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A B S T R A C T

Tropical floodplain lakes are increasingly impacted by human activities, yet their pathways of spatial and 
temporal degradation, particularly under varying hydrological connectivity regimes and climate change, remain 
poorly understood. This study examines surface-sediment samples and 210Pb-dated sediment cores from six 
floodplain lakes, representing a gradient in hydrological connectivity in the lower Magdalena River Basin, 
Colombia. We analysed temporal and spatial variations in several sediment biogeochemical indicators: the 
concentration and flux of nutrients, heavy metals, and organic matter (OM), and redox conditions, flooding and 
erosion. Multiple factor analysis (MFA) of surface-sediments identified redox conditions, OM, flooding, heavy 
metals and lake connectivity as the main contributors to spatial variability within- and between-lakes sediments, 
accounting for 48 % of the total variation. Additionally, no clear distinction was found between littoral and open- 
water sediment characteristics. Isolated lakes sediments exhibited reductive conditions rich in OM and nutrients, 
whereas connected lakes sediments showed greater heavy metal enrichment and higher concentrations of coarse 
river-fed material. Generalised additive models identified significant changes in the biogeochemical indicators 
since the late 1800s, that accelerated post-1980s. Shifts in OM, erosion, flooding, redox conditions, land-cover 
change, heavy metals and climate were identified by MFA as the main drivers of change, explaining 60 %-71 
% of the variation in the connected lakes and 53 %-72 % in the isolated lakes. Post-1980s, connected lakes 
transitioned from conditions of higher accumulation of OM and little erosion to higher accumulation of heavy 
metals and river-fed material. Conversely, isolated lakes, shifted from detrital-heavy metal-rich sediments to OM- 
, and nutrient-rich, reductive sediments. Sedimentation rates also surged post-1980s, particularly in highly 
connected lakes, from 0.14 ± 0.07 g cm2 yr⁻1 to 0.5 ± 0.5 g cm2 yr⁻1, with elevated fluxes of metals, OM and 
nutrients. These changes in sediment biogeochemistry align with deforestation, river regulation and prolonged 
dry periods, highlighting the complexities behind establishing reliable reference conditions for pollution as-
sessments in large, human-impacted tropical river systems.
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1. Introduction

Tropical floodplain lakes constitute unique ecosystems that serve as 
crucial connectors between aquatic and terrestrial habitats within a 
river basin (Nanson and Croke, 1992). These ecosystems offer invaluable 
services including the mitigation of peak flows during flood events, 
improving water quality, the bioprocessing, redistribution and seques-
tration of organic matter (OM), nutrients, sediments, and heavy metals 
(Wohl, 2021; Sutfin et al., 2016; Schindler et al., 2014).

The functioning of tropical floodplain lakes is primarily regulated by 
the interaction of regional precipitation and geomorphic conditions, 
which together influence the flow of rivers and the associated lateral 
exchange of materials (Junk et al., 1989). During high floods, nutrients, 
OM and key river-fed elements such as magnesium (Mg), titanium (Ti), 
iron (Fe) and aluminium (Al) are delivered into the lakes and are later 
returned to the main river as waters recede (Pereira et al., 2024; Junk 
et al., 1989). This deposition and remobilisation of elements across 
floodplains further depends on the degree of hydrological connectivity 
to the main river (Pestana et al., 2019; Almeida et al., 2014). For 
instance, isolated lakes, with lower degree of connectivity, receive 
marginal riverine input and rely more on local production, while highly 
connected lakes are more influenced by flooding events (Sutfin et al., 
2016).

Unfortunately, the regional interplay of climate, geomorphology and 
hydrology renders floodplain lakes highly susceptible to current human 
pressures (Tockner and Stanford, 2002). The expansion of agriculture 
and urbanisation across river catchments are, for instance, a major 
driver of degradation (Rajib et al., 2023). Recent global assessments 
show that over the last three decades, approximately 600,000 km2 of 
floodplain areas have been altered to meet growing socio-economic 
demands, where in tropical South America, about 80 % of floodplain 
changes are due to agriculture (Rajib et al., 2023). Additionally, river 
damming for hydropower, is leading to water quality degradation, re-
ductions in river flow movement and magnitude, and alterations in the 
lateral movement of nutrients, OM, and river-fed elements into flood-
plain lakes (Wohl, 2021; Angarita et al., 2018; Winemiller et al., 2016).

In human-altered floodplains, floods still play a key role in trans-
porting and depositing pollutants (Ciszewski and Grygar, 2016). During 
floods, concentrations of suspended particulate matter and pollutants 
surge and remain elevated as waters recede (Ciszewski and Grygar, 
2016). Strong flood pulses bring an extra influx of dissolved OM and 
pollutants like arsenic (As), mercury (Hg), and lead (Pb), while 
particulate-bound pollutants such as zinc (Zn), nickel (Ni), and copper 
(Cu) tend to dilute and be present in lower concentrations (Monteiro 
et al., 2024; Almeida et al., 2014). Hydrological variations, influenced 
by redox changes in sediments, cause further pollutant levels to rise 
(decrease) during dry (wet) periods (Gaiero et al., 1997).

While flood-exposed lakes in human-impacted landscapes remain 
vulnerable to higher pollutant influxes, urban and industrial sources are 
increasingly becoming the primary drivers of lake pollution (Luo et al., 
2021; Ciazela et al., 2018). As a result, proximity to a point source is 
often a more significant factor than flood pulses alone. Such increasing 
role of anthropic point sources highlights the need for long-term records 
to establish baseline conditions and characterise river pulse-pollutant 
dynamics over decades to centuries. Recent studies suggest that lake 
sediments serve as reliable archives of the history of human impact, past 
floods, and changes in connectivity (Walton et al., 2023; Loper-
a-Congote et al. 2021; Salgado et al., 2019b). Variations in OM and grain 
size are used for instance, as proxies to infer flow energy and connec-
tivity: high OM accumulation, fine-grained silts and clays reflect mod-
erate flows, while low OM content and coarse-grained sediments 
indicate high-energy flood events (Schillereff et al., 2014). To date, most 
palaeoflood research has focused on millennial-scale records to assess 
climatic drivers and/or specific events (Schillereff et al., 2014). Its po-
tential to track hydrological shifts and human pollution on 
decadal-century scales in tropical regions lacking long-term 

