terrestrial semi-natural landscape 

features were significant predictors, exerting a positive influence on bird 

species richness throughout the year. Over the post-breeding season, bird 

species richness was also positively associated with higher tree area around 

the margin (Figure 31). 
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Figure 31. Effect size plots for bird species richness over breeding (a), post-

breeding (b) and winter (c) seasons. Taken from GLMM analysis, with SE and upper 

and lower confidence intervals. Significance value codes: p < 0.001 ***, p < 0.001 **, 

p < 0.05 * 

a c

b
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 4.3.2. Seasonal shifts in bird use of ponds 

 

Seasonal fluctuations in bird communities were more prominent at managed 

open-canopy pond sites in comparison to unmanaged overgrown sites. 

Abundance of conservation priority red and amber listed bird species was 

higher at managed-open canopy ponds over all seasons (Table 12) (Figure 

32). At managed open-canopy ponds, the abundance of obligately 

insectivorous hirundines (barn swallow, swift and house martin) was 

significantly higher over the breeding and post-breeding seasons. In contrast, 

no hirundine visits were recorded at the unmanaged overgrown ponds over 

the same period. Linnet (obligate granivores) abundance was significantly 

higher at managed open-canopy ponds over the breeding and post-breeding 

season, whereas observations of this species were either very low or absent 

over all seasons at the overgrown pond sites (Figure 32). 
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Figure 32. Bird abundance by pond management and season (a), bird species 

richness by pond management and season (b), conservation priority (red and 

amber) bird abundance by pond management and season (c) and abundance of 

hirundine and linnet by pond management and season (d). Boxplots show median, 

a c
db
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upper and lower quartiles, with data falling outside Q1 – Q3 range plotted as 

outliers. Statistical significance of Mann-Whitney tests denoted by p < 0.001 (***), p 

< 0.01 (**), p < 0.05 (*) and ns = not significant. 

 

Over the breeding and post-breeding seasons, managed open-canopy ponds 

were visited by a variety of warblers including whitethroat Sylvia communis, 

lesser whitethroat Sylvia curruca, willow warbler, chiffchaff and blackcap Sylvia 

atricapilla. With the exception of chiffchaff, that was regularly recorded at both 

pond management types, other warbler species were either observed in lower 

numbers or entirely absent from unmanaged overgrown pond sites throughout 

all seasons. Other conservation priority species with specialist requirements, 

such as yellowhammer and spotted flycatcher Muscicapa striata were also 

only recorded at managed open-canopy ponds over the breeding season. In 

comparison, generalist, non-conservation priority bird species, such as robin, 

blackbird, woodpigeon, blue tit and wren were frequently recorded at both 

pond management types over all seasons. With the exception of blue tit and 

woodpigeon, these generalist species were consistently recorded at higher 

frequencies at managed open-canopy ponds (Table 12). 

 

Regardless of pond management type, farmland ponds were most utilised by 

local bird communities over the breeding and post-breeding seasons with visits 

lower over winter (Figure 29). Nevertheless, over winter, redwing, fieldfare, 

teal, mallard and common snipe were recorded at managed-open canopy 

ponds, but were largely absent from unmanaged overgrown ponds. By 

contrast, woodcock and brambling were recorded only at unmanaged 

overgrown pond sites in winter.  
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Table 12. Bird species and abundance in managed open-canopy and unmanaged 

overgrown farmland ponds, over the breeding, post-breeding and winter seasons, 

ordered by frequency of overall abundance. Number indicates number of times the 

species was observed as opposed to total abundance. 

Common 
name 

Scientific 
name Breeding Post-Breeding Winter 

  
Managed Unmanaged Managed Unmanaged Managed Unmanaged 

Wren Troglodytes 
troglodytes 

89 72 76 55 58 29 

Blackbird Turdus merula 65 46 23 23 51 42 

Chaffinch Fringilla coelebs 98 43 25 29 30 19 

Blue Tit Cyanistes 
caeruleus 

45 51 25 27 22 39 

Woodpigeon Columba 
palumbus 

21 29 29 53 20 26 

Chiffchaff Phylloscopus 
collybita 

85 44 27 17 0 0 

Robin Erithacus 
rubecula 

27 12 35 46 30 23 

Moorhen Gallinula 
chloropus 

41 17 58 8 23 2 

Dunnock Prunella 
modularis 

28 4 18 1 40 9 

Goldfinch Carduelis 
carduelis 

36 7 34 1 7 8 

Whitethroat Sylvia 
communis 

34 10 26 8 0 0 

Great Tit Parus major 22 12 11 12 8 2 

Yellowhammer Emberiza 
citrinella 

28 0 32 2 0 0 

Linnet Linaria 
cannabina 

9 0 44 0 2 1 

Blackcap Sylvia atricapilla 22 13 9 3 1 0 

Mallard Anas 
platyrhynchos 

17 0 5 0 17 2 

Bullfinch Pyrrhula 
pyrrhula 

17 1 4 4 6 2 

Greenfinch Chloris chloris 10 0 8 4 0 0 

Magpie Pica pica 9 1 7 1 3 1 

Swallow Hirundo rustica 16 0 6 0 0 0 
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Pheasant Phasianus 
colchicus 

5 3 3 1 7 2 

Red-legged 
Partridge 

Alectoris rufa 11 0 4 0 1 0 

House Martin Delichon 
urbicum 

12 0 3 0 0 0 

Reed Bunting Emberiza 
schoeniclus 

2 0 8 0 5 0 

Carrion Crow Corvus corone 2 0 5 2 1 3 

Willow warbler Phylloscopus 
trochilus 

2 0 11 0 0 0 

Teal Anas crecca 0 0 4 0 8 0 

Pied Wagtail Motacilla alba 9 0 0 0 2 0 

Grey heron Ardea cinerea 2 0 5 0 3 0 

Lesser 
whitethroat 

Sylvia curruca 7 0 2 1 0 0 

Swift Apus apus 10 0 0 0 0 0 

Goldcrest Regulus regulus 7 1 0 0 0 0 

Kestrel Falco 
tinnunculus 

0 2 6 0 0 0 

Skylark Alauda arvensis 2 0 4 0 2 0 

Buzzard Buteo buteo 1 0 2 1 3 0 

Long-tailed Tit Aegithalos 
caudatus 

2 1 1 1 0 2 

Song Thrush Turdus 
philomelos 

2 0 0 0 2 1 

Grey wagtail Motacilla 
cinerea 

0 0 4 0 0 0 

Jay Garrulus 
glandarius 

0 0 2 0 1 1 

Kingfisher Alcedo atthis 2 0 1 0 1 0 

Little Grebe Tachybaptus 
ruficollis 

0 0 4 0 0 0 

Mute Swan Cygnus olor 4 0 0 0 0 0 

Sedge 
Warbler 

Acrocephalus 
schoenobaenus 

0 0 4 0 0 0 

Snipe Gallinago 
gallinago 

0 0 1 0 3 0 

Starling Sturnus vulgaris 2 0 2 0 0 0 

Black-headed 
Gull 

Chroicocephalus 
ridibundus 

1 0 2 0 0 0 

Garden 
Warbler 

Sylvia borin 3 0 0 0 0 0 
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Green 
Woodpecker 

Picus viridis 0 0 3 0 0 0 

Spotted 
Flycatcher 

Muscicapa 
striata 

3 0 0 0 0 0 

Brambling Fringilla 
montifringilla 

0 0 0 0 0 2 

Coal tit Periparus ater 0 0 2 0 0 0 

Meadow pipit Anthus pratensis 1 0 0 0 0 1 

Redwing Turdus iliacus 0 0 0 0 2 0 

Rook Corvus 
frugilegus 

1 0 0 1 0 0 

Woodcock Scolopax 
rusticola 

0 0 0 0 0 2 

Fieldfare Turdus pilaris 0 0 0 0 1 0 

Gadwall Mareca strepera 1 0 0 0 0 0 

Great Spotted 
Woodpecker 

Dendrocopos 
major 

0 0 1 0 0 0 

Grey Partridge Perdix perdix 0 0 1 0 0 0 

Jack Snipe Lymnocryptes 
minimus 

0 0 0 0 1 0 

Jackdaw Coloeus 
monedula 

1 0 0 0 0 0 

Red Kite Milvus milvus 1 0 0 0 0 0 

Sparrowhawk Accipiter nisus 0 0 1 0 0 0 

Stock Dove Columba oenas 1 0 0 0 0 0 

Treecreeper Certhia familiaris 0 1 0 0 0 0 

Woodlark Lullula arborea 0 0 1 0 0 0 

 

4.4. Discussion 

 

Previous research has demonstrated the importance of farmland pond 

management for local bird communities (Davies et al. 2016, Lewis-Phillips et 

al. 2019a) but seasonal patterns were not identified. To evaluate the 

effectiveness of farmland pond management as an AES measure, it is 

important to understand not only if ponds positively influence local bird 
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communities but also whether bird community responses vary seasonally 

(Siriwardena et al. 2006, Siriwardena 2010). As such, the finer temporal 

resolution of this chapter offers previously unidentified insights into how local 

bird communities utilise managed open-canopy and unmanaged overgrown 

ponds in different seasons. Alongside the all-season preference for managed 

open-canopy ponds by more abundant and diverse bird communities, 

including conservation priority species, the more prominent seasonal shifts in 

bird communities recorded at managed open-canopy ponds likely reflect 

seasonal shifts in resource and habitat availability at these sites. The regular 

and exclusive use of managed open-canopy ponds over the breeding and 

post-breeding seasons by a variety of migrant warbler species (e.g. lesser 

whitethroat and chiffchaff), alongside many other bird species with specialist 

requirements (e.g. yellowhammer), strongly suggests an increased 

importance of invertebrate and seed resources at these ponds, alongside 

better provision of favourable nesting sites (i.e. suitable cover next to food 

sources) within bramble patches and increased availability of nesting 

materials. In response, Chapters 5 and 6 explore pond-margin and aquatic 

emergent invertebrate communities associated with farmland ponds, and the 

role they potentially play in predicting birds at pond sites. Similarly, managed 

open-canopy pond sites are preferentially visited over winter by migrant 

species such as redwing and fieldfare, possibly due to increased availability of 

fruits associated with early successional bramble habitat. Further, species 

such as teal may be potentially attracted to managed open-canopy sites over 

winter due to accessibility to areas of open water. The less prominent seasonal 

shifts in bird communities at unmanaged open-canopy ponds, with visits 
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throughout the year largely dominated by generalist, non-conservation 

concern species suggests that these pond sites offer a less resource-rich 

environment over all seasons. 

 

The observed key role that pond management plays in explaining both higher 

bird abundances and species richness across all seasons can again be linked 

to major management and consequent environmental and habitat changes 

that occur both within the pond and in the pond margin. As discussed in 

Chapter 3, the process of pond restoration and subsequent management 

results in major changes within the pond, including increased macrophyte 

coverage and diversity (Sayer et al. 2012), providing physical structure within 

the water, creating microgradients of nutrients, oxygen and pH (Declerck et al. 

2011) that in turn may provide habitat that supports higher numbers of aquatic 

invertebrates.  

 

Increased provision of pond-derived aquatic invertebrate food sources may be 

of particular importance over the bird breeding season when this group are 

highly beneficial to chick development (Twining et al. 2016a, Twining et al. 

2018). The high quantities of unsaturated omega-3 fatty acids contained within 

aquatic invertebrates, but which are low or absent in terrestrial invertebrates, 

provide a biochemically important but restricted (to open-canopy aquatic 

habitats) food source in intensively farmed landscapes. Therefore, it could be 

that the highly pronounced differences observed in hirundine visits between 

pond management types (with individuals frequently recorded foraging at 

managed open-canopy ponds over the breeding season but entirely absent 
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from unmanaged overgrown ponds) are a reflection of emergent invertebrate 

availability at these pond sites. This is further supported by regular 

observations of swallow, swift and house martin foraging from the water 

surface of managed open-canopy ponds over the breeding and post-breeding 

seasons, alongside breeding season visits to open-canopy ponds by a variety 

of insectivorous warbler species alongside spotted flycatcher and 

yellowhammer, that were again absent from the overgrown pond sites. These 

results directly informed the design of Chapter 6, that investigates differences 

in aquatic emergent insects between pond management types, along with the 

role that these invertebrate communities could play in predicting birds. 

 

Restoration and management work tends to increase the area of wetted pond 

margin, particularly in the first few years after management/ restoration before 

scrub starts to re-invade. Consequent access to wet mud at pond edges is 

likely a key factor determining invertebrate food availability to birds (Green et 

al. 2000), for example benefiting species that forage in soft substrates such as 

common snipe (Bradbury and Kirby 2006), recorded at managed open-canopy 

pond sites over the winter season, and song thrush observed at open-canopy 

sites over the breeding and winter seasons. Furthermore, increases in the 

open water area and wet perimeter provide birds with a source of nesting 

material (e.g. wet mud and a variety of vegetation) alongside drinking and 

washing opportunities. As such, swallow and house martin were regularly 

recorded drinking from open-canopy pond sites over the breeding and post-

breeding seasons, while great tit Parus major, yellowhammer and wren were 
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all observed collecting nesting materials (e.g. grasses) during the breeding 

season from muddy pond edges. 

