Increasing lake primary production and organic carbon sequestration in tropical Mexican lakes during the past century
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ABSTRACT

Lake primary production and organic carbon (OC) sequestration represent globally important ecosystem services, yet their responses to global change remain obscure. This is especially true in understudied regions, such as the tropics. We investigated multidecadal patterns and controls of lake primary production and OC burial rates in five tropical crater lakes spanning Central Mexico, addressing prevailing spatial and temporal data biases. Sediment biogeochemical trends since the late 1800s were assessed relative to lake morphometry and catchment land use, as well as population and climate trends. The lakes displayed overall trends of increasing primary production and OC burial rates during the past century, shaped by heterogeneous natural and cultural landscapes. No single anthropogenic predictor was consistently related to the lake productivity shifts. Rather, productivity increases likely arose from the interacting effects of nutrient enrichment and lake-level reductions driven by increasing evaporative demand and water use. The timing and extent of the OC burial increases did not align with spatial and temporal lake productivity trends, despite the predominantly autochthonous origin of the sediment carbon pools. Rather, OC burial rates increased in tandem with detrital erosional inputs during the latter half of the last century, promoting the burial of the labile autochthonous OC. The largest productivity increases were associated with the smallest lakes, whereas the extent of OC burial increases showed no consistent connection to lake morphometry. Our results show how increasing regional human pressures and climate change have fundamentally shaped critical lake ecosystem functions in Central Mexico.
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1 INTRODUCTION

Lake ecosystems provide numerous benefits to human society, ranging from regionally important services, such as water and food supply, to globally relevant functions, such as climate regulation services (Heino et al., 2021). At the same time, lakes are under multiple threats from both regional and global human stressors (Smith & Schindler, 2009; Huang et al., 2024). Lake primary production and organic carbon (OC) burial in lake sediments are important and interrelated lake ecosystem functions, with the former forming the backbone of aquatic food webs and the latter constituting a globally significant carbon sink. Our knowledge of how either may respond to growing human pressures remains limited (Zwart et al., 2019). Part of the prevailing uncertainties arise from the scant availability of continuous data series covering adequate timescales to track ecosystem changes that often develop slowly in response to multiple environmental forcings (Mills et al., 2017; Smol, 2019). Further uncertainties arise from the heterogeneity of lake ecosystem responses to human pressures, particularly when coupled with spatial sampling bias in research. Tropical lake ecosystems remain underrepresented in lake studies despite their role as hotspots for biodiversity, biomass production and carbon cycling (Amora-Nogueira et al., 2022; Mendonça et al., 2017) and their societal importance (Alcocer & Escobar, 2024; Saulnier-Talbot et al., 2014). Fortunately, paleolimnological records, leveraging physical, chemical and biological information preserved in lake sediments, provide a means to expand the window of observation in time and space (Davidson & Jeppesen, 2013; Smol, 2022).

Increasing lake primary production is a widespread phenomenon associated with a cascade of negative ecosystem and socioeconomic consequences (Smith & Schindler, 2009; Quinlan et al., 2021; Ghanbari et al., 2025). In heavily impacted regions, enhanced lake productivity can usually be attributed to an array of human activities leading to increasing nutrient loading into lakes, such as agricultural pollution and sewage discharge, that continue to threaten lake ecosystem health despite improvements in nutrient loading control (Ho et al., 2019; Smith & Schindler, 2009). Atmospheric deposition of nitrogen, accelerated by industrial activities during the latter half of the last century, is considered another relevant vector for nutrient supply into lakes in some regions (Smith et al., 2006), influencing direct and indirect nutrient inputs and nutrient balance in lakes (Bergström & Jansson, 2006; Heathcote et al., 2015). Moreover, global warming can promote lake primary production through variable pathways. For instance, many Arctic lakes are becoming greener due to the lengthening of the growing season and improved resource and habitat availability (Griffiths et al., 2017; Michelutti et al., 2005; Smol, 2023). Warming temperatures and increasing rainfall variability are also expected to aggravate droughts in many regions of the world, which may trigger increases in lake primary production (Mosley, 2015), as observed in tropical reservoirs (Brasil et al., 2015). Climate change can further amplify or repress lake productivity responses to cultural eutrophication by, for instance, diluting or concentrating nutrients in the water column or by disrupting internal nutrient cycling in lakes (Ho et al., 2019; Mosley, 2015; Winder & Sommer, 2012). 