instrumental data remains, however, underexplored.
The lower Magdalena River Basin (LMRB) in Colombia (Fig. 1), ex-

emplifies a critically endangered floodplain ecosystem, heavily influ-
enced by human activity (Jiménez-Segura et al., 2022; Salgado et al., 
2022). Spanning approximately 320,000 hectares of natural floodplains 
and lakes (locally known as Ciénagas), it is one of the largest, lowland, 
tropical floodplains in South America. Located within the Tumbes–-
Choco biodiversity hotspot (Myers et al., 2000), the LMRB is ecologi-
cally vital, hosting over 160 aquatic vertebrate species and two 
protected sites under the Ramsar convention (Wittmann et al., 2015): 
Complejo Cenagoso de Zapatosa (121,725 ha) and Ciénaga Grande de Santa 
Marta (400,000 ha). Home to over 6 million people, the LMRB is also one 
of the most densely populated floodplains in tropical America, making it 
highly vulnerable to human pressures such as river damming for hy-
dropower, land-cover changes for agriculture and urbanisation, the in-
vasion of alien species and the impacts of climate change (Munar et al., 
2023; Salgado et al., 2022; Angarita et al. 2018).

Extensive agriculture, combined with atmospheric deposition and 
industrial and household sources of pollution, has led to excessive loads 
of nutrients, heavy metals and OM into the LMRB (Yang et al., 2023; 
Tejeda-Benitez et al., 2016). For instance, the biogeochemical cycles of 
nitrogen (N) and phosphorus (P) have been significantly disrupted, with 
current concentrations in the main river now exceeding pre-1950 levels 
by one order of magnitude (Jiménez-Segura et al., 2022). Similarly, 
toxic metals levels such as Pb, Hg, and As have increased throughout the 
river system, with bioaccumulation in aquatic life and humans, reaching 
levels three times higher than WHO recommendations (Córdoba-Tovar 
et al., 2022; Olivero-Verbel et al., 2015a).

Here, we integrate palaeolimnological techniques from six lakes in 
the Barbacoas-Chucurí floodplain lake network (Fig. 1) and contempo-
rary and historical precipitation and land-use records in the LMRB. By 
analysing long-term (years to centuries) changes in sedimentation rates, 
OM content, heavy metals, redox conditions, flooding patterns and 
nutrient levels, from 210Pb-dated lake sediment cores, we aim to assess 
the pathways through which ecosystem degradation occurs. We also aim 
to quantify how climate variability and the degree of connectivity 
modulate these responses and understand how ecosystems respond over 
time to river damming, flooding, deforestation and proximity to pollu-
tion sources.

2. Methods

2.1. Study area

The Barbacoas-Chucurí floodplain lake network is situated in the 
middle, lowland (< 90 m.a.s.l) stretch of the LMRB (Fig. 1). This lake 
network primarily receives inflow from the Magdalena River (mean 
discharge= 7100 m3 s− 1) and its tributary, the Carare River (mean 
discharge= 508 m3 s− 1). Additionally, a smaller creek, The San Juan, 
which originates from the eastern flank of the Eastern Andean Cordil-
lera, contributes to the Carare River.

The region experiences a bimodal precipitation pattern, with two 
main rainy seasons (March-May and October-November) and two dry 
seasons (December-February and June-September). Variations in pre-
cipitation are controlled by El Niño-Southern Oscillation (ENSO), which 
occurs every 2–5 years. In this region, the El Niño warm phase of ENSO, 
leads to intense and prolonged droughts, significantly reducing river- 
lake connectivity (Jiménez-Segura et al., 2022). In contrast, during the 
cold phase of ENSO or La Niña, the region receives ca. 30 % more rain 
than in normal years, causing widespread flooding, and increasing 
river-lake connectivity (Jiménez-Segura et al., 2022).

2.1.1. Study lakes
Six floodplain shallow (mean depth = 2.3 ± 0.8 m) lakes were 

studied: San Juana (surface area: ~105 ha), Colorada (~43 ha), Rabona 
(~114 ha), Chucurí– Aguas Blancas (AB, ~125 ha), Chucurí– Aguas 
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Negras (AN, ~114 ha), and Barbacoas (~100 ha) (Fig. 1). These lakes 
receive large amounts of humic compounds from nearby wetlands and 
remnants of riparian forest (Moreno et al., 1987; Pedraza et al., 1989), 
resulting in low water transparency (mean Secchi depth = 0.8 ± 0.2 m), 
low dissolved oxygen (DO; mean= 3.5 ± 1.5 mg L− 1) and circumneutral 
pH (mean= 7.3 ± 0.3) (Table 1). Lake levels fluctuate significantly 
(±2.5 m; personal observation) between rainy and dry seasons, with 
littoral and open water areas often desiccating late in the dry season. 
During dry El Niño periods, the lakes can lose 30–70 % of their open 
water surface area (Lopera-Congote et al., 2021).

The lakes are situated within cattle ranches, and oil palm plantations, 

with only small remnants of riparian forest. The region experienced 
significant deforestation, with nearly 10,000 hectares yr− 1 being lost 
between 2005 and 2010 (Jiménez-Segura et al., 2022). Small towns 
(~500 inhabitants) are present at the mouths of the Carare and Mag-
dalena rivers and the area also faces oil exploitation and small-scale 
open-cast gold and gravel mining operations.

2.1.2. River-lake connectivity
The lakes were classified into two types based on their hydrological 

connection to the Magdalena and Carare Rivers, following 
Jiménez-Segura et al., 2022 (Fig. 1): Type I includes lakes directly 

Fig. 1. Location of the Barbacoas-Chucurí lake network within the lower Magdalena River basin (marked by the red star) and the position of the six study lakes, 
along with the coring sites at each lake (indicated by yellow circles). The lakes are classified based on their hydrological connectivity to a main river: Type I lakes 
(shown in dark blue), which are directly connected through a channel (Barbacoas, Chucurí -AB, and Rabona); Type II lakes (shown in green), which are connected 
through a secondary channel (San Juana and Colorada) or another lake (Chucurí-AN).