 

When analysed over the complete year, the area of pond margin was not found 

to exert a significant effect on bird communities (Chapter 3). However, when 

examined at a finer temporal scale, larger pond margin areas were found to 

be significantly positively correlated with bird abundance over the breeding 

season. This is likely linked to the provision of higher levels of complex habitat 

thus affording more resources for bird nesting and foraging. Pond 

management results in habitat changes within pond margins, especially 

promoting the development of more diverse habitats along the moisture 

gradient from the pond edge to the field margin, including patches of disturbed 

ground, bramble, low growing scrub and seed-rich plants such as chickweed 

Stellaria media. Rank wetland vegetation, frequently found around managed 

open-canopy ponds, is important over the breeding season for species such 

as reed bunting that benefit from this habitat through nest concealment 

alongside greater invertebrate prey availability, in comparison to surrounding 

agricultural land (Brickle & Peach 2004; Redhead et al. 2018). Further, 

previously unidentified (Chapter 3) significant positive links were identified 

between the area of dense bramble understory area and bird abundance 

during the breeding and post-breeding seasons. This is likely related to the 

highly suitable nesting habitat provided by this vegetation type for a wider 

variety of bird species, including for species regularly recorded at managed 

open-canopy ponds, such as linnet (Moorcroft et al. 2006), yellowhammer 

(Peakall 1960), chiffchaff and blackcap (Rodrigues and Crick 1997). Over the 
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post-breeding season, species with second broods, such as yellowhammer 

(Peakall 1960) and chiffchaff, may continue to utilise bramble as nesting 

habitat, while juvenile birds may use it as cover and for protection against 

predators. The absence of any significant relationship between bramble and 

bird communities over the winter season further indicates that seasonal bird 

usage of bramble is potentially related to nesting. 

 

Positive associations between tree area and bird abundance over the winter 

season and bird species richness over the post-breeding season may be 

related to specific resources provided by trees. Several bird species, including 

chiffchaff and chaffinch, were observed foraging in and around trees at both 

pond management types over the breeding and post-breeding seasons, while 

fieldfare and redwing were observed foraging for fruits around managed open-

canopy ponds over the winter season. Trees generally afford shelter, food 

resources such as seeds and fruit (Peck 1989), nesting habitat and shade, and 

they may also increase connectivity, assisting the movement of individuals 

through the landscape to access pond resources. Nonetheless, despite an 

overall higher proportion of tree cover, bird communities recorded at 

unmanaged overgrown ponds were less diverse and had lower abundances, 

suggesting that many birds associated with farmland ponds favour tree 

habitats close to non-shaded open water. 

 

In support of the findings in Chapter 3, this analysis further demonstrates that 

increased connectivity with semi-natural landscape features significantly 

influences bird communities at farmland ponds over all seasons, with ponds 
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situated closer to hedgerows or small woodland areas hosting a higher bird 

abundance and species richness than more isolated ponds. Throughout the 

seasons, connectivity may be of particular importance within intensively 

farmed landscapes, where hedgerows and other semi-natural features likely 

facilitate the movement of farmland bird individuals between remaining 

patches of good quality habitat (Hinsley and Bellamy 2000). Vanhinsbergh et 

al. (2002) showed that bird species richness is significantly higher in new farm 

woodland when they are connected by hedgerows, while Bellamy & Hinsley 

(2005) demonstrated that farmland birds are three times more likely to move 

through hedgerows than across open fields, with a range of breeding bird 

species linked to improved hedgerow connectivity to woodland patches 

(Hinsley et al. 1995).  

 

Building on previous work (Davies et al. 2016, Lewis-Phillips et al. 2019a), this 

chapter highlights the seasonal value of pond management and in turn in-pond 

and surrounding pond margin composition for localised bird communities. 

Relative to unmanaged overgrown ponds, managed open-canopy farmland 

ponds are of particular importance to bird communities over the breeding and 

post-breeding season, as indicated by seasonal peaks in bird abundance and 

species richness. In contrast, both managed open canopy and unmanaged 

overgrown ponds were distinctly less utilised in winter, although managed 

ponds still hosted a wider range of bird species, including winter migrants. 

These results have important direct implications for the design of farmland 

pond management in AES, showing that an approach to pond restoration and 

management that promotes a mosaic of open water, groups of trees, bramble, 
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low scrub and tall grasses to develop in combination with muddy patches 

around the pond water edge will optimise the benefits of open ponds for local 

bird communities, in particular over the breeding and post-breeding seasons. 
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Chapter 5. A buzz in the margins: are pond-margin 

associated invertebrates influenced by pond restoration, with 

subsequent benefits for birds?  

Summary 

 

Reviews of farmland bird diet show that terrestrial invertebrates provide a key 

food resource for both adults and chicks, especially over the breeding season. 

Previous research (Chapter 4) identified that, over the breeding season, bird 

abundance was positively linked to increased areas of herbaceous margin 

immediately surrounding the pond. It was hypothesised that birds may be 

attracted to larger marginal areas by the availability of pond-margin associated 

invertebrate communities (especially orders, such as Coleoptera, highlighted 

as most important for farmland birds). Therefore, this chapter investigates the 

abundance and biomass of these terrestrial invertebrate orders, with the aim 

of assessing the potential AES contribution of farmland ponds for these 

groups. 

 

In total, 13,286 invertebrates were sampled. Pond management was not found 

to exert a significant influence on overall invertebrate abundance, nor on the 

abundance of any of the analysed individual invertebrate orders. In contrast, 

pond management was positively linked to increased overall invertebrate 

biomass, but not to the biomass of any of the individual invertebrate orders, 

with connectivity to semi-natural features identified as also being a key driver 

of overall invertebrate biomass. Regardless of pond management, overall 
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invertebrate abundance showed weak but significant positive correlations with 

bird abundance over the breeding and winter seasons, while overall 

invertebrate biomass showed similar correlations with bird abundance over the 

winter season. 

 

This chapter shows that pond management elevates overall pond-margin 

associated invertebrate abundance and biomass, albeit not exerting a 

consistently significant influence. Further, closer pond connectivity with semi-

natural landscape features is demonstrated to provide a positive influence on 

these invertebrate groups, reinforcing that connectivity between pond sites 

should be prioritised in AES schemes. Importantly, the findings of this chapter 

informed the design of the remainder of this thesis. 

 

5.1. Introduction 

 

Farmland birds are influenced by the availability of invertebrates, especially 

over the breeding season when they provide a substantial proportion of their 

diet (Hallmann et al. 2014). Consequently, availability of invertebrates is known 

to exert population level impacts on birds. For example, UK population 

declines in grey partridge are thought to be strongly linked to invertebrate food 

availability over the breeding season (Potts 1991) and neonicotinoid crop 

treatment, associated with declines in invertebrate availability, have been 

linked to decreases in skylark, barn swallow, yellow wagtail, starling, 

whitethroat and meadow pipit in the Netherlands (Hallmann et al. 2014). It has 

also been speculated that invertebrate availability may be a limiting factor for 
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many other farmland bird species because, regardless of adult diet, the 

majority feed their chicks invertebrates to provide protein to support growth 

and prevent chilling (Holland et al. 2006). 

 

An in-depth review by Holland et al. (2006) found that Coleoptera, Hemiptera, 

Arachnida, Diptera, Hymenoptera and Lepidoptera adults alongside Diptera 

and Lepidoptera larvae were the most important invertebrate food sources for 

22 bird species commonly found in farmland across Europe. Of these 

invertebrate orders, the families that provided the main food resources were 

predominantly of terrestrial origin, e.g. Curculionidae, Carabidae 

and Aphididae, with aquatic emergent invertebrates, such as Odonata and 

Ephemeroptera thought to only provide a minor food source contribution to 

chicks (e.g. Ephemeroptera were found to provide only 6% of chaffinch chick 

diet, while not being documented in the diet of any other of the examined 

species). Similarly, in another review, Wilson et al. (1999) found that terrestrial 

invertebrates in Diptera, Coleoptera, Hymenoptera, Arachnida, Orthoptera and 

Lepidoptera provided the most important food resource for farmland birds over 

the breeding season. 

 

In order to attempt to reduce the impact of food shortages for farmland birds, 

many agri-environment schemes are designed to provide foraging habitat that 

increases local availability of terrestrial invertebrate or seed food resources 

(Stoate et al. 2001). Farmland ponds and surrounding margin habitats 

potentially present such an opportunity, with pond sites regardless of 

management featuring a > 7m herbaceous margin. While previous research 
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has demonstrated the importance of farmland pond management for 

increasing the diversity of in-pond aquatic invertebrates (Sayer et al. 2012; 

Sayer et al. 2013), the implications of management for pond-margin 

associated invertebrates has not been explored. Similarly, the role that pond-

margin associated invertebrates may play in supporting local farmland bird 

communities has not been examined before now.  

 

To fill this research gap and to assist in the development of pond management 

as an AES measure, this chapter investigates the impact of farmland pond 

management on pond-margin associated invertebrates, both on an annual and 

season basis. I test the hypotheses that a) managed open-canopy ponds 

harbour a significantly higher abundance and biomass of pond-margin 

associated invertebrates, over all seasons and in all invertebrate orders, and 

that b) bird abundance will be significantly linked to pond-margin associated 

invertebrate abundance and biomass. 

5.2 Methods and data analysis 

The study was conducted at 16 farmland ponds, distributed over five farms in 

North Norfolk, Eastern England (Figure 33) between May 2016 and April 2017. 

Eight managed open-canopy and eight unmanaged overgrown ponds were 

included within this chapter. Further details on ponds and their settings are 

provided in Chapter 2. 
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Figure 33. Chapter 5 study ponds and surrounding landscape near to Briston (a) 

and Bodham (b) in North Norfolk, eastern England. 

At all study ponds, invertebrates were sampled using yellow pan-traps. Pan 

traps are based on the attraction to invertebrates of strong colours (e.g. bright 

yellow) (Heneberg & Bogusch 2014), with high reflectance yellow generally 

capturing the highest species richness (Vrdoljak & Samways 2012). Pan traps 

are frequently employed to sample terrestrial flying insects, such as Diptera, 

Hymenoptera, Coleoptera and Hemiptera (Bulbert et al. 2012), which are 

preyed on by insectivorous birds (Wilson et al. 1999; Holland et al. 2006), but 

have also been used to sample emergent aquatic insects, such as 

Chironomidae (Diptera) (Delettre & Morvan 2000). Three pan traps were 

positioned at each pond within 1 m of the water’s edge for three days during 

the last week of each month over the survey period, with the aim of providing 

a year-round analysis of pond margin-associated invertebrates. Further details 

of the study area, survey methodology and environmental data recording can 

be found in Chapter 2. 
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Invertebrate samples were preserved in 80% IMS and identified to order level, 

specifically: Diptera, Coleoptera, Hymenoptera, Odonata, Trichoptera, 

Lepidoptera and Ephemeroptera. Diptera were further subdivided into families 

that were predominately aquatic (e.g. Chironomidae, Chaoboridae, 

Ceratopogonidae, Culicidae and Dixidae) and families that were 

predominantly terrestrial (e.g. Muscidae) (Ball 2008). Specimens with a body 

length below 2.5 mm were excluded because they are likely to make up only 

a minor contribution of overall bird diet (Bibby & Green 1983; Doble 2014). To 

calculate invertebrate biomass, sorted samples were oven-dried (Cummins 

1967; Kaminski & Prince 1981; Orłowski & Karg 2011) at 30 °C until weight 

remained constant.  

 

Invertebrate abundance and biomass were calculated as the total number of 

invertebrates or total biomass of invertebrates (mg) per pond over the 

complete survey period and also divided by season, with invertebrate samples 

separated into the major ecological seasons relevant for farmland birds: i.e., 

April to June as ‘breeding season’ (BTO 2011; Redhead et al. 2018), July to 

September as ‘post-breeding season’ and December to February as ‘winter 

season’ (Redhead et al. 2018) (see Chapter 4 for further details). Multivariate 

Analysis of Variance (MANOVA) was then used to compare the effect of pond 

management type and season on invertebrate abundance and invertebrate 

biomass. 

To investigate the potential role of pond management in influencing individual 

invertebrate orders, invertebrate order abundance and biomass was 

calculated as the number or biomass of invertebrates per order (mg) and pond 
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over the survey season, and again calculated for each of the seasons. For 

order level invertebrate abundance and biomass comparisons, MANOVA 

analysis was conducted for the invertebrate orders that dominated the pan trap 

samples, namely terrestrial Diptera, aquatic Diptera, Hymenoptera and 

Coleoptera. 

Subsequently, predictors of invertebrate abundance and biomass at each 

pond type were investigated using Generalised Linear Mixed Models 

(GLMMs), with individual pond set as a random effect, using the lme4 package 

(Bates & Maechler 2010) in R-software package 3.5.2. (R Core Team 2017). 