The broadscale consequences of global change on lake primary production remain uncertain as lake productivity responses vary considerably in space and time (Cheruvelil et al., 2022; Sun et al., 2025). Comparatively little is known of spatial and temporal lake productivity trends in the tropics, although previous research suggests that tropical lakes may be more sensitive to eutrophication than temperate lakes due to their elevated temperatures, higher light availability, as well as enhanced nutrient use efficiency (Lewis, 2000). A global review by Quinlan et al. (2021) suggested that lake productivity responses to nutrient impact may become fundamentally different in hot climates. Current evidence indicates that many tropical lakes are experiencing increases in primary production, attributed primarily to cultural eutrophication (Muñoz-López & Rivera-Rondón, 2025; Rosenmeier et al., 2004; von Gunten et al., 2009), although some tropical lakes have shown patterns of diminishing lake productivity during recent decades related to changing stratification patterns (Michelutti et al. 2015; Tierney et al., 2010). Often these deviating responses may be traced back to lake basin and catchment attributes, such as lake shape and size, that help determine lake productivity responses to external stressors (Bremigan et al., 2008; Politi et al., 2024). Morphometric attributes also regulate lakes’ sensitivity to increased thermal stability that can weaken nutrient upwelling (Quinlan et al., 2021). Both rapid increases and decreases in lake primary production can heavily impact lake ecosystems, and the many services they offer, underscoring the need for a clearer understanding of spatiotemporal trends and drivers of primary production. Changes in lake productivity also have global implications due to their intrinsic connection to the carbon cycle (Anderson et al., 2014).

Lakes play an important role in the global carbon cycle (Cole et al., 2007) and maintain disproportionately large carbon stocks relative to the land surface area they cover (Anderson et al., 2020; Mendonça et al., 2017). OC burial in lakes responds sensitively to climate variability and catchment disturbances that modify lake primary production (source of autochthonous carbon), the input of carbon from surrounding land areas (allochthonous carbon), and carbon loss processes, such as biotic and abiotic mineralisation in the water column and sediments. Weight of evidence indicates that, in general, OC burial rates in global lakes have been increasing over the past century in response to growing human pressures (Anderson et al., 2020; Heathcote et al., 2015), attributed primarily to land-use changes promoting soil erosion and nutrient input to lakes (Dietz et al., 2015; Meyer-Jacob et al., 2024; Wang et al., 2018). Current evidence is, however, strongly biased toward middle and higher latitude regions, and it remains unclear whether OC stocks in tropical lake sediments follow the same trajectory. In fact, many of the conditions typical of lower latitude lakes, such as a higher share of labile OC sources (Alin & Johnson, 2007) and high rates of carbon mineralization (Cardoso et al., 2014), could potentially weaken their carbon burial potential. Nevertheless, there is strong evidence indicating that lake OC burial rates have a positive relationship with air temperature (Clow et al., 2015; Mendonça et al., 2017) and a negative relationship with latitude (Heathcote et al., 2015). Recent research also indicates that subtropical (Wang et al., 2018; Waters et al., 2019) and tropical (Amora-Nogueira et al., 2022; Sanders et al., 2017) lake sediments contain substantial OC stocks that appear to be increasing in size (Alcocer et al., 2020, 2014; Rantala et al., 2025; Sanders et al., 2018) at a heightened rate compared to those at higher latitudes (Anderson et al., 2020; Meng et al., 2025).

Similar to lake primary production, OC burial responses are influenced by lake basin and catchment attributes that shape OC loading and processing. They modulate the relative contribution of OC