Table 1 
Average (Avg.) values and standard deviations (SD) categorised by lake sampling points of water chemistry parameters at littoral (L) and open water (OW) are as.

Lake Lake type Area Depth (m) DO (ppm) T 
(◦C)

Secchi depth (m) pH

Barbacoas Avg.SD I L 2.3 ± 0.9 2.7 ± 1.7 31.6 
±1.3

0.8 
±0.1

7.5 ± 0.3

Chucurí-AB Avg. SD I L 2.2 ± 0.1 4.8 ± 0.1 32.7 ± 0.7 0.8 
±0.5

7.2 ± 0.2

Rabona Avg. SD I L 1.3 ± 0.2 2.5 ± 0.8 31.3 ± 2.6 1.0 
±0.1

7.7 
±0.1

Chucurí-AN Avg. SD II L 2.2 ± 0.1 4.8 ± 0.1 33.2 ± 0.1 1.1 
±0.02

7.8 ± 0.3

Colorada Avg. SD II L 1.1 ± 0.5 3.6 ± 0.1 29.8 ± 0.1 0.7 
±0.1

7.5 ± 0.1

San Juana Avg. SD II L 2.2 ± 0.1 1.2 
±0

31.2 
±0.6

0.6 
±0

7.7 ± 0.3

All Avg.  L 1.8 3.3 31.6 0.8 7.6
 SD   0.5 1.4 1.2 0.2 0.2
        
Barbacoas Avg. SD I OW 2.5 ± 0.3 3.1 ± 1.1 30.1 ± 0.3 0.7 

±0.2
7.3 ± 0.3

Chucurí-AB Avg. SD I OW 3.4 ± 0.5 5.4 ± 0.4 32.9 
±1.1

1.0 
±0.4

6.8 
±0.2

Rabona Avg. SD I OW 2.1 ± 0.2 2.7 ± 0.1 31.1 ± 0.5 1.0 
±0

7.2 ± 0.1

Chucurí-AN Avg. SD II OW 3.9 ± 0.1 5.2 ± 0.05 32.3 ± 0.1 1.2 
±0.1

7.4 
±0

Colorada Avg. SD II OW 1.6 
±0

4.1 ± 0.2 29.7 
±0

0.7 
±0.1

7.1 ± 0.1

San Juana Avg. SD II OW 2.9 ± 0.1 0.9 ± 0.7 31.3 ± 1.6 0.7 
±0.1

7.3 ± 0.1

All OW Avg.  OW 2.7 3.6 31.2 0.9 7.2
 SD   0.8 1.7 1.2 0.2 0.2
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connected to a main river, such as Barbacoas and Chucurí-AB (con-
nected to the Magdalena) and Rabona (connected to the Carare). Type II 
comprises more isolated lakes connected through secondary water-
bodies, like San Juana and Colorada (via San Juan creek to the Carare) 
and Chucurí-AN (connected to the Magdalena through Chucurí-AB). 
Despite being part of the same system, Chucurí-AB and Chucurí-AN were 
treated separately due to differences in watercolour, size, and 
connectivity.

2.2. Water physicochemistry and surface sediment sampling

A fieldwork campaign was conducted in August 2022 to collect 
multiple surface-sediment samples (top 2 cm) at each lake from both 
littoral and open water habitats. The samples were retrieved using a 
short, wide-bore corer with a diameter of 10 cm (Aquatic Instruments 
Inc.) aimed to assess spatial variability in the fossil record. For each of 
the smaller lakes - San Juana, Colorada, Rabona, and Chucurí-AN - two 
samples in both open water and littoral habitats were collected. For the 
larger lakes - Chucurí-AB and Barbacoas - three samples in open water 
and littoral habitats were collected in each lake. Sediments were stored 
at 4 ◦C prior to analyses. Water temperature (◦C), pH, DO (mg L− 1), 
Secchi depth (m), and water depth (m) were also measured at each 
surface sediment sampling location using a YSI probe.

2.3. Core sampling

Sediment coring was conducted in June 2017. Single, short cores of 
approximately 50 cm long were collected using a wide-bore corer in the 
following lakes: Colorada (core code: LCOL1), Rabona (LRAB1), Chu-
curí-AB (LCHUC-AB1), and Chucurí-AN (LCHUC-AN1). The specific 
coring locations and water depth were: 90 cm for LCOL1 (6◦42′20.80″N 
74◦ 8′16.50″W), 105 cm for LCHUC-AB1 (6◦48′32.40″N 74◦ 2′13.48″W), 
135 cm for LCHUC-AN1 (6◦50′4.47″N 74◦ 2′5.67″W), and 95 cm for 
LRAB1 (6◦42′53.01″N 74◦ 4′39.89″W), respectively (Fig. 1). Two addi-
tional cores, previously collected and studied from San Juana Lake 
(LSAN1) and Barbacoas Lake (LBARB1) in 2016 by Lopera-Congote et al. 
(2021) were also included in this study. These cores were collected using 
the same methods as in 2017, from water depths of 100 cm (6◦38′32′′N 
74◦09′24′′W) for LSAN1 and 90 cm (6◦44′26′′N 74◦14′36′′W) for LBARB1 
cores. Cores were taken from secluded bays where wind patterns fav-
oured sediment transport and deposition and where a mix of littoral 
wetland fringes and open waters, allows assessing potential temporal 
shifts in OM sources between littoral and open water. In the field, all 
cores were extruded at 1-cm intervals and refrigerated at 4 ◦C for further 
analysis.

2.4. Dating and age-depth models

The cores LSAN1, LBARB1, LCOL1 and LCHUC-AB1 were dated using 
radiometric measurements of 210Pb, 226Ra, 137Cs, and 241Am by direct 
gamma assay (Appleby, 2001) in the Environmental Radiometric Fa-
cility at University College London, UK. Age models for LSAN1 and 
LBARB1 cores were derived from Lopera-Congote et al. (2021). For 
LCOL1 and LCHUC-AB1, the top 20 cm of the cores were dated, and 
chronologies were calculated using the constant rate of 210Pb supply 
(CRS) dating model (Appleby, 2001). An age model beyond the top 20 
cm for all four cores was fitted, by simulating new ages following a 
shape-constrained generalised additive model (GAM), with the 
age-model spline constrained by a monotonic decline (Simpson, 2018). 
The 210Pb Chronologies for cores LRAB1 and LCHUC-AN1 were estab-
lished by correlation with OM profiles of cores LCOL1, LSAN1 and 
LCHUC-AB1 following Salgado et al. (2019a) (Appendix 2: Fig. S2).