This approach controls for potential temporal autocorrelation associated with 

ponds being surveyed repeatedly throughout the year. Akaike’s information 

criterion (AICc < 2) was used to select the most parsimonious models 

(Burnham & Anderson 2002; Grueber et al. 2011) and model averaging was 

conducted with full average results reported (Bolker et al. 2009). All variables 

were standardised prior to analysis. To ensure that only mathematically 

independent variables were included within each model, Pearson’s 

correlations between the environmental predictors were calculated for each 

season, and individual variables from pairs with correlation coefficients > 0.7 

were removed (Booth et al. 1994; Dormann et al. 2013). Subsequent analyses 

were then conducted based on the remaining variables (Bates & Maechler 

2010). Finally, a general linear model (LM) was used to investigate the 

relationship between log-transformed invertebrate abundance and biomass 

and bird abundance. 
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5.3. Results 

 

5.3.1. Comparison of invertebrate abundance, biomass and orders 

 

In total, 13,286 invertebrates were collected in the pan traps over the 12-month 

period at the 16 farmland ponds (Table 13), of which 11,715 were included in 

the seasonal analyses (i.e. only individuals that were collected over the 

selected breeding, post-breeding and winter season months were included) 

(Figure 34). 

 

Pond management was found to exert a significant effect on overall year-round 

invertebrate biomass, but not abundance. Seasons were found to exert a 

significant effect on overall year-round invertebrate abundance and biomass 

(Table 14). 
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Figure 34. Total invertebrate abundance (a) and biomass (b) / pond management 

type over the bird breeding, post-breeding and winter season. ‘M’ represents 

managed open-canopy and ‘UM’ unmanaged overgrown pond sites. 
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Table 13. Year-round and seasonal invertebrate abundance and biomass collected 

through pan trap surveys over 12 months.  

Season Pond management Total invertebrate 
abundance 

Total invertebrate 
biomass (mg) 

Breeding Managed 2882 5621 

 
Unmanaged 1940 3370 

    

Post-breeding Managed 3257 12229 

 
Unmanaged 2904 7440 

    

Winter Managed 347 90 
 

Unmanaged 385 70 
    

Overall Managed 7421 20512 
 

Unmanaged 5909 11760 

 

Table 14. Effect of pond management and season on total invertebrate abundance 

and biomass. Statistical significance of MANOVA tests (p < 0.05) denoted in bold. 

Source  df F P η2 

Management Invertebrate abundance 1 2.70 0.102 0.019 
 

Invertebrate biomass 1 7.68 0.006 0.053 

Season Invertebrate abundance 2 41.06 <0.001 0.373 
 

Invertebrate biomass 2 44.08 <0.001 0.390 

Management 
* Season 

Invertebrate abundance 2 1.24 0.290 0.018 

 
Invertebrate biomass 2 2.62 0.076 0.037 
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When compared between seasons, overall invertebrate abundance was 

significantly different between the breeding and winter seasons (p < 0.001) but 

not between the breeding and post breeding seasons (p = 0.085). There were 

significant differences in overall invertebrate biomass between all seasons (p 

< 0.001). 

 

Invertebrate samples were dominated by terrestrial Diptera, with aquatic 

Diptera, Coleoptera and Hymenoptera also frequently recorded (Figure 35). 
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Figure 35. Overall year-round invertebrate abundance by order at managed open-

canopy and unmanaged overgrown ponds. Boxplots show median, upper and lower 

quartiles, with data falling outside Q1 – Q3 range plotted as outliers. Order codes: 

DIP.T: Terrestrial Diptera, DIP.A: Aquatic Diptera, COL: Coleoptera, HYM: 

Hymenoptera, ODO: Odonata, TRI: Trichoptera, LEP: Lepidoptera, EPH: 

Ephemeroptera and OTH: Other (Heteroptera, Hemiptera, Mecoptera, Neuroptera 

and Araneae). 
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When differences were examined at invertebrate order level, no significant 

differences were found in the abundance of terrestrial Diptera, aquatic Diptera, 

Coleoptera or Hymenoptera between pond management types. In 

comparison, season exerted a significant effect on terrestrial Diptera, aquatic 

Diptera and Hymenoptera abundance (Figure 36, Table 15). Terrestrial 

Diptera and Hymenoptera abundance were significantly different between all 

seasons (p < 0.05), whereas aquatic Diptera abundance was only significantly 

different between the breeding and post-breeding seasons (p = 0.05). 

 

Table 15. Effect of pond management and season on invertebrate order 

abundance. Statistical significance of MANOVA tests (p < 0.05) denoted in bold. 
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Figure 36. Seasonal invertebrate abundance by order at managed open-canopy 

and unmanaged overgrown ponds. Boxplots show median, upper and lower 

quartiles, with data falling outside Q1 – Q3 range plotted as outliers. Order codes: 

DIP.T: Terrestrial Diptera, DIP.A: Aquatic Diptera, COL: Coleoptera, HYM: 

Hymenoptera, ODO: Odonata, TRI: Trichoptera, LEP: Lepidoptera, EPH: 

Ephemeroptera and OTH: Other (Heteroptera, Hemiptera, Mecoptera, Neuroptera 

and Araneae). 
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Pond management did not exert a significant effect on terrestrial Diptera, 

aquatic Diptera, Coleoptera or Hymenoptera biomass (Table 16). However, 

season exerted a significant effect on terrestrial Diptera, Coleoptera and 

Hymenoptera biomass. Terrestrial Diptera biomass was significantly different 

between all seasons (p < 0.05) while Coleoptera and Hymenoptera biomass 

were significantly different between the breeding and post-breeding seasons 

and the post-breeding and winter seasons (p = 0.05). Finally, the interaction 

between season and management exerted a positive significant effect on 

Coleoptera biomass (p = 0.015). 

 

Table 16. Effect of pond management and season on invertebrate order biomass. 

Statistical significance of MANOVA tests (p < 0.05) denoted in bold. 
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 5.3.2. Predictors of invertebrate abundance and biomass 

 

GLMMs showed that, of the parameters tested, no variables were significant 

predictors of overall invertebrate abundance, while pond connectivity to semi-

natural landscape features provided the only significant positive influence on 

overall invertebrate biomass (Table 17). 

 

Table 17. Full model averaged parameter estimates from the Generalised Linear 

Mixed models for invertebrate abundance and biomass. Statistical significance is 

based on a p-value threshold of p < 0.05 with significant results highlighted in bold. 

 estimate SE Z 

Abundance    

(Intercept) 4.15759 0.09878 41.819 

Water area 0.09086 0.10662 0.85 

Connectivity 0.0119 0.04632 0.256 

Margin area 0.01919 0.0592 0.323 

Bramble area 0.01438 0.05321 0.269 
    

Biomass 
   

(Intercept) 4.93051 0.12968 37.778 

Connectivity 0.35382 0.13556 2.594 

Water area 0.02513 0.07688 0.326 

Bramble area 0.01959 0.06873 0.284 

Margin area 0.0176 0.06692 0.262 

Tree area -0.01391 0.06542 0.212 
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5.3.3. Predictors of bird communities 

 

Over the breeding season, pan-trapped invertebrate abundance showed weak 

but significant positive correlations with bird abundance (F(1,46) = 4.76, p < 

0.05), with an R2 of 0.09, while pan-trapped invertebrate biomass showed a 

non-significant relationship with bird abundance (F(1,46) = 1.89, p < 0.17), with 

an R2 of 0.03 (Figure 37). 

 

Over the post-breeding season, both pan-trapped invertebrate abundance and 

biomass showed non-significant relationship with bird abundance 

(Invertebrate abundance: F(1,46) = 0.53, p < 0.47, R2 = 0.005, invertebrate 

biomass: F(1,46) = 3.82, p < 0.06, R2 = 0.07) (Figure 37). 

 

Finally, over winter, both pan-trapped invertebrate abundance and biomass 

showed a weak but significant relationship with bird abundance (Invertebrate 

abundance: F(1,46) = 6.55, p < 0.05, R2 = 0.12, invertebrate biomass: F(1,46) 

= 4.37, p < 0.05, R2 = 0.08) (Figure 37).  
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Figure 37. Overall pan-trapped invertebrate abundance (log10) and bird abundance 

at managed open-canopy and unmanaged overgrown ponds with line of best fit and 

95% confidence limits shaded.  

 

5.4. Discussion 

 

This chapter confirms the well-known role that the seasons play in determining 

both the abundance and biomass of pond-margin associated invertebrates, as 

well as the abundance and biomass of all sampled invertebrate orders at 

farmland ponds over the year.  

 

In contrast, while pond management exerted a positive influence on 

invertebrate abundance, the relationship was not found to be significant when 

analysed at either the individual invertebrate order level (e.g. examining the 
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effect of pond management on terrestrial Diptera abundance alone) nor overall 

(i.e. the abundance of all sampled invertebrates combined). As anticipated, 

pan trap samples from all sites were dominated by terrestrial insects (Figure 

38), providing the opportunity to investigate the effect of pond management on 

Diptera, Coleoptera and Hymenoptera, known to form an important part of bird 

diet (Holland et al. 2006) around farmland pond sites. 

 

Figure 38. Comparison of terrestrial and aquatic emergent insect abundance/ pond 

at managed open-canopy ponds (in 2016 for pan traps and 2017 for emergence 

traps) using two sampling methods; pan trapping (Chapter 5) and emergence 

trapping (Chapter 6). Boxplots show median, upper and lower quartiles, with data 

falling outside Q1 – Q3 range plotted as outliers. 

 

The lack of any significant relationship identified between the abundance of 

predominantly terrestrial pan-trapped invertebrates and pond management 

may be due to the fact that, regardless of management, all study sites featured 

Emergence Pan

Aquatic Terrestrial Aquatic Terrestrial

0

500

1000

Sampling method

Ab
un

da
nc

e

Group
Aquatic
Terrestrial



 

Page 169 of 266 
 

wide < 7 m margins that are not directly managed as part of the pond 

restoration process. Therefore, all study sites provide a broadly similar area of 

terrestrial habitat available to invertebrate communities. In contrast, the 

abundance and biomass of aquatic emergent insects was later found to be 

strongly influenced by the process of pond management (Chapter 6).  

 

Pond management was shown to exert a positive influence on overall pan-

trapped invertebrate biomass. It may be that subtle variations in pond margin 

habitat structure between managed and unmanaged ponds are responsible 

for the identified differences in biomass. While pond management does not 

directly alter the margin, as discussed in Chapter 4, the process of 

management and associated disturbance tends to produce a more diverse 

range of habitats, including a mosaic of scrub of different ages, mature trees, 

bramble, flowers, grasses and muddy edges, that may provide higher levels of 

food resources to support a higher biomass of terrestrial invertebrate 

communities. In comparison, unmanaged pond sites have not been subject to 

the same level of disturbance and therefore provide more uniform marginal 

habitats, mainly consisting of tall rank vegetation (Figure 39). 
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Figure 39. Margin of managed open-canopy pond SABA, featuring a combination of 

different vegetation of differing heights (a) and margin of unmanaged overgrown 

pond BRECK, dominated by nettles of the same height (b).  

 

Further research is required to explore the influence of pond management on 

margin meso-habitats, and the effect variations may exert on local terrestrial 

invertebrates and birds. Alongside pond management, pond connectivity to 

nearby terrestrial features, such as hedgerows, was also shown to significantly 

a)

b)
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and positively influence overall invertebrate biomass. The positive influence of 

closer connectivity was also demonstrated for birds in Chapters 3 and 4 

(Lewis-Phillips et al. 2019 a and b). Increased pond connectivity may offer 

similar benefits to invertebrates and may be especially important for movement 

around agricultural landscapes featuring isolated habitat patches (Merckx et 

al. 2012). The advantages of closer connectivity have been demonstrated for 

various invertebrate groups. For example, Joyce et al. (1999) found higher 

abundances of the carabid beetle Nebria brevicollis within connected 

hedgerows, with these beetles using hedgerows as corridors to move around 

farmland areas, Cranmer et al. (2012) found that closer connectivity between 

habitat patches positively influenced the flight behaviour of bumblebees, 

increasing pollinator activity, pollen receipt and subsequent seed set, and 

Dover (1992) showed that increased connectivity increased butterfly 

movement around agricultural landscapes. Alongside these benefits, within 

intensively farmed landscapes, non-cropped semi-natural habitats, such as 

hedgerows, may be of particular importance for invertebrates as refuge from 

pesticide application and agricultural operations (Duffield & Aebischer 1994). 

Thus, the relationship between closer connectivity and increased invertebrate 

biomass could be linked to direct benefits individuals gain at pond sites with 

closer connectivity to other semi-natural habitat patches, such as increased 

food and shelter or decreased predation risk. Alternatively, as invertebrates 

use semi-natural habitat patches as corridors to move around the landscape, 

larger bodied organisms may be more likely to demonstrate stronger dispersal 

patterns (and therefore more readily colonising pond sites that are better 

connected) (De Bie et al. 2012). 
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The significant but nonetheless weak positive relationship identified between 

invertebrate abundance and bird abundance over the breeding and winter 

seasons suggests that, regardless of pond management, overall increases in 

pond margin-associated invertebrates are correlated with increased bird 

abundance over these seasons. These seasonal links may be related to the 

changing seasonal requirements of birds, for example over the breeding 

season invertebrate requirements to feed chicks are highest while over the 

winter season, invertebrate food resources will be at their lowest.  