2.5. Geochemical analysis

Concentrations (µg/g) of geochemical elements in the LSAN1 and 

LBARB1 cores were measured using an Xmet 7500 portable X-ray fluo-
rescence (XRF) analyser (Oxford Instruments Inc.) (Lopera-Congote 
et al., 2021). Three grams of dry sediment per 1-cm-thick sample were 
analysed, with a 1-cm sampling resolution for the top 18 cm and every 3 
cm for the remaining depths in both cores. For the LCOL1, LRAB1, 
LCHUC-AB1, and LCHUC-AN1 cores, element concentrations were 
analysed using a PANalytical Epsilon3-XL XRF spectrometer (Malvern 
Panalytical Inc.) at the School of Geography, University of Nottingham, 
UK. Each 1-cm-thick sample was analysed with a 2-cm sampling reso-
lution. Both XRF methods were calibrated against certified reference 
materials prior to analysis.

Specific elements and ratios were used as proxies for redox condi-
tions, flooding, erosion and pollution (nutrients and heavy metals). For 
heavy metals we use Ni, Cu, Zn, As, Pb, chromium (Cr), cobalt (Co), and 
cadmium (Cd), and for nutrients we use P and N. Erosion (detrital in-
puts), and flooding were assessed using specific element ratios of tita-
nium–calcium (Ti/Ca), and zirconium–iron (Zr/Fe), respectively 
(Davies et al., 2015). Ti is a redox-insensitive element and an unam-
biguous indicator of catchment erosional inputs, while Ca may reflect 
in-lake carbonate production (Davies et al., 2015). Thus, higher Ti/Ca 
ratios provide information about detrital erosion from runoff (Salgado 
et al., 2020). During high floods, coarse-grained (Zr) sediments often 
increase over finer Fe-rich sediments, hence, higher Zr/Fe ratios can be 
used to indicate flood events (Schillereff et al., 2014).

Reductive conditions were assessed using the iron-manganese (Fe/ 
Mn) ratio (Davies et al. 2015) and increases in molybdenum (Mo), va-
nadium (V) and sulphur (S) (Zhang et al., 2022; Tribovillard et al., 
2006). In reducing sediments, Fe and Mn solubility increases, with Mn 
being more sensitive to these changes, thus, higher Fe/Mn ratios can 
indicate anaerobic conditions (Davies et al., 2015). Anoxic conditions in 
lake sediments can also lead to sulphur incorporation (Tribovillard 
et al., 2006). Anoxic environments are enriched in redox-sensitive ele-
ments like Mo and V s due to reactions with sulphide, leading to higher 
concentrations relative to conservative elements like Al or Ti 
(Tribovillard et al., 2006). Due to a lack of Al data availability across the 
6 cores and robust background levels of Mo and V in the study area, we 
calculated Mo and V enrichments by normalising them to Ti 
(Tribovillard et al., 2006).

The OM in the surface and core sediments were measured by loss-on- 
ignition (LOI) at 550 ◦C (Dean, 1974). Core sampling resolution was at 
every 2 cm for the top 20 cm samples and at every 4 cm for the 
remaining 30 cm of the core’s samples. The sources (allochthonous 
versus autochthonous) of OM were then determined using the ratios of 
total percentage organic carbon (TOC) and total organic nitrogen (TN), 
obtained by combustion of dry sedimentary material on a Costech 
Elemental Analyzer (EA) coupled in-line to a dual-entry VG TripleTrap 
and Optim mass spectrometer at the National Environmental Isotope 
Facility, British Geological Survey, UK.

We then used the mass accumulation rates (MAR; expressed as gr 
cm− 2 yr− 1) obtained from the 210Pb dating models to determine the flux 
of OM, nutrients and metals. Fluxes were calculated by multiplying the 
MAR, the LOI percentage or elemental concentrations and the dry bulk 
density. Thus, metal, OM and nutrient fluxes were derived only from the 
210Pb dated cores LCHUC-AB1 and LBARB1 (Type I) and LSAN1 and 
LCOL1 (Type II), focusing on the dated period from approximately 1950 
to the present.

2.6. Historical climate

Long-term climatic variability data (1950-present) were obtained 
from the Standardised Precipitation-Evapotranspiration Index (SPEI) 
analysis (Vicente-Serrano et al., 2010). The SPEI analysis generates a 
drought index based on the difference between precipitation and po-
tential evapotranspiration for a given area, allowing the identification of 
years with extreme water deficit or excess.
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2.7. Historical Land-cover

Historical land cover changes in Colombia were estimated using the 
Hyde 3.2 database (Klein Goldewijk et al., 2017), which provides annual 
data from 2000 onwards and decadal data prior to 2000. This dataset 
assesses historical population, pastureland (meadows and grasslands in 
Mkm2) and irrigation areas (in 1000 ha), integrating satellite data to 
produce spatially explicit maps at a 5-arcmin resolution from 10,000 
BCE to the present. Although these data are at national scale, they likely 
capture key historical changes in the LMRB, given the fact that much of 
Colombia’s socio-economic development has historically occurred 
within this river basin.

2.8. Baselines and degree of pollution

To contextualise our findings within the broader LMRB framework, 
we used secondary data from the Magdalena River’s middle stretches 
(Tejeda-Benitez et al., 2016) and two comparable lakes, Opon and 
Miramar, located south of our study area (Olivero-Verbel et al., 2015b). 
Both Opon and Miramar lakes are directly connected to the Magdalena 
River (Type I) and have experienced significant anthropogenic impacts, 
with Miramar now classified as an urban lake within the city of Bar-
rancabermeja (Olivero-Verbel et al., 2015b). These sedimentological 
reference data were used to compare pre-industrial sediment core levels 
with current elemental concentrations in the studied lakes.

2.9. Data analysis

2.9.1. Gradients of geochemical, climatic and land-use change
Spatial and temporal gradients in sediment biogeochemistry, water 

physicochemistry, climatic, and land-cover changes in the lakes were 
assessed using Multiple Factor Analysis (MFA) (Pagès, 2002). MFA 
simultaneously evaluates categorical variables (e.g., lake locations and 
connectivity types) and continuous variables, including redox proxies 
(Fe/Mn, Mo/Ti, S/Ti, V/Ti), erosion (Ti/Ca), flooding (Zr/Fe), nutrients 
(P, N), heavy metals (Mn, Cr, Co, Ni, Cu, Zn, As, Cd, Pb), OM (LOI, C/N), 
water physicochemistry (DO, pH, temperature, depth), land-cover 
changes (pastureland, irrigation), and climate (SPEI). Continuous data 
were standardised to reduce skewness and ensure comparability (Pagès, 
2002). MFA was performed in R using the FactoMineR package (Le et al., 
2008), and missing values were addressed with imputation techniques 
from the "missMDA" package.

2.9.2. Significant periods of temporal change
Generalised additive models (GAMs) from the "mgcv" package in R 

(Wood, 2017) were used to identify significant temporal trends in the 
sediment biogeochemical indicators, climatic and land-cover datasets 
with smooth functions (Simpson, 2018). For each lake, principal curve 
(PrC) analysis (R "analogue" package; Simpson, 2007) derived a main 
gradient of variation in the targeted biogeochemical indicators, which 
was then fitted in independent GAMs against time using smooth func-
tions. The residual maximum-likelihood (REML) method and a Gaussian 
distribution with an identity link were used to model time series data, 
with a base function (k) of 10 for all lake data. Diagnostic Q-Q plots 
checked for residual variance homogeneity and addressed uneven ob-
servations. Significant compositional thresholds were assessed using the 
first derivative function of each GAM (R "gratia" package; Simpson, 
2022), with deviations from 0 indicating periods of significant change 
(Simpson, 2018).

2.9.3. Single effects of land-cover change and climate variation
The unique effects of land-cover change (pastures and irrigation) and 

climatic variation (SPEI) on each lake’s long-term sediment biogeo-
chemical variation were analysed using partial redundancy analyses 
(pRDA; varpart function in the ’vegan’ R package; Oksanen et al., 2022). 
Each component’s contribution was adjusted to R2. pRDA decomposed 

the total variance into four parts: (a) land-cover, (b) climate, (c) shared, 
and (d) unexplained variation. The shared fraction (c) indicates variance 
attributed to both land-use and climatic factors. The significance of each 
component was assessed through 499 Monte Carlo permutations.

2.9.4. Changes in elemental fluxes and baseline conditions
Differences in biogeochemical parameters among lake surface- 

sediments, baseline palaeodata, and regional references were analysed 
using Tukey’s Honest Significant Difference test (p < 0.05). To link 
erosional processes with land-cover changes, flux data were divided into 
three historical periods: 1950–1979, 1980–1997, and 1998-present. 
Mean values between these periods were also compared using Tukey’s 
HSD test (p < 0.05).

3. Results

3.1. Age models

The 210Pb age models are provided in Appendix 1. To summarise, 
LSAN1, LCOL1, LCHUC-AB1 and LBARB1 cores indicate that the last 100 
years are contained approximately within the top 20–30 cm of the cores. 
The final age model for the more connected Type I lakes (LBARB1, 
LCHUC-AB1), spanned to 1959 CE in LBARB1, to 1950 CE for LCHUC- 
AB1 and to 1910 CE for LRAB1 (Appendix 1: Figure S1.1). In contrast, 
for the more isolated Type II lakes, the models suggest a sediment record 
spanning to approximately 1620s CE in LSAN1, 1750s CE in LCOL1 and 
1910 CE for LCHUC-AN1 cores.

3.2. Spatial gradients in lake biogeochemistry and limnology

The first two dimensions of the MFA on the surface-sediments 
accounted for 48 % (Dimension 1: 32 %; Dimension 2: 1 6 %) of the 
biogeochemical indicators and water chemistry variables variation 
(Fig. 2). Dimension 1 separated the data into two groups: lakes located in 
the south of the area (Barbacoas and San Juana) and those located in the 
north (Colorada, Rabona, and both Chucuri lakes). Dimension 2 differ-
entiated lake connectivity types, with the highly connected Type I lakes 
(Barbacoas, Chucuri- AB, and Rabona) situated on the positive side of 
dimension 2, and the more isolated Type II lakes (Chucuri-AN, San Juana 
and Colorada) on the negative side of dimension 2.

For Dimension 1, key contributors were redox conditions (16 %), OM 
(LOI and C/N; 15 %), lake categories (14 %), flooding (Zr/Fe; 13 %), and 
heavy metals (11 %). For Dimension 2, notable contributions came from 
lake categories (34 %), connectivity type (30 %) and redox conditions 
(12 %) (Appendix 2: Fig S2.1). The analysis identified two types of lake 
sediment biogeochemistry: one with high OM and elevated TP and TN 
levels, and another high in inorganic, heavy metal concentrations and 
signs of increased erosion, flooding and reductive conditions. Some 
spatial biogeochemical variations were observed within lakes, but with 
no clear distinctions between littoral and open waters.

3.3. Long-term gradients in sediment biogeochemistry, land-cover and 
climate

The full stratigraphic lake plots for the analyses of each core data are 
presented in Fig. 3 and the main temporal compositional changes 
revealed from the GAMs and MFA (Figs. 3, 4) analyses are summarised 
below:

3.3.1. Periods of significant temporal change
The GAMs revealed a gradual shift in the sediment geochemical 

patterns across lakes since the late 1800s, with a notable period of ac-
celeration around the mid 1980s that stabilised thereafter (Fig. 5i, ii). 
Although there was a consistent temporal and regional trend of change 
in the lake sediments, the MFA indicated a distinct spatial response 
between the lakes according to the river-lake connectivity types (see 
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Fig. 2. Multiple Factor Analysis (MFA) plots illustrating: (a) the variations of OM (LOI and C/N), redox conditions (Fe/Mn, S/Ti, V/Ti and Mo/Ti), flooding (Zr/Fe 
ratio), erosion (Ti/Ca ratio), heavy metals (Mn, Cr, Co, Ni, Cu, Zn, As, Cd, and Pb), nutrients (P and N), and water chemical parameters (DO, surface temperature [T], 
pH, Secchi depth, and water depth) in the surface-sediments of the lakes. The pale brown background represents conditions high in OM, while the blue background 
indicates environments dominated by heavy metals, erosion, flooding, and reductive conditions; (b) The sampling locations within each lake are categorised by 
hydrological connectivity type: L = littoral; OW= open water.