 

While research on farmland bird diet indicates that many bird species 

predominantly feed on terrestrial invertebrates over the breeding and post-

breeding seasons (Wilson et al. 1999; Holland et al. 2006), a wide range of 

bird species at managed open-canopy ponds, including barn swallow, 

chiffchaff, whitethroat, wren and chaffinch, were observed directly and 

repeatedly focusing their feeding efforts on emerging aquatic invertebrates. 

These feeding observations combined with (i) the weak relationship identified 

between terrestrial pond-margin invertebrate abundance and pond 

management (and in turn birds) (ii) recent research showing the critical 

importance of emerged aquatic insects over terrestrial invertebrates for healthy 

development and growth of some bird species (Twining et al. 2016a, b; 

Twining et al. 2018) and (iii) highly significant differences in bird abundance 

and species richness between pond management types, suggest that another 

mechanism (i.e. not terrestrial invertebrates) is responsible for determining the 

bird communities recorded at study pond sites.  
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One potential explanation was that terrestrial invertebrate groups sampled by 

pan traps were not the main group targeted as prey by birds around farmland 

ponds over the breeding and post-breeding seasons, with aquatic emergent 

insects acting as the main driver. Pan-trap sampling does not represent 

emergent aquatic insect communities and therefore Chapter 6 was designed 

to explore potential differences between aquatic emergent insect communities 

between pond management types, alongside potential ongoing links to birds 

recorded at pond sites. 

 

In conclusion, this chapter shows that pond management does exhibit a 

positive influence on pond-margin associated invertebrate communities, 

shown by general increases in abundance and biomass, albeit in a subtle 

manner that does not fully explain the differences in bird communities between 

pond management types. Importantly, information gained from pan-trapped 

invertebrate communities, along with their links to bird communities, helped to 

inform and shape the future direction of this thesis. In support of previous 

chapters, the importance of pond connectivity is reconfirmed for pond-margin 

associated invertebrates, helping to inform future pond restoration policy for 

another group of wildlife inhabiting farmland ponds. 
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Chapter 6. Ponds as insect chimneys: restoring overgrown 

farmland ponds benefits birds through elevated productivity 

of emerging aquatic insects3 

3 Main results published in Conservation Biology (Lewis-Phillips et al. 2019c). I was the lead 

author, completing the analysis and main content. 

 

Summary 

 

Restoring terrestrialised farmland ponds has been shown to significantly 

increase the diversity of aquatic invertebrates and macrophytes, alongside the 

abundance and diversity of local farmland bird communities over both annual 

and seasonal time periods. It has been hypothesised that farmland birds are 

specifically attracted to open-canopy ponds due to increased emergent 

aquatic insect availability, but this link has hitherto been little explored. This 

chapter investigates how farmland pond management influences emergent 

aquatic insects, and how emergent insect abundance and biomass is linked to 

local bird assemblages. Insect emergences showed an 18-fold higher 

abundance and a 25-fold higher biomass at managed open-canopy ponds in 

comparison to their unmanaged overgrown counterparts, with day-to-day 

fluctuations in pond water temperature a key predictor of insect emergences. 

Species richness and abundance of birds at farmland ponds were strongly 

positively linked to the abundance of emergent insects. Furthermore, insect 

emergence peaks occurred on different days in different restored ponds such 

that the pond landscape afforded extended feeding opportunities for birds. 

These findings suggest that restoring networks of terrestrialised farmland 
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ponds to open-canopy macrophyte-dominated conditions could be a highly 

effective way of increasing the availability of aquatic insect prey for farmland 

birds. 

 

6.1. Introduction 

 

Declines in agricultural bird populations in Europe (Inger et al. 2015) and North 

America (Mineau and Whiteside 2013; Hill et al. 2014) have been linked to 

simultaneous declines in available invertebrate prey (Aebischer 1991; 

Hallmann et al. 2017). Farmland bird populations are strongly influenced by 

invertebrate availability as they form a key food source (Grice et al. 2004; 

Newton 2004; Aebischer et al. 2015) especially over the breeding season 

(Baker et al. 2012). During this time the majority of chicks, regardless of adult 

diet, rely on invertebrates to provide protein for growth (Holland et al. 2006). 

The negative impact of reductions in invertebrate availability have been shown 

for birds at both the community and species level. For example, Hallmann et 

al. (2014) found that reductions in invertebrate abundance were a plausible 

driver of local bird population trends, while Morris et al. (2005) showed that 

reduced invertebrate abundance negatively impacted on yellowhammer 

foraging intensity, and Potts (1986) found that the decline of grey partridge in 

the UK was partly a consequence of reduced chick survival due to reductions 

in insect food supply. Further, recent research has highlighted the specific 

importance of aquatic invertebrate availability for breeding birds (Twining et al. 

2018). Therefore, the provision of habitats such as ponds that foster high 

aquatic invertebrate abundances, but which are currently poorly represented 
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in agri-environmental measures, might have potential to enhance local 

farmland bird populations through increased food provision across European 

agricultural landscapes and beyond.  

 

Restoration of overgrown ponds to an open-canopy state by removal of scrub 

and pond sediment has been shown to rapidly increase aquatic plant and 

invertebrate diversity, (Sayer et al. 2013; Sayer 2014) alongside significant 

increases in local farmland bird abundance and species richness, suggesting 

important aquatic-terrestrial linkages (Davies et al. 2016; Lewis-Phillips et al. 

2019 a & b). Pond management is also known to increase water temperature, 

recognised to be a key factor for the development and emergence patterns of 

aquatic insects (Egan et al. 2016; Twining et al. 2018). 

 

Chapter 5 demonstrated that pond-margin associated invertebrate abundance 

was not significantly influenced by pond management. Further, only weak links 

were identified between the abundance of these pond-margin associated 

invertebrate abundance and local bird abundance. The mismatch between 

these findings and the very strong differences found in local bird abundance 

and species richness between pond management types (Chapters 3 and 4) 

suggest that another driver is responsible for the strong positive link between 

local bird communities and pond management. One potential candidate was 

differences in aquatic emergent invertebrate food availability and this chapter 

aimed to explore whether the abundance and biomass of emergent pond 

insects, namely species with aquatic larval stages that emerge as winged 

adults from ponds (chiefly Diptera, Ephemeroptera, Trichoptera and Odonata 
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spp.), provide the missing link between pond management and the 

enhancement of local bird communities. 

 

I specifically test the hypotheses that a) both abundance and biomass of 

aquatic emergent insects are significantly higher at managed open-canopy 

ponds compared to their unmanaged overgrown counterparts, that b) insect 

emergence patterns are strongly linked to day-to-day changes in pond water 

temperature, and finally that c) abundance and species richness of local bird 

assemblages are positively associated with increased emergent insect 

abundance and biomass. 

 

6.2. Methods and data analysis 

 

 6.2.1. Study area 

 

This chapter was conducted at a set of eight farmland ponds in North Norfolk, 

Eastern England (Figure 40) over May 2017. Four study sites were managed 

open-canopy ponds and four were unmanaged overgrown ponds.  
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Figure 40. The farmland study ponds and surrounding landscape in North Norfolk, 

Eastern England. 

 

6.2.2. Insect monitoring 

 

A single purpose-built floating emergence trap was positioned and secured at 

a central location on the surface of each pond (Figure 41). All trapped 

emergent insects were collected from each of the eight study ponds between 

12:00 and 16:00 every day between May 2nd and May 31st 2017 (with this 

period selected as a key month in the breeding season of many farmland birds 

that could feed emerging insects to chicks). Any individuals not contained 
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within the collection bottle but trapped within the mesh frame were manually 

collected using a HB-type aspirator with a 12 mm collection pipe.  

 

For each daily pond sample, individuals were identified to order level using the 

Freshwater Biological Association key (FBA 2011). The number of individuals 

in each insect order were counted, with samples freeze-dried and 

subsequently weighed to the nearest mg.  

 

Further details about the study area, survey methodology and environmental 

data recording can be found in Chapter 2. 

 

 

a)

b)
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Figure 41. Floating emergence traps in-situ at a restored open-canopy study pond 

(a) and an unmanaged overgrown study pond (b).  

6.2.3. Bird monitoring  

 

Bird monitoring was completed every day at each study pond between May 

2nd and May 31st, 2017. Surveys were completed between 12:00 and 16:00, 

prior to insect collection, with the surveying time period selected because 

mayfly emergence has been shown to peak around midday (Harper et al. 

2008). A single five minute point count ‘main’ survey (BTO 2011) was 

completed each day followed by a single ‘snapshot’ survey one minute after 

the ‘main’ survey was completed. To provide a complete monthly dataset, bird 

surveys were completed on a daily basis in all weather. Further details about 

bird survey methodology can be found in Chapter 2. 

 

6.2.4. Pond water temperature 

 

A single daily water temperature recording was taken at each study pond 

throughout May 2018 using a Milwaukee MS-PH55 thermometer. 

Temperature was measured at a depth of 20 cm in the immediate vicinity of 

the emergence trap after the insect samples were collected, and within 15 

minutes of completion of the bird survey. 
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6.2.5. Data analysis  

 

6.2.5.1. Emerging insect abundance 

 

Daily insect abundance (number of all sampled insects per pond and day/ m2) 

and daily insect biomass (biomass of all sampled insects per pond and day/ 

m2) were measured throughout the survey period. The results were combined 

over the sampling period to provide total insect abundance (the total combined 

number of all sampled insects per pond over the entire survey period/ m2) and 

total insect biomass (the total combined biomass of all sampled insects per 

pond over the entire survey period/ m2). Alongside these measures, insect 

order abundance and the mean biomass of the orders that dominated the 

samples (Diptera and Ephemeroptera) were also calculated. 

 

T-tests were used to compare total insect abundance, total insect biomass and 

mean biomass of Diptera and Ephemeroptera between pond management 

types. Insect order abundance (all orders) was compared using Mann Whitney 

tests.  

 

6.2.5.2. Bird abundance, species richness and diversity 

 

Bird abundance was calculated as the total number of individual bird 

detections of all species combined for each pond over the survey period, with 

bird flocks treated as a single detection. Bird species richness was calculated 

as the number of species recorded at each pond over the survey period. 
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Diversity was represented by Shannon’s exponential diversity index (Crist et 

al. 2003; Jost 2006), calculated using the ‘vegan’ package (Oksanen et al. 

2013). T-tests were used to compare bird abundance, species richness and 

diversity between the two pond management types. 

 

6.2.5.3. Environmental influences on insect abundance and biomass 

 

The relative strength of links between environmental predictor variables and 

insect abundance and insect biomass were estimated using Generalised 

Linear Mixed Models (GLMMs), using a Poisson distribution and by applying a 

log link function with models computed using the lme4 package (Bates & 

Maechler 2010). Pond ID was included as a random effect in the models in 

order to control for potential temporal autocorrelation associated with ponds 

being surveyed repeatedly throughout the survey period. To select predictor 

environmental variables for inclusion in GLMM models, Pearson correlations 

between potential predictors of insect abundance and biomass were 

calculated, and individual variables from pairs with correlation coefficients > 

0.7 were removed (Booth et al. 1994; Dormann et al. 2013). Following this 

preparatory work, initial GLMM analyses were conducted using open, non-

shaded water area (a direct result of pond management and other, highly 

correlated predictor variables, and pond connectivity (Bates & Maechler 2010). 

For all GLMM analyses, Akaike’s information criterion (AICc < 2) was used to 

select the most parsimonious models (Burnham & Anderson 2002; Grueber et 

al. 2011), with model averaging conducted and full average results reported 
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(Bolker et al. 2009). All explanatory variables were standardised prior to 

analysis.  

 

Given the extreme differences in emergent insect abundance between 

managed open-canopy and unmanaged overgrown ponds, a second GLMM 

analysis was completed separately for the managed open-canopy ponds only 

to investigate the relative strength of water surface area, open water area and 

mean water temperature in explaining the observed patterns in insect 

abundance. 

 

Finally, a GLMM analysis was completed for all ponds to investigate the 

strength of daily water temperature on daily insect emergence and graphs 

plotted to visually display daily abundances of Ephemeroptera and Diptera 

emergence at the managed open-canopy ponds.  

 

6.2.5.4. Environmental influences on bird abundance and species 

richness 

 

The relative strength of links between environmental predictor variables and 

both bird abundance and bird species richness were estimated using GLMMs 

of assemblage-level indices, with individual pond set as a random effect. 

Emergent insect abundance, insect biomass, understory area, margin area, 

pond connectivity and tree canopy area within the margin were all included 

within the analysis (Bates & Maechler 2010). 