Fig. 3. Stratigraphic plot showing the long-term variation in biogeochemical elemental concentrations and mean values (dash vertical lines) in (a) connected lakes 
(Type I); and (b) more isolated lakes (Type II). Wet and dry interannual periods as indicated by SPEI are also shown by a blue vertical line.
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Fig. 4. MFA plots depicting the temporal variation (I) of OM (LOI and C/N), flooding (Zr/Fe ratio), erosion (Ti/Ca ratio), redox conditions (Fe/Mn, S/Ti, V/Ti, and 
Mo/Ti ratios), heavy metals (Mn, Cr, Co, Ni, Cu, Zn, As, Cd, and Pb), nutrients (P and N), land-cover change (cropland and irrigated land) and the trajectory of 
temporal change (II) in the multivariate space in sediment cores from (a) Type I lakes (LCHUC-AB1; LRAB1; LBARB1) and (b) Type II lakes (LCHUC-AN1; LCOL1; 
LSAN1). The pale brown background indicates conditions rich in OM, while the blue background signifies conditions rich in heavy metals, erosion, flooding, and 
redox conditions.
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Fig. 4).

3.3.2. Type I lakes
The first two dimensions from the MFAs on cores LCHUC-AB1, 

LRAB1, and LBARB1 explained 60 %, 71 %, and 68 % of the total his-
torical sedimentological variation, respectively (Fig. 4a). Dimension 1 
accounted for 44–52 % of the variation, with significant contributions 
from OM, erosion, flooding, redox conditions, land-cover changes and 
SPEI (Appendix 3: Fig. S3.1a). Dimension 2 explained the remaining 
16–21 % of the variation, with significant contributions of metals, 

flooding, redox conditions and SPEI.
The MFAs revealed that before the 1980s, the lakes sediments (on the 

negative side of Dimension 1) were characterised by reductive condi-
tions (V/Ti and S/Ti) and high accumulation of OM (LOI and C/N), and 
of TN, As, Cu, and Ni. The associated SPEI values indicate wetter con-
ditions. Post-1980s, sediment characteristics (on the positive side of 
Dimension 1) shifted to an inorganic phase with increased pastureland 
and irrigation, higher flooding, erosion, and reductive conditions (Fe/ 
Mn and Mo/Ti) and higher concentrations of Cr, Cd, Co, and Pb.

Fig. 5. Generalised additive model (GAM) plots of long-term biogeochemical change derived from a principal curve analysis (PC) found in the sediment cores of 
lakes Type I (a) and Type II (b). (i) Changes in PC scores over time. The onset of deforestation (mid 1800s-1950) and subsequent periods of increased deforestation 
(1950–1979; 1980–1997; 1998-present CE) are represented by a background colour from pale green to pale blue. (II) significant periods of change determined by 
each GAM model first derivate. First derivative values deviating from the 0 (dash line) indicate a significant period of change. Intervals related to SPEI extreme dry 
conditions (ENSO-El Niño) are indicated by a red background and extreme wet (ENSO-La Niña) phases in blue; and (III) pRDA results indicating the unique 
contribution of land-cover change and climate (SPEI) in the lakes long-term biogeochemical variation. * p < 0.05; ** p < 0.01; *** p < 0.001.
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3.3.3. Type II lakes
The first dimensions from the MFA on cores LCHUC-AN1, LCOL1, 

and LSAN1 explained 72 %, 53 %, and 53 % of the historical sedimen-
tological, land-cover and climatic variation, respectively (Fig. 4b). 
Dimension 1 accounted for 32–44 % of the temporal variation in the 
lake’s sediments, with significant contributions from OM, erosion, land- 
cover change, flooding and redox conditions (Fig. S3.1b). Dimension 2 
explained 16–28 % of the variation, with heavy metals, SPEI and redox 
conditions significantly contributing the most (Fig. S3.1b).

The MFAs showed that pre-1950s, inorganic conditions prevailed in 
the lakes sediments (negative side of dimension 1) with prevalent 
flooding and higher levels of MAR, Cr, Cd, Co and Pb. Post-1950s, 
conditions shifted to high accumulation of OM, N, P and As, increased 
erosion and reductive conditions (S/Ti, V/Ti, Fe/Mn); all these under 
expanding pasturelands and irrigation (positive side of dimension 1).

3.4. Unique contributions of land-cover and climate

The pRDAs for Type I (connected lakes) revealed that land-cover 
changes explained 22 %, 39 %, and 52 % of the sediment biogeo-
chemical variance in Chucurí-AB, Rabona, and Barbacoas lakes, 
respectively (p < 0.05) (Fig. 5a.iii). Climate factors (SPEI) accounted for 
18 %, 19 %, and 12 % of the variance, respectively (p < 0.05). Adjusting 
for shared effects, land-cover change alone explained 5 % (p = 0.9) in 
Chucurí-AB and a significant (p < 0.05) 33 % and 42 % in Rabona and 
Barbacoas (p < 0.05). Climate alone explained an additional significant 
(p < 0.05) 13 % of the variance in Rabona Lake. The remaining variance 
(77 %, 48 %, and 46 %) was unexplained by land-cover change or 
climate.

The pRDAs for Type II (isolated lakes) showed that land-cover change 
significantly explained 14 %, 34 %, and 36 % of the biogeochemical 
variation in Chucurí-AN, Colorada, and San Juana lakes, respectively (p 
< 0.05) (Fig. 5b.iii). Climate factors accounted for 15 %, 20 %, and 20 % 
of the variance, respectively (p < 0.05). After adjusting for shared ef-
fects, land-cover change alone explained 24 %, 21 %, and 20 % of the 

variance (p < 0.05), while climate alone accounted for 25 %, 7 %, and 4 
% (p < 0.05). The remaining variance (61 %, 59 %, and 60 %, respec-
tively) was unexplained by both factors.