6.3.  Results 
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6.3.1. Emergent insects 

 

6.3.1.1. Insect abundance and biomass  

 

Diptera dominated all the pond samples over the survey period in terms of 

abundances, but for biomass, while Diptera dominated for the unmanaged 

overgrown ponds, Ephemeroptera dominated for the managed, open-canopy 

ponds. Odonata were only recorded at managed open-canopy ponds. Total 

insect abundance and total insect biomass over the study period were 

significantly higher at managed open-canopy ponds, with a combined total of 

4003 individuals weighing 6515.92 mg, in comparison to a combined total of 

217 individuals with a weight of 252.63 mg at the unmanaged overgrown 

ponds (total insect abundance = t(6) = 4.94, p = 0.003, total insect biomass = 

t(6) = 2.89, p = 0.028) (Table 18). No significant differences were identified in 

the mean biomass of Diptera (t(6) = -1.73, p = 0.135) or Ephemeroptera (t(6) 

= -0.71, p = 0.50) individuals between the pond management types.  
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Table 18. Total emergent insect abundance and biomass at managed open-canopy 

and unmanaged overgrown ponds in May 2017. Significant differences between the 

two pond management types based on independent samples t-tests (p < 0.05* and 

p < 0.01: **). Significant differences are denoted highlighted in bold. 

Pond 
category 

Total insect 
abundance/ 

m2 

Total 
insect 

biomass 
(mg)/ m2 
(x ± SE) 

Mean 
biomass 

(mg) 
Diptera 

individual 
(x ± SE) 

Mean biomass 
(mg)/ 

Ephemeroptera 
individual (x ± 

SE) 

Managed 1000.75 ± 
189.87** 

1628.98 ± 
540.38* 

0.63 ± 0.1 3.11 ± 0.26 

Unmanaged 54.25 ± 
29.58** 

63.15 ± 
32.21* 

1.15 ± 0.3 3.41 ± 0.37 

 

Abundance and biomass of Diptera, Ephemeroptera and Odonata differed 

significantly between the pond management types (Figure 42, Diptera 

abundance and biomass: p = 0.029, Ephemeroptera abundance and biomass: 

p = 0.029, and Odonata abundance and biomass: p = 0.029). Trichoptera 

abundance (p = 0.34) and biomass (p = 0.20) were not significantly different 

between the pond management types.  
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Figure 42. Emergent insect order abundance (a) and emergent insect order 

biomass (mg)(b) per pond management type. Boxplots show median, upper and 

lower quartiles, with data falling outside Q1 – Q3 range plotted as outliers. Statistical 

significance of independent samples t-tests are denoted by: p < 0.05 (*) and ns = 

not significant. Order codes: Dip: Diptera, Eph: Ephemeroptera, Tri: Trichoptera and 

Odo: Odonata.  
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6.3.1.2. Environmental predictors of emerging insect productivity 

 

Of the potential environmental predictors tested, GLMMs indicated that open, 

non-shaded water area significantly predicted emergent insect abundance and 

biomass for all the study ponds over the survey period (Table 19). 

 

Table 19. Average GLMM parameter estimates for emergent insect abundance and 

biomass at all ponds (p < 0.001: ***). 

 estimate SE Z Lower CI Upper CI Sig. 

Abundance       

Intercept 1.64 0.38 4.31 0.90 2.39 
 

Open, non-shaded 
water 

1.62 0.39 4.09 0.85 2.40 *** 

Connectivity 0.19 0.34 0.55 -0.32 1.23 
 

       

Biomass 
      

Intercept 5.42 0.33 16.61 4.77 6.07 
 

Open, non-shaded 
 water 

1.75 0.34 5.21 1.09 2.41 *** 

Connectivity 0.09 0.23 0.39 -0.38 0.94 
 

 

When the managed open-canopy ponds were considered on their own, water 

area, open water area and mean water temperature did not significantly predict 

emerging insect abundance (Table 20). 
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In contrast, when analysed based on daily changes, water temperature 

showed a highly significant positive relationship with the emerging insect 

abundance (Table 21).  

 

Table 20. Average GLMM parameter estimates for emerging insect abundance at 

managed ponds, only. Model: 1: Connectivity + water area, 2: connectivity + open, 

non-shaded water area & 3: connectivity + mean water temperature (p < 0.05*: p < 

0.01: ** and p < 0.001: ***). 

Model  estimate SE Z Lower 
CI 

Upper 
CI Sig. 

1 Intercept 6.84 0.16 40.56 6.52 7.18 
 

 
Connectivity 0.01 0.09 0.18 -0.27 0.39 

 

 
Total water 

area 
0.01 0.08 0.09 -0.31 0.37 

 

        

2 Intercept 6.84 0.16 40.51 6.52 7.18 
 

 
Connectivity 0.01 0.08 0.17 -0.26 0.39 

 

 
Open, non-

shaded 
water 

0.01 0.09 0.09 -0.30 0.37  
 

        
3 Intercept 6.84 0.16 40.56 6.52 7.18 

 

 
Mean water 
temperature 

-0.014 0.166 0.82 -0.54 0.04 
 

 
Connectivity 0.01 0.11 0.18 -0.04 0.32 
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Table 21. Average GLMM parameter estimates for daily emerging insect abundance 

(p < 0.001: ***). 

 estimate SE Z Lower 
CI 

Upper 
CI Sig. 

Intercept 1.63 0.7 2.33 0.26 2.99 
 

Daily water 
temperature 

0.17 0.02 9.88 0.13 0.2 *** 

 

 

Finally, when Ephemeroptera and Diptera emergence were observed on a 

daily basis, emergence peaks occurred in asynchronous patterns within the 

different ponds sampled producing emerging invertebrate peaks on different 

days (Figure 43). 
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Figure 43. Emerging abundance/ m2 of Ephemeroptera (a) and Diptera (b) at the 

managed open-canopy ponds over the survey period, May 2017.  
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6.3.2. Birds 

 

6.3.2.1. Abundance and species richness comparison 

 

In line with the year-round and seasonal findings of Lewis-Phillips et al. (2019a 

and b) bird species richness was significantly higher at the open-canopy ponds 

(t(6) = 5.65, p = 0.001) with 35 species recorded in comparison to 19 species 

at the overgrown ponds. In total, 36 bird species were observed at the eight 

farmland ponds over the survey period (Table 22 & 23). Further, bird 

abundance was significantly higher at the open-canopy ponds (t(6) = 5.43, p = 

0.002), with 1291 observations compared to 459 observations at the 

overgrown ponds (Table 22 & 23).  

 

With the exception of little owl Athene noctua, goldfinch Carduelis carduelis 

and great tit, all bird species were recorded in higher numbers at managed 

open-canopy pond sites. Bird visits to both pond management types were 

dominated by passerine species, with the majority of these visits from species 

that feed insects to their young (Table 22). All three hirundine species were 

recorded exclusively at managed open-canopy pond sites and similarly, the 

red and amber conservation priority species recorded were either entirely 

absent, or only recorded in low numbers at unmanaged overgrown ponds 

(Table 22).  
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Table 22. Bird species and visits to managed open-canopy farmland and 

unmanaged overgrown farmland ponds over May 2017. Species that feed young on 

invertebrates denoted with *, red listed and amber listed conservation priority 

species (RSPB, 2018) coloured accordingly and notated with † † and † respectively. 

Common name Scientific name 
Managed 

open-
canopy 

Unmanaged 
overgrown 

Chiffchaff* Phylloscopus 
collybita 

149 60 

Blackbird* Turdus merula 102 79 

Chaffinch* Fringilla coelebs 107 67 

Wood pigeon Columba 
palumbus 

100 56 

Wren* Troglodytes 
troglodytes 

128 22 

Whitethroat* Sylvia communis 125 17 

Dunnock* Prunella 
modularis 

76 40 

Blue tit* Cyanistes 
caeruleus 

65 43 

Moorhen* Gallinula 
chloropus 

70 21 

Robin* Erithacus 
rubecula 

33 17 

Blackcap* Sylvia atricapilla 46 3 

Linnet†† Linaria cannabina 41 0 

Yellowhammer*†† Emberiza 
citrinella 

37 2 

Goldfinch* Carduelis 
carduelis 

12 16 

Swallow* Hirundo rustica 28 0 

Mallard† Anas 
platyrhynchos 

23 2 
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Bullfinch*† Pyrrhula pyrrhula 23 0 

House martin*† Delichon urbicum 22 0 

Pheasant* Phasianus 
colchicus 

17 3 

Magpie Pica pica 19 0 

Greenfinch* Chloris chloris 13 0 

Swift*† Apus apus 13 0 

Great tit* Parus major 3 7 

Skylark*†† Alauda arvensis 10 0 

Carrion crow* Corvus corone 6 2 

Starling*†† Sturnus vulgaris 7 0 

Lesser 
whitethroat* 

Sylvia curruca 3 0 

Red legged 
partridge* 

Alectoris rufa 3 0 

Grey heron Ardea cinerea 2 0 

Greylag Goose Anser anser 2 0 

Little Owl* Athena Noctua 0 2 

Sedge warbler* Acrocephalus 
schoenobaenus 

2 0 

Jay Garrulus 
glandarius 

1 0 

Kestrel† Falco tinnunculus 1 0 

Meadow pipit*† Anthus pratensis 1 0 

Willow warbler*† Phylloscopus 
trochilus 

1 0 
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Table 23. Bird abundance, species richness and Shannon Diversity at managed 

open-canopy and unmanaged overgrown ponds over May 2017, where figures 

represent mean values ± standard errors of the mean (p < 0.01: **). 

Pond 
category 

Abundance (x ± 
SE) 

Species 
richness 

Shannon Diversity 
(exp) 

Managed 322.75 ± 31.39** 24.75 ± 1.70** 16.63 ± 1.31** 

Unmanaged 114.75 ± 21.91** 11.75 ± 1.54** 7.81 ± 1.21** 

 

 

6.3.2.2. Predictors of bird abundance and species richness 

 

Emergent insect abundance was a highly significant predictor of both bird 

abundance and species richness (Table 24, Figure 44). 

 

Table 24. Average GLMM parameter estimates for bird abundance and species 

richness (p < 0.001: ***).  

 estimate SE Z Lower 
CI 

Upper 
CI Sig. 

Bird abundance 
      

Intercept 1.82 0.11 15.8 1.59 2.04 
 

Insect abundance 0.5 0.11 4.4 0.28 0.73 *** 

Margin area 0.049 0.09 0.53 -0.9 0.34 
 

       

Bird species 
richness 

      

Intercept 1.58 0.12 12.9 1.35 1.82 
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Insect abundance 0.51 0.14 3.44 0.22 0.81 *** 

Margin area 0.1 0.12 0.87 -0.13 0.34 
 

Connectivity 0.09 0.13 0.66 -0.17 0.34 
 

Insect biomass 0.09 0.14 0.6 -0.19 0.36 
 

Understory area -0.09 0.22 0.38 -0.53 0.36 
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Figure 44.  Emerging insect abundance (log10) per survey and bird abundance/ 

survey at managed open-canopy and unmanaged overgrown ponds, with line of 

best fit and 95% confidence intervals shaded.  
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Figure 45.  Flock of house martin foraging over a managed open-canopy pond. 

 

6.4. Discussion  

 

This chapter demonstrates that restoration has a dramatic positive effect on 

emergent insect abundance and biomass at farmland pond sites that in turn 

supports a higher abundance and species richness of farmland birds. 

 

In terms of abundance, both pond management types were dominated by 

Diptera spp., an order tolerant of a wide range of water temperatures (Cornette 

et al. 2015) and oxygen conditions (Panis et al. 1996; Rasmussen 1996; 

Marziali et al. 2006). In comparison, Odonata were only recorded at the open-

canopy ponds. This order is less tolerant of low dissolved oxygen and 

generally favour macrophyte-dominated conditions. For example, limnephilids, 

the most common trichopteran family associated with ponds, use macrophytes 

as material for case construction (FBA 2011), while adult Odonata show a 

preference for open, non-shaded ponds, with some species ovipositing onto 

submerged or floating-leaved aquatic plants (Corbet & Brooks 2008). 
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As discussed in previous chapters, the removal of woody vegetation at 

overgrown farmland ponds directly and immediately results in increased open, 

non-shaded water area. This process results in major increases in aquatic 

vegetation cover (Sayer et al. 2012, 2013), with the development of 

architecturally complex submerged, floating and emergent macrophyte 

structure providing several benefits to invertebrates, including enhanced 

micro-habitat provision, increased food resources and refuge from predators 

(Brönmark 1995; Declerck et al. 2011). In particular, adult dragonflies use 

emergent and floating-leaved macrophytes for perching and egg-laying 

(Corbet & Brooks 2008), while dragonfly larvae use submerged macrophytes 

for foraging and refuge (Goertzen and Suhling 2013). Mayflies also exploit 

macrophytes for shelter and as a substratum for periphyton (Brittain 1982), 

caddisflies use macrophytes for shelter (Skuja 2011) and case building 

materials (Wallace 2006) and many chironomids are known to have close 

habitat ties to plants, for example for laying eggs and as a food source (Kondo 

and Hamashima 1992). Pond management also increases average water 

temperature which is known to be a key factor for the development and 

emergence patterns of aquatic insects (Egan et al. 2016; Twining et al. 2018), 

including influencing Ephemeroptera spp. egg development and larval growth 

rates (Brittain 1982), Chironomidae spp. growth and development (Wiggins et 

al. 1980; Armitage et al. 1995) and larval growth rate in dragonflies (Odonata 

spp.) (Corbet 1999; Corbet & Brooks 2008). Thus, the pond restoration and 

management that directly increases macrophyte-dominated open water and 
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water temperature, increases both emergent insect abundance and diversity 

at the order level. 