3.5. MAR and element fluxes (1950-present)

Aside from a notable increase in sedimentation in LCHUC-AB1 dur-
ing 1955, Type I lakes saw a significant rise in mean MAR from 0.14 ±
0.07 g cm2 yr⁻1 (1950–1979) to 0.5 ± 0.5 g cm2 yr⁻1 (1998-present) (p <
0.05) (Fig. 6a). Similarly, fluxes of P (30.1 ± 8.2 to 51.0 ± 10.1 g cm2 

yr⁻1), Cr (18.4 ± 10.0 to 50.3 ± 40.7 g cm2 yr⁻1), Ni (11.3 ± 7.0 to 24.4 
± 19.2 g cm2 yr⁻1), Cu (7.4 ± 5.0 to 17.5 ± 15.8 g cm2 yr⁻1), Zn (47.2 ±
29.8 to 128.1 ± 106.9 g cm2 yr⁻1) and Pb (6.7 ± 4.8 to 17.8 ± 14.7 g cm2 

yr⁻1) all increased significantly (p < 0.01) between these periods. In Type 
II lakes, although most ratios and fluxes showed similar increasing 
trends, only LOI increased significantly from 1.0 ± 0.2 (1950–1979) to 
1.6 ± 0.5 g cm2 yr⁻1 (1998-present) (p < 0.01) (Fig. 6b).

4. Discussion

4.1. Spatial-temporal dynamics

Results revealed significant sedimentary changes since the late 
1800s, linked to anthropogenic degradation. Land-cover changes 
impacted sediment characteristics more than climate alone (Fig. 5). 
Deforestation in the LMRB began in the late 1800s due to steamship 
industry demands and surged after the 1970s with population growth 
and agricultural expansion (Davis, 2020; Etter et al., 2006). This is re-
flected in the marked increase in MAR and the rising nutrient and OM 
accumulation and heavy metal fluxes since the early 1980s (Fig. 6). 
Albeit these anthropic stressors, no major pollutant point source pattern 
was detected and sediment characteristics generally varied according to 
lake-river connectivity, consistent with existing tropical America liter-
ature (e.g., Monteiro et al., 2024; Almeida et al., 2014). However, novel 
changes in sources and deposition patterns emerged post-1980s between 

Fig. 6. Boxplots of mass accumulation rates (MAR) and elemental fluxes at lakes Type I (a) and Type II (b) during three periods of increased deforestation 
(1950–1979; 1980–1997; 1998-present CE). Differences between the time periods were assessed via Tukey’s HDs. * p < 0.05; ** p < 0.01; *** p < 0.001.
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connected (Type I) and isolated lakes (Type II), suggesting regional hy-
drological and/or climatic shifts linked to land-use changes (Fig. 7).

4.1.1. Pre-1980s
In highly connected Type I lakes, OM from both allochthonous (e.g., 

river catchment forests and wetlands) and autochthonous (e.g., phyto-
plankton) sources was present, as indicated by C/N ratios of 8–14 
(Zhang et al., 2022; Pestana et al., 2019). These lakes, including Chu-
curí-AB, Rabona and Barbacoas, were enriched with Mo/Ti, V/Ti, S/Ti, 
and metals like Co, Zn, Ni, and Cu, suggesting reductive conditions with 
significant OM degradation (Zhang et al., 2022; Tribovillard et al., 
2006). The joint prevalence of OM, Mo/Ti, and V/Ti enrichment in 
Chucurí-AB and Rabona suggest euxinic conditions, while the low Mo/Ti 
enrichment in Barbacoas suggests suboxic/anoxic conditions 
(Tribovillard et al., 2006). In contrast, isolated Type II lakes had higher 
coarse material concentrations (Zr/Fe and Ti/Ca) and lower redox 
conditions associated with Fe/Mn reflecting more isolated (less river 
input) conditions (Gaiero et al., 1997).

Type I lake sediments were linked to wetter periods, reflecting a 
likely greater influence of the main river’s flood pulse (Pereira et al., 
2024; Almeida et al., 2014). At the time, the Magdalena Basin had no 
major impoundments, and while deforestation rates were increasing, 
they remained relatively low (Etter et al., 2006). As a result, the lakes 
likely experienced stronger flood pulses, with the Magdalena and Carare 
rivers acting as conduits for large quantities of allochthonous OM, 
metals and nutrients, which were distinctly delivered to both lake types 
by the flood pulse. The larger, more connected Type I lakes likely had 
shorter water residence times allowing continuous influx of OM and 
finer river-derived elements to be incorporated into the lake’s food web 
and sediments (Monteiro et al. 2024; Pestana et al., 2019; Sutfin et al., 
2016). In contrast, the smaller, more isolated Type II lakes likely had 
longer residence times, which allowed detrital and coarse materials to 
settle over the OM. Additionally, OM in these lakes probably underwent 

preliminary filtration in the floodplains (Monteiro et al. 2024; Pestana 
et al., 2019; Sutfin et al., 2016).

4.1.2. Post-1980s
By the 1980s, sediment biogeochemistry in Type I lakes shifted with 

increased MAR, erosion (Ti/Ca), heavy metals (e.g., Pb, Cr, Cd), nutri-
ents (P) and coarse material (Zr/Fe), while OM accumulation declined. 
Conversely, Type II lakes showed higher accumulations of nutrients (N, 
P) and OM and reductive conditions with reduced MAR. Type II sedi-
ments were enriched with V/Ti, S/Ti and metals like Co, Zn, Ni and Cu, 
indicating intense OM degradation and sulphide-reductive conditions. 
The increased P levels in Type II lakes suggest, however, rising anthro-
pogenic sources rather than intensified anoxic pathways (Zhang et al., 
2022).

The changes in the studied biogeochemical indicators between the 
Type I and Type II lakes further align with two decades of dry regional 
climate (Fig. 7), including the 1997–1998 El Niño event, one of the 
driest periods of the past six decades, which dried out much of the lakes 
(Lopera et al., 2021). It also coincided with surges in deforestation and 
the commissioning of the Betania Reservoir on the Magdalena River in 
1983. This reservoir is one of the largest hydropower dams in the basin, 
which played a crucial role in stabilising the river’s flow pulses and 
reducing the extent of river-lake connectivity ever since (Angarita et al., 
2018).

Hydrological stabilisation from river damming and/or drier climate 
conditions likely reduced river-lake connectivity and increased water 
residence times in both lake types (Lopera-Congote et al., 2021; Salgado 
et al., 2020). Forest-to-agriculture land conversions in tropical America 
have further shown that land-cover change releases nutrients and runoff 
of highly labile OM, which is rapidly mineralised in rivers (Wolf et al., 
2011). Since the 1980s, erosive material has steadily increased accord-
ingly in the Magdalena River, even with dams retaining clastic material 
(Jiménez-Segura et al., 2022). Thus, deforestation, combined with 

Fig. 7. Graphical representation of the historical climatic variability, land-cover change and reconstructed long-term changes in sediment biogeochemistry along 
lakes Type I and Type II during two detected main periods of change: pre-1980s and post 1980s CE.
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damming and a drier climate likely disrupted the downstream move-
ment of OM (Sutfin et al., 2016), while boosting fluxes of erosive ma-
terial and nutrients, capable of reducing OM deposition, and increased 
sedimentation rates in the connected Type I lakes (Ballogh et al., 2010). 
Damming and drier climates also likely increased water residence times 
in Type II lakes, leading to expanded wetland fringes, higher accumu-
lation of nutrients and OM and faster sedimentation and anoxic 

conditions (Salgado et al., 2019b). The observed temporal homogeni-
zation of biogeochemical variance across all lake sediments since the 
1980s (Fig. 5) also aligns with other dam-affected systems, which show 
regulated sedimentation patterns post-dam implementation (Zeng et al., 
2018).

The higher accumulation of heavy metals in Type I lake sediments 
post-1980s also matches findings of metal pollution in human-altered 

Fig. 8. Boxplots showing the variation in concentrations of elements at (i) pre-1900s (this study), (ii) in the Middle reaches of the Magdalena River (Tejeda-Benitez 
et al. 2016) and in the Opon and Miramar lakes (Olivero-Verbel et al., 2015b), and (iii) the study lakes surface-sediments. The significance of current concentrations 
exceeding the historical values were tested via Tukey Honest test. (.) p < 0.1; * p < 0.05; ** p < 0.01.
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floodplain lakes showing elevated concentrations of these pollutants in 
sediments of connected, flood-prone lakes compared to isolated ones 
(Luo et al., 2021; Ciazela et al., 2018). Connected lakes, with larger 
catchment areas and flushing rates, receive more sediments and pol-
lutants from the main river channel, while having fewer opportunities 
for OM to settle (Luo et al., 2021; Sutfin et al., 2016). They also often 
have more clay minerals from flooding, which binds metals, increasing 
sediment concentrations (Tack et al., 1997).

4.2. But are the lakes sediments polluted?

Enrichment factors are typically used to assess metal contamination, 
however the observed shifts in element sources and deposition over 
space and time, along with the lack of robust background levels in the 
Magdalena River, support the use of concentrations instead (Tribovillard 
et al., 2006). Accordingly, most studied element concentrations in the 
lakes surface-sediments remain within or below historical median levels, 
similar to other South American rivers like the Atrato and Amazon 
(Córdoba-Tovar et al., 2023; Moreno-Brush et al., 2016) (Fig. 8). How-
ever, careful consideration must be taken, as low pollutant concentra-
tions in the sediments may be influenced by factors such as 
bioavailability, heavy rainfall, swift currents and increasing MAR 
(Palacios-Torres et al., 2018; Córdoba-Tovar et al., 2022; Pestana et al., 
2019; Chen et al., 2000). Despite this potential dilution issues, since the 
late 1990s, there has been a clear increase in metal and nutrient accu-
mulation, reflecting a likely increase in pollution from higher sediment 
fluxes from anthropogenic sources (Yang et al., 2023; Schneider et al., 
2021). This trend is more pronounced in the highly connected Type I 
lakes, which are more sensitive to MAR than the isolated Type II lakes.

4.3. Conclusions and implications

Human-influenced tropical American riverine landscapes face 
widespread nutrient and heavy metal contamination (Monteiro et al., 
2024; Almeida et al., 2014), with severe risks from contaminants like 
Hg, As, Pb and Cd (Palacios-Torres et al., 2018). Our time series analysis 
uncovers previously overlooked complexities, in the temporal and 
spatial patterns of sources and deposition, driven by land-cover changes, 
climatic variability and the hydrological context of the lakes. Our main 
supporting findings are that: 

• Land cover alterations, river regulation and climatic variability have 
significantly and cumulatively affected lake sediment biogeochem-
istry, gradually (since the late 1800s).

• Since the late 1990s, nutrient, OM and heavy metal fluxes have 
significantly deviated from historical levels, likely reflecting 
increasing combined human pressures.

• Land-cover changes have a greater impact on lake sediment 
biogeochemistry compared to climate alone, highlighting the need to 
preserve forests and maintain hydrological connectivity dynamics. 
Indeed, protecting individual lakes is insufficient for addressing 
catchment-wide pollution.

• Lake connectivity to a main river influence how lakes respond to 
human impacts over time. Highly connected lakes receive greater 
fluxes of heavy metals and coarse material from flooding, while 
isolated lakes with longer water residence times, due to damming, 
tend to promote littoral productivity and anoxic conditions, thereby 
enhancing nutrient and OM sedimentation.

• Sources and deposition rates can change significantly over time due 
to climate, hydrological and/or catchment modifications, bringing 
complexity to establish reference conditions. Understanding these 
dynamics is crucial for accurate pollution assessments and effective 
management strategies.
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Córdoba-Tovar, L., Marrugo-Negrete, J., Barón, P.A.R., Díez, S., 2023. Ecological and 
human health risk from exposure to contaminated sediments in a tropical river 
impacted by gold mining in Colombia. Environ. Res. 236, 116759.
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Salgado, J., Vélez, M.I., González-Arango, C., Rose, N.L., Yang, H., Huguet, C., O’Dea, A., 
2020. A century of limnological evolution and interactive threats in the Panama 
Canal: long-term assessments from a shallow basin. Sci. Total Environ. 729, 138444.
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