 

The observed key role of emergent aquatic insect abundance in explaining 

both bird abundance and species richness could be linked to the benefits that 

these insects offer to birds, especially in comparison to terrestrial insects. 

Recent research has revealed that food quality is of key importance for birds 

(Oudman et al. 2014) and in addition, major differences in the nutritional value 

of aquatic and terrestrial invertebrates have been identified (Twining et al. 

2016a), with aquatic insects containing significantly higher levels of highly 

unsaturated omega-3 fatty acids (HUFA) than their terrestrial counterparts 

(Gladyshev et al. 2013; Twining et al. 2016a; Twining et al. 2018). The 

biochemical importance of these compounds for birds has been demonstrated 

for tree swallow chicks both in the laboratory (Twining et al. 2016b) and with 

long-term field studies demonstrating that aquatic insect availability during 

chick development is a strong predictor of fledging success, whereas terrestrial 

insect availability exerts less influence (Twining et al. 2018). Thus, HUFA 

availability could make aquatic insects even more important for some bird 

species than numbers alone would suggest.  

 

Chapters 3 and 4 showed that a significantly higher abundance and species 

richness of birds were found at open-canopy farmland ponds in comparison to 

overgrown ponds in comparable landscape settings. However, pan-trap 

sampling found no significant differences in the abundance of non-aquatic 

invertebrate communities between the two pond management types (Chapter 
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5). It seems highly likely, therefore, that the mechanism underpinning more 

abundant and diverse bird communities at farmland pond sites is increased 

emergent aquatic insect availability. Indeed, alongside other bird species, 

chiffchaff, yellowhammer, whitethroat, chaffinch and the three hirundine 

species were regularly recorded as feeding directly on insects emerging from 

the water surface at open canopy ponds during this study. The importance of 

emergent aquatic insects to farmland birds is supported by the fact that the 

majority of bird species that visited the study ponds feed insects to their young. 

These findings raise the possibility that previous research focussing on 

farmland bird dietary requirements (e.g. major reviews by Wilson et al. 1999; 

Holland et al. 2006) and identifying terrestrial invertebrates as the most 

important food sources, may have failed to identify the importance of emergent 

aquatic insects for farmland birds. Consequently, further research is required 

to investigate the relative importance of terrestrial and aquatic food sources 

for farmland birds. A further key insight is the asynchronous nature of insect 

emergence with peaks occurring on different days at different pond sites 

(Figure 43). The implication here is that, on any one day, in a network of ponds 

containing several open-canopy sites, at least one pond locality could provide 

a rich food supply for local birds, with this especially true of aerial insectivores 

that move around the landscape.  

 

This chapter clearly highlights a key role of managed open-canopy ponds as 

providers of insect food to birds within agricultural areas where chemicals are 

regularly applied and, therefore, remaining open-canopy, macrophyte 

dominated ponds in lowland farmed landscapes are likely of high importance 
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to insect-eating birds (Newton 2017). From a bird’s perspective, open-canopy 

ponds provide a valued source of food. As individual ponds had mass 

emergences of Ephemeroptera and Diptera on different days, landscape 

complexes of restored ponds can grant extended periods of high food supply. 

It is very possible that, dependent on the scale of their home range and density 

of managed open-canopy ponds, that some bird species, such as barn swallow 

and house martin, could easily shift around the landscape to fully exploit this 

resource (Figure 45). This chapter therefore reconfirms the importance of a 

landscape-scale approach to farmland pond management (Hassall et al. 2012; 

Sayer 2014), that affords a mosaic of ponds at varying successional states, in 

order to provide opportunities for conservation and biodiversity gains for a 

range of farmland birds and other wildlife. 
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Chapter 7. Discussion and conclusion 

 

7.1. Overview 

 

Broad declines in birds associated with agricultural land have been 

experienced in the UK (Defra 2018), continental Europe (Inger et al. 2015) and 

North America (Mineau and Whiteside 2013; Hill et al. 2014), alongside 

declines in invertebrate abundance (Aebischer 1991; Hallmann et al. 2017). 

The main focus of this PhD research was to investigate whether farmland pond 

management provides benefits for local bird communities, with the aim of 

providing information to help inform government AES policy and, if appropriate, 

to further prioritise pond management within these schemes.   

 

The study was located in rural North Norfolk, an area dominated by agricultural 

land and representative of other areas of lowland UK that have experienced 

similar declines in farmland bird communities, and was focused on all bird 

species observed in and immediately around study farmland ponds. To date, 

research into bird communities at farmland ponds in the UK has been limited, 

with O’Connor and Shrubb (1986) providing a review of birds associated with 

farmland ponds, followed by a book by O’Connor & Shrubb (2009) that briefly 

covered the potential benefits of farmland ponds for water birds (e.g. moorhen 

and mallard), and which concluded (although evidence was lacking) that the 

value of pond sites for wider farmland bird communities is probably 

underappreciated. Adding to this limited evidence base, a Defra funded 

research report (Defra 2007) was commissioned to investigate the value of wet 
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habitat features on farmland, including ditches and ponds. This government-

funded research focused on eight small, newly created, ditch-fed farmland 

ponds (Figure 46, Table 25), but in contrast to this research, study ponds were 

fed by potentially contaminated water from ditches and did not feature 

substantial buffer areas to reduce agro-chemical inputs. Further, bird 

surveying commenced soon after the creation of the study sites, prior to 

invertebrate and plant communities becoming established. Perhaps as a 

result, in comparison to the current project, this research recorded 

substantially fewer bird visits (368 bird observations over the whole year) 

alongside less diverse bird communities (44 species) and concluded that the 

study ponds provided limited immediate environmental gains for birds, despite 

significant costs associated with feature creation (Defra 2007). As Defra are 

involved in the provision of conservation measures, it is possible that the 

overall omission of wet habitat measures in AES, as highlighted by Bradbury 

and Kirby (2006), could be linked to the existing limited evidence base and to 

poor results from Defra (2007). 
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Figure 46. Study ponds in the Defra funded “wetting up farmland for biodiversity” 

project. Reproduced from Defra (2007). 

 

Table 25. Comparison of Chapter 3 of this thesis and Defra funded research project. 

Source Lewis-Phillips (2019a) Defra (2007) 

Number of ponds 16 8 

Water source Spring-fed Agricultural ditch 

Water area 129 – 551 m2 5 – 50 m2 

Pond age (years) 183 + 0 

Survey length 12 months 12 months 

Survey frequency 2/ month 2/ month 

Bird abundance 3447 368 

Bird species richness 66 44 

  

In contrast, through comprehensive surveys encompassing a total of 5197 bird 

recordings, representing 72 species over 222 surveys, this thesis provides 

compelling evidence regarding the value of restoring and managing existing 

farmland ponds to support local bird communities. Importantly, this research 
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expands on the existing knowledge base of O’Connor and Shrubb (1986), 

Defra (2007), O’Connor & Shrubb (2009) and Newton (2017), by increasing 

the known range of bird species that associate with farmland ponds, providing 

bird abundance information for farmland ponds and also presenting likely 

mechanisms behind bird visits to ponds. As such, the current study highlights 

that managing existing large networks of overgrown farmland ponds should be 

further prioritised within AES, both in the UK and continental Europe, with the 

aim of supporting local bird communities.  

 

Further, this research into pond-margin associated invertebrates (totalling 

13,286 individuals recorded over 192 surveys) and emergent insects (totalling 

4,229 individuals recorded over 240 surveys) provides information on a 

previously unexplored farmland pond phenomenon. These invertebrate 

groups hold an intrinsic value, but also offer the potential to provide an 

important food resource for birds and other wildlife, within intensively managed 

landscapes. The vast majority of my invertebrate samples are preserved and 

stored and can therefore provide a valuable reference for further studies. 

 

7.2. Main findings and lessons for farmland bird conservation  

 

Combined with the demonstrated benefits that managed open-canopy ponds 

offer to aquatic plants, invertebrates, amphibians and pollinators (Sayer et al. 

2012, 2013; Walton 2019), my work shows that restored and managed open-

canopy farmland ponds are inhabited by a significantly higher abundance and 

species richness of birds than their unmanaged overgrown counterparts. Bird 
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diversity supported by managed ponds on their own is very similar to that of 

all ponds, including open-canopy and overgrown ponds, across the agricultural 

pondscape. Therefore, while my results still place an emphasis on maintaining 

a mosaic of pond successional states, they suggest that, for bird conservation 

within a farmed landscape, emphasis should be strongly placed on generating 

a larger number and proportion of early succession open-canopy managed 

ponds. 

 

Of importance to the validation of farmland pond management as an AES 

measure over the different seasons, this thesis shows that, relative to 

unmanaged overgrown ponds, managed open-canopy farmland ponds are of 

particular importance to bird communities over the breeding and post-breeding 

seasons, as indicated by seasonal peaks in bird abundance and species 

richness. In contrast, both managed open canopy and unmanaged overgrown 

ponds were distinctly less utilised in winter, although the former ponds still 

hosted a wider range of bird species, including winter migrants. These 

seasonal patterns of bird use combined with higher levels of foraging and 

parental behaviours at managed open-canopy ponds, offer potential 

indications for the mechanisms behind bird visits e.g. being related to breeding 

or post-breeding activities such as nesting, raising chicks or foraging, and 

suggest that managed farmland pond sites could therefore be providing 

valuable food resources for local farmland bird communities  

 

This thesis further investigated these potential mechanisms that were 

highlighted in Chapters 3 and 4. Studies of habitat structure at the ponds 
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showed that terrestrial habitats, such as herbaceous margins, bramble thickets 

and trees are potentially important habitat patches for farmland birds. It is 

shown that over both annual and seasonal periods local bird communities were 

consistently strongly influenced by pond management and connectivity to 

semi-natural landscape features, whereas the influence of other terrestrial 

habitats, such as herbaceous margin area, varied over the different seasons. 

This analysis provided further insights into why individual habitat types were 

important for birds, for example the link between increased bramble understory 

area and birds over the breeding and post-breeding season, but not over 

winter, indicated that bird use of this habitat was likely linked to nesting habitat 

availability. In contrast, the wider landscape analysis found that terrestrial land-

use patterns in the vicinity of the ponds were not significant predictors of bird 

communities at the pond sites, confirming that the main driver of bird 

abundance and diversity at the study sites was pond management, rather than 

the influence of the wider landscape. 

 

Insights gained through the pond habitat and wider landscape analyses 

informed the research direction of this thesis, investigating whether 

invertebrate communities may further provide evidence on the mechanisms 

behind bird visits. Pond management was not found to exert a significant 

influence on either the abundance or biomass of any of the individual pond-

margin associated invertebrate orders, with significant but weak links shown 

between overall pond-margin associated invertebrate communities and local 

bird abundance and diversity. In contrast over the bird breeding season, 

emergent aquatic insects, such as mayflies, were found to be strongly 
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significantly positively influenced by pond management, with strong links 

shown between this group of insects and local bird abundance, species 

richness and diversity. Insights were also gained on the asynchronous nature 

of insect emergences, with peaks occurring on different days at different pond 

sites, providing landscape-scale implications for some local bird species 

inhabiting farmland (in particular aerial insectivores), allowing them to move 

around the pondscape to gain a rich food supply over an extended period of 

time. In combination, these insights suggest that it is likely that one of the 

mechanisms underpinning more abundant and diverse bird communities at 

farmland pond sites is increased emergent aquatic insect availability. 

Therefore, the loss of abundant invertebrate food resources from previously 

extensive networks of open-canopy ponds may be significant for a number of 

farmland bird species that have suffered severe declines over the last 

decades.  

 

7.3.  Further work 

 

This research emphasises the potential for managed open-canopy ponds to 

provide significant cross-system subsidies between aquatic and terrestrial 

environments, providing stronger evidence for the important value of pond 

management for farmland birds.  

 

Research on stream habitats has shown that aquatic emergent insects 

continue to emerge throughout late summer and autumn (Baxter et al. 2005), 

with this low-level output of invertebrates thought to be important in providing 
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a significant subsidy to bird species over winter (Nakano and Murakami 2012). 

My research shows the importance of pond management for emerging 

invertebrates, and in turn for birds, over the month of May, but further research 

is required into aquatic insect emergence over the remainder of the year as 

there may be unidentified peaks in emergences over unexplored months, that 

could provide benefits to birds. Research into the effect of pond size on 

emergent insect productivity would also be beneficial to inform future pond 

management protocol. 

 

My research highlights potential differences in food quality benefits for birds 

between aquatic and terrestrial invertebrates. A planned chapter of this thesis 

investigated these potential differences in partnership with Glasgow 

University, but due to technical problems with laboratory equipment and 

analysis, meaningful results were not obtained. Despite this, a growing base 

of research is demonstrating the importance of aquatic insects in providing 

vital fatty acid subsidies for birds in North America (Twining et al. 2016b; 

Twining et al. 2018). Further research is required to investigate the potential 

importance of HUFA contributions of aquatic invertebrates associated with 

farmland ponds and other agricultural freshwater areas, especially in terms of 

the breeding success of rapidly declining European farmland birds. Such 

laboratory studies could be supported by field studies linking the availability of 

aquatic invertebrates to nesting birds and the impact this has on chick health 

and overall breeding success.  
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The benefits identified with pond management are likely not to be exclusive to 

birds and there is much to learn about the usage of farmland ponds by other 

UK farmland wildlife. A wide range of wildlife may also gain from pond 

management. For example, bats are likely to benefit from the high-quality 

insect food resource associated with managed open-canopy pond sites 

between dusk and dawn, while foxes and other predators could profit from the 

more abundant and diverse bird communities found at these sites, either 

through consuming eggs or the individuals directly. Other species that may 

benefit from pond management include hedgehogs, badgers, otters and 

rodents, comprehensive trail camera monitoring at pond sites would help to 

provide such insights over a wide range of species and assist in illustrating the 

wider benefits potentially provided by farmland ponds.  

 

Further, it is possible that farmland ponds also offer other food resources for 

birds, that have not been explored in this thesis. While bird abundance was 

found to be lowest at farmland ponds over late winter, the availability of seeds 

at these sites has not been investigated. It may be that granivorous bird 

species such as linnet, recorded at pond sites in low numbers over winter, 

could benefit from the availability of this resource around the herbaceous 

margins featured at all study sites. Further research to explore the impact of 

different pond-margin management regimes on seed availability could provide 

useful practical conservation information to inform pond management protocol. 

Similarly, in light of migrant winter visits of species such as redwing, to study 

sites, the contribution of pond management towards fruit availability, and 

subsequent effects on local bird communities could be further explored.  
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While this thesis provides valuable insights into the effects on farmland pond 

management on local bird communities, it was not possible within the scope 

of the study to investigate whether managed farmland pond sites act as 

honeypots (i.e. attracting birds in from the wider landscape) or whether they 

are able to enhance bird populations. As such, future research investigating 

the wider effect of pond management on birds would be beneficial. In 

particular, understanding the impact of restoring ‘pond-scapes’ for farmland 

birds, through utilising a pre and post restoration transect surveying approach 

would further expand on our understanding about the wider role farmland 

ponds may play in bird conservation. 

 

7.4. Conservation implications 

 

This thesis provides insights into the design of farmland pond management in 

AES, showing that an approach to pond restoration that promotes a mosaic of 

open water, groups of trees, bramble, low scrub and tall grasses to develop in 

combination with muddy patches around the pond water edge will optimise the 

benefits of open ponds for local bird communities, in particular over the 

breeding and post-breeding seasons.  

 

At a landscape scale, the restoration and subsequent periodic management of 

‘pond-scapes’ over time (i.e. following the Manor farm approach), would result 

in agricultural landscapes offering a variety of ponds at differing successional 

stages, but with an emphasis on the provision of early or mid-succession pond 
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sites. Consequently, the wide variety of habitat at different successional 

stages, such as bramble at different heights and ages, may provide benefits 

for birds. 

 

At the individual pond level, an approach to management that avoids 

“manicuring” pond sites should be encouraged. Currently, it is standard 

farming practice to cut the entire herbaceous margin and the majority of 

bramble understory every year (Figure 47). In light of my findings, a more 

sensitive approach to regular pond management may provide benefits for 

birds. For example, rather than cutting dense stands of bramble on an annual 

basis, large areas should be left to provide habitat that can be utilised by birds 

for refuge and nesting. These areas could be proportionally cut over a longer 

period to ensure a variety of different heights and densities within the pond site 

(Figure 48). Similarly, rather than cutting the entire herbaceous margin area, 

mowing half of the herbaceous margin area one year, followed by the 

remaining half the following year would increase the structural diversity of 

habitats around the pond and also likely offer some benefits to birds and other 

wildlife.  
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Figure 47. Standard farming practice of cutting entire margin areas and consequent 

removal of much of the available habitat for birds.  

 

Figure 48. An alternative approach, allowing bramble understory patches to develop 

within the margin.  
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Given the positive year-round influence of pond connectivity for birds over all 

seasons, I further recommend that farmland ponds situated at field edges 

should be prioritised for restoration and subsequent management measures 

and that hedgerow planting to connect isolated farmland ponds to other semi-

natural features should be encouraged.  

 

Finally, expanding on the work of the Norfolk Ponds Project, the wider 

education of farmers, landowners and conservation practitioners on the 

expanding conservation value of farmland ponds in an important component 

in both changing perceptions on farmland pond sites (often misunderstood to 

be polluted, low-conservation value sites) and encouraging the restoration and 

management of unmanaged pond sites. Social media platforms have proven 

to be a useful method of educating diverse audiences and raised the profile of 

pond management and received a positive response (Figure 49).  
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Figure 49. Analytics of a single ‘tweet’ (a) and a reply from a landowner who, in 

response to this research, managed a series of ponds on his estate (b). 

 

7.5. Conclusion 

 

The primary focus of this thesis was to investigate the contribution of pond 

management towards local bird abundance and species richness. This thesis 

a)

b)
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demonstrates that pond management does significantly increase both local 

bird abundance and species richness, with observed positive links believed to 

be mainly driven by in-pond and surrounding habitat composition and 

associated levels of aquatic emergent insect abundance and biomass.  

 

I therefore conclude that farmland ponds, and in particular their potential 

contribution to terrestrial conservation, have been greatly undervalued as a 

conservation tool. My results have important implications for supporting the 

previously unrecognised importance of farmland pond management for local 

bird abundance and diversity alongside informing best practice protocol for 

managing existing pond sites for the benefit of birds. 

 

While restoring isolated pond sites is shown to be an effective way of 

supporting local birds, a landscape-scale approach incorporating urban and 

floodplain ponds (Hill et al., 2016), farmland pond restoration (Sayer et al., 

2013), pond creation (Williams, Biggs & Nicolet 2010), and, where possible, 

resurrection of in-filled farmland ‘ghost’ ponds (Alderton, 2016; Alderton et al., 

2017) may provide the greatest potential to benefit birds (and other taxa) over 

large areas of lowland agricultural UK. 

 

As elsewhere (Sayer 2014), I therefore strongly advocate that pond 

management is more widely adopted and promoted within future AES at the 

landscape scale. An opportunity to make such revisions in the UK is presented 

by the development of a new agricultural subsidy structure following the 

country’s exit from the European Union. 
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Appendix 

 

Chapter 2. Methods 

 

Appendix A. Equations 

 

Equation Calculation Explanation 
Simpson’ 
reciprocal 

diversity (1/ 
D) 

 

‘pi’ represents the 
proportion of species ‘i’, 
and ‘S’ is the number of 
species. 

 
Shannon 
diversity 

(exponential) 

  

‘pi’ represents the 
proportion of species ‘i’, 
and ‘S’ is the number of 
species. 

 
Hellinger 
distance 

 

See Legendre and 
Gallagher (2001). 
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Chapter 3. The effect of farmland pond management on the local 

abundance and species richness of local bird communities 

 

Appendix A. Correlation table 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
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Management: 1, Connectivity: 2, Water area: 3, Water area (open, non-shaded): 4, 

Water area (shaded): 5, Macrophyte area: 6, Bramble area: 7, Tree area: 8, Margin 

area: 9, Arable area (WL): 10, Grassland area (WL): 11, Open water area (WL): 12, 

Residential area (WL): 13, Cover crop area (WL): 14, Woodland area (WL): 15, 

Hedgerow length (WL): 16. Significance value codes: p < 0.001 ‘***’, 0.01 ‘**’, 0.05 

‘*’. WL denotes wider landscape variable. 
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Appendix B. Full species list 

 

Bird species observed at managed open-canopy and unmanaged overgrown ponds. 

Number in brackets indicates number of times the species was observed as 

opposed to abundance. Codes for ponds: BECK: A. MYST: B, SABA: C, SHOOT: D, 

WADD9: E, WADD10: F, WADD17: G, WADD23: H, BAWO2: I, BRECK: J, CHFA2: 

K, NROAD: L, S9: M: S10: N, S11: O, SKYLA: P. Red listed species notated with † †, 

amber with †. 

Family Common name Species name Managed  

ponds 

Unmanaged 

ponds 

Accipitridae  common buzzard Buteo buteo A (2), B (6), E (1) I (1) 

 red kite Milvus milvus H (1)  

 sparrowhawk Accipiter nisus H (1)  

Aegithalidae long-tailed tit Aegithalos caudatus A (4), D (1), E (1) I (3), L (2), 

M (1), N (1), 

O (1) 

Alaudidae skylark † †  Alauda arvensis A (1), C (1), D (7), E (2), G (3) J (1), P (1) 

Alcedinidae kingfisher †   Alcedo atthis C (3), F (1), H (1)  

Anatidae gadwall †   Anas strepera G (1)  

 mallard †   Anas platyrhynchos A (5), D (2), F (8), G (12), H (11), 

E (4) 

L (1), N (1) 

 mute swan †   Cygnus olor D (4)  

 teal†   Anas crecca A (3), B (4), C (2), F (1), G (2), H 

(4) 

 

Apodidae swift †   Apus apus A (1), B (2), C (7)  

Ardeidae grey heron Ardea cinerea A (1), B (3), C (4), D (3), G (2)  

Certhidae treecreeper Certhia familiaris  N (1) 

Columbidae stock dove †   Columba oenas G (1)  

 woodpigeon Columba palumbus A (12), B (14), C (17), D (25), E 

(6), F (10), G (2), H (10) 

I (14), J 

(14), K (16), 

L (17), M 

(23), N (26), 

O (27), P 

(12) 

Corvidae carrion crow Corvus corone B (5), C (1), D (1), E (1), H (1) I (1), M (1), 

N (3), O (2)  jackdaw Corvus monedula B (1)  

 jay Garrulus glandarius A (2), B (1), F (1) L (1) 

 magpie Pica pica B (8), C (10), D (3), F (2), G (1) K (1), L (1), 

M (5)  rook Corvus frugilegus A (1) I (1) 

Emberizidae reed bunting †   Emberiza schoeniclus C (2), E (1), G (12), H (11)  

 yellowhammer † †  Emberiza citrinella B (9), C (22), D (4), E (7), F (15), 

G (2), H (20) 
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Falconidae kestrel †   Falco tinnunculus A (2), B (2), E (1), F(2), G (1) H 

(1) 

I (1), O (1) 

Fringillidae brambling Fringilla montifringilla C (1) K (1), N (2) 

 bullfinch †   Pyrrhula pyrrhula A (8), B (1), C (5), D (6), H (10) K (3), L (1), 

M (2), O (1)  chaffinch Fringilla coelebs A (26), B (23), C (33), D (18), E 

(10), F (31), G (12), H (36) 

I (1), J (3), 

K (12), L 

(24), M 

(23), N (4), 

O (19), P 

(22) 

 goldfinch Carduelis carduelis A (6), B (8), C (20), D (15), E (20), 

F (5), G (10), H (12) 

J (4), K (2), 

M (1), N (8), 

O (1) 

 greenfinch Chloris chloris B (2), C (12), D (3), E (12), F (2), 

G (1) 

K (4) 

 linnet † † Linaria cannabina A (4), B (6), C (22), D (7), E (2), F 

(5), G (10), H (8) 

N (1) 

Hirundinidae house martin †   Delichon urbicum A (2), B (1), C (6), D (4), F (1), H 

(1) 

 

 swallow Hirundo rustica A (3), B (1), C (4), D (6), E (2), F 

(1), G (4), H (1) 

 

Laridae black-headed gull †   Chroicocephalus 

ridibundus 

A (2), D (2)  

Motacillidae grey wagtail † † Motacilla cinerea F (1), G (3)  

 meadow pipit †  Anthus pratensis A (1), E (1), F (1), G (2), H (1) M (1), N (1) 

 pied wagtail Motacilla alba A (1), D (2), E (4), F (5), G (3), H 

(1) 

M (1) 

Muscicapidae spotted flycatcher † †  Muscicapa striata D (3)  

Paridae blue tit Cyanistes caeruleus A (28), B (19), C (18), D (18), E 

(12), F (4), G (2), H (15) 

I (25). J (4), 

K (10), L 

(35), M 

(29), N (13), 

O (27), P 

(4) 

 coal tit Periparus ater A (1), F (1)  

 great tit Parus major A (9), B (8), C (6), D (2), E (12), F 

(6), G (6), H (3) 

I (3), K (4), 

L (1), M (2), 

N (10), O 

(11) 

Phasianidae grey partridge † † Perdix perdix E (1)  

 pheasant Phasianus colchicus A (1), B (4), C (4), D (2), E (3), G 

(6), H (2) 

L (2), N (2), 

O (3)  red-legged partridge Alectoris rufa A (4), E (3), F (3), G (7), H (2)  

Picidae greater spotted 

woodpecker 

Dendrocopos major B (1)  

 green woodpecker Picus viridis E (1), G (2)  

Podicipedidae little grebe Tachybaptus ruficollis B (4)  

Prunellidae dunnock Prunella modularis A (12), B (11), C (31), D (11), E 

(33), F (9), G (12), H (7) 

K (1), L (4), 

N (4), O (6) Rallidae moorhen Gallinula chloropus A (24), B (13), C (10), D (43), E 

(19), F (17), G (14), H (15) 

J (1), K (1), 

L (14), M 

(6), N (7), P 

(3) 

Scolopacidae jack snipe Lymnocryptes minimus D (1)  

 snipe †   Gallinago gallinago C (2), D (5), G (7)  

 woodcock † † Scolopax rusticola  O (1) 

Sturnidae starling † † Sturnus vulgaris B (1), C (3), E (1)  

Sylviidae blackcap Sylvia atricapilla A (9), B (1), C (1), D (8), E (2), F 

(4), G (1), H (7) 

J (1), M (5), 

N (5), O (5)  chiffchaff Phylloscopus collybita A (18), B (22), C (25), D (14), E 

(5), F (18), G (1), H (29) 

J (4), L (10), 

M (25), N 

(19), O (22) 

 garden warbler Sylvia borin G (3)  

 goldcrest Regulus regulus A (4), D (3), F (1) O (1) 

 lesser whitethroat Sylvia curruca B (9) L (1) 
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 sedge warbler Acrocephalus 

schoenobaenus 

E (3), H (1)  

 whitethroat Sylvia communis B (10), C (8), D (5), E (10), F (6), 

G (7), H (14) 

J (4), K (4) 

 willow warbler †   Phylloscopus trochilus A (2), D (8), E (3)  

Troglodytidae wren Troglodytes troglodytes A (40), B (39), C (57), D (33), E 

(37), F (41), G (28), H (33) 

I (19), J 

(14), K (26), 

L (24), M 

(30), N (37), 

O (24), P 

(3) 

Turdidae blackbird Turdus merula A (24), B (38), C (43), D (20), E 

(19), F (16), G (11), H (39) 

I (4), J (16), 

K (22), L 

(38), M 

(30), N (13), 

O (31), P 

(6) 

 fieldfare † †  Turdus pilaris A (1), B (2), C (2), G (1) M (1), N (1), 

O (1)  redwing † † Turdus iliacus C (2), E (1), F (1), G (1), H (1) K (2), L (2) 

 robin Erithacus rubecula A (15), B (12), C (20), E (11), F 

(19), G (7), H (16) 

I (2), J (15), 

K (20), L 

(2), M (29), 

N (21), O 

(31), P (1) 

 song thrush † † Turdus philomelos A (5), E (1), F (2) K (1), M (1) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Page 254 of 266 
 

Appendix C: GLMM 

 

Full average parameter estimates from the Generalized Linear Mixed models for 

bird abundance. Significance value codes: <0.001 ‘***’, 0.001 ‘**’, 0.01 ‘*’, 0.1 ‘.’. 

WL denotes wider landscape variable. 

Bird abundance Estimate SE Z P Sig. 

(Intercept) 0.663 0.118 5.603 
  

Bramble area 0.127 0.074 1.725 0.085 . 

Connectivity -0.306 0.064 4.813 <0.001 *** 

Management 0.583 0.2 2.911 0.004 ** 

Margin area 0.047 0.056 0.835 0.404 
 

Tree area 0.118 0.082 1.439 0.15 
 

Cover crop area (WL) -0.017 0.043 0.403 0.687 
 

Hedge length (WL) 0.022 0.051 0.437 0.662 
 

Pond water area -0.002 0.015 0.116 0.908 
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Full average parameter estimates from the Generalized Linear Mixed models for 

bird species richness. Significance value codes: p < 0.001 ‘***’, 0.001 ‘**’, 0.01 ‘*’, 

0.1 ‘.’. WL denotes wider landscape variable. 

Bird species richness Estimate SE Z P Sig. 

(Intercept) 0.663 0.118 58.752 
  

Connectivity -0.205 0.04 5.093 <0.001 *** 

Management 0.762 0.071 10.675 <0.001 *** 

Tree area 0.047 0.044 1.743 0.286 
 

Cover crop area (WL) -0.008 0.022 1.347 0.717 
 

Margin area 0.008 0.022 1.191 0.707 
 

Pond water area 0.004 0.017 0.902 0.797 
 

Residential area (WL) 0.004 0.017 0.929 0.799 
 

Arable area (WL) -0.003 0.015 0.843 0.82 
 

Bramble area -0.001 0.01 0.437 0.924 
 

Hedge length (WL) -0.001 0.009 0.393 0.931 
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Appendix D. Principal Components Analysis 

 

Component Total % of variance Cumulative % 

1 5.829 52.992 52.992 

2 1.802 16.384 69.376 

3 1.288 11.706 81.082 

4 1.077 9.794 90.877 

5 0.458 4.164 95.04 

6 0.298 2.712 97.753 

7 0.163 1.482 99.235 

8 0.081 0.732 99.967 

9 0.003 0.024 99.991 

10 0.001 0.009 100 

11 2.91e-17 2.91e-16 100 
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Component 

  

 
1 2 3 4 

Management -0.955 0.154 -0.143 0.007 

Connectivity -0.277 0.715 0.407 -0.283 

Waterline perimeter 0.635 0.615 -0.322 0.067 

Macrophyte cover % 0.938 -0.119 0.194 -0.03 

Macrophyte cover area 0.984 0.101 -0.029 -0.034 

Pond area (open, unshaded) 0.981 0.139 -0.045 -0.041 

Pond area (shaded) -0.868 0.401 -0.071 0.065 

Pond water area total 0.665 0.664 -0.151 0.003 

Bramble area 0.503 -0.283 0.668 -0.147 

Tree area -0.376 0.405 0.693 0.283 

Margin area 0.252 -0.019 0.051 0.94 
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Chapter 4. Seasonal benefits of farmland pond management for birds 

 

Appendix A: Correlation table 

 

Codes: 1: Pond management, 2: Pond connectivity, 3: Bramble area, 4: Tree area, 

5: Margin area, 6: Macrophyte area, 7: Water area, 8: Open water, 9: Shaded water. 

* denotes Pearson’s correlation coefficients > 0.7. 

 1 2 3 4 5 6 7 8 9 

1 * 
    

* 
 

* * 

2 
 

* 
       

3 
  

* 
      

4 
   

* 
     

5 
    

* 
    

6 * 
    

* 
  

* 

7 
     

* * * * 

8 * 
    

* * * * 

9 * 
    

* 
 

* * 
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Appendix B: GLMM 

 

Full average parameter estimates from the Generalised Linear Mixed models for 

bird abundance, by season. Statistical significance is based on a p-value threshold 

as p < 0.05 and are denoted by p <0.001 (***), p <0.01 (**) and p <0.05 (*). 

 estimate SE Z Sig. 

BREEDING     

(Intercept) 1.524 0.085 17.873 
 

Bramble area 0.164 0.050 3.249 ** 

Connectivity 0.180 0.057 3.144 ** 

Management 0.470 0.136 3.452 *** 

Margin area 0.125 0.048 2.602 ** 

Tree area 0.013 0.038 0.346 
 

Water area 0.007 0.028 0.269 
 

     
POST-BREEDING estimate SE Z Sig. 

(Intercept) 0.925 0.135 6.827 
 

Bramble area 0.204 0.082 2.476 * 

Connectivity 0.213 0.075 2.817 ** 

Management 0.271 0.202 1.338 
 

Water area -0.021 0.051 0.421 
 

Tree area 0.011 0.040 0.278 
 

     

WINTER estimate SE Z Sig. 

(Intercept) 0.256 0.133 1.918 
 

Connectivity 0.480 0.108 4.440 *** 

Management 0.684 0.179 3.807 *** 

Tree area 0.197 0.095 2.062 * 
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Margin area 0.021 0.057 0.373 
 

Water area -0.014 0.049 0.278 
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Full average parameter estimates from the Generalised Linear Mixed models for 

bird species richness, by season. Statistical significance is based on a p-value 

threshold as p <0.05 and are denoted by p <0.001 (***), p <0.01 (**) and p <0.05 (*). 

 estimate SE Z Sig. 

BREEDING     

(Intercept) 3.153 0.065 48.644 
 

Connectivity 0.127 0.048 2.612 ** 

Management 0.678 0.103 6.533 *** 

Margin area 0.062 0.053 1.176 
 

Bramble 
area 0.015 0.034 0.431 

 

Tree area 0.018 0.040 0.459 
 

     

POST-
BREEDING 

estimate SE Z Sig. 

(Intercept) 2.497 0.042 58.844 
 

Connectivity 0.154 0.029 5.287 *** 

Management 0.893 0.067 13.328 *** 

Tree area 0.099 0.029 3.394 *** 

Bramble 
area -0.025 0.029 0.860 

 

Water area -0.010 0.020 0.477 
 

Margin area -0.001 0.009 0.126 
 

     
WINTER estimate SE Z Sig. 

(Intercept) 2.184 0.082 26.390 
 

Connectivity 0.254 0.064 3.984 *** 

Management 0.578 0.128 4.515 *** 

Tree area 0.050 0.064 0.780 
 

Water area 0.034 0.055 0.617 
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Margin area 0.020 0.042 0.465 
 

Bramble 
area -0.002 0.017 0.103 
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Chapter 5. A buzz in the margins: are pond-margin associated 

invertebrates influenced by pond restoration, with subsequent benefits 

for birds? 

 

Appendix A: GLMM 

 

Full average parameter estimates from the Generalised Linear Mixed models for 

invertebrate abundance. Statistical significance is based on a p-value threshold as 

p <0.05 and are denoted by p <0.001 (***), p <0.01 (**) and p <0.05 (*). 

 

 estimate SE Z Sig. 

(Intercept) 4.15759 0.09878 41.81 
 

Water area 0.09086 0.10662 0.85 
 

Connectivity 0.0119 0.04632 0.256 
 

Margin area 0.01919 0.0592 0.323 
 

Bramble area 0.01438 0.05321 0.269 
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Full average parameter estimates from the Generalised Linear Mixed models for 

invertebrate biomass. Statistical significance is based on a p-value threshold as p 

<0.05 and are denoted by p <0.001 (***), p <0.01 (**) and p <0.05 (*). 

 estimate SE Z Sig. 

(Intercept) 4.93051 0.12968 37.778 
 

Connectivity 0.35382 0.13556 2.594 ** 

Water area 0.02513 0.07688 0.326 
 

Bramble area 0.01959 0.06873 0.284 
 

Margin area 0.0176 0.06692 0.06719 
 

Tree area -0.01391 0.06542 0.212 
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Chapter 6. Ponds as insect chimneys: restoring overgrown farmland 

ponds benefits birds through elevated productivity of emerging aquatic 

insects. 

 

Appendix A: correlation matrix for predictor variables for insect 

abundance 

 1 2 3 4 5 6 7 

1 1 -.03 -0.74 -0.93 -0.85 -0.93 0.84 

2 -0.3 1 0.44 0.34 0.1 0.34 -0.07 

3 -.074 0.44 1 0.87 0.44 0.88 -0.4 

4 -0.93 0.34 0.87 1 0.78 1 -0.79 

5 -0.85 0.1 0.44 0.78 1 0.76 -0.91 

6 -0.93 0.34 0.88 1 0.76 1 -0.78 

7 0.84 -0.07 -0.4 -0.79 -0.91 -0.78 1 

 

Pearson correlation coefficient values for: Management: 1, Connectivity: 2, Water 

area: 3, Water area (open, non-shaded): 4, Macrophyte cover: 5, Mean water 

temperature: 6, Water area (open): 7, Water area (shaded).  
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Appendix B: correlation matrix for predictor variables for bird 

communities 

 1 2 3 4 5 6 7 8 9  

1 1 0.19 -0.33 -0.21 0.24 -0.18 -0.16 0.24 -0.17  

2 0.19 1 -0.17 -0.77 -0.67 -0.75 -0.74 -0.3 -0.34  

3 -0.33 -0.17 1 0.56 -0.09 -0.14 -0.28 0.19 -0.31  

4 -0.21 -0.77 0.56 1 0.63 0.5 0.34 0.05 0.13  

5 0.24     -0.67 -0.09 0.63 1 0.57 0.34 -0.03 0.32  

6 -0.18 -0.75 -0.14 0.5   0.57 1 0.91 0.41 0.86  

7 -0.16 -0.74 -0.28 0.34 0.34 0.91 1 0.44 0.72  

8 0.24 -0.3 0.19 0.05 -0.03 0.41 0.44 1 0.35  

9 -0.17 -0.34 -0.31 0.13 0.32 0.86 0.72 0.35 1  

 

Pearson correlation coefficient values for: Tree area: 1, Pond management, 2, 

Margin area: 3, mean water temperature: 4, Understory area: 5, Insect abundance: 

6, Water area: 7, Connectivity: 8, Insect biomass: 9. 

 

 

 

 

 

 

 

 

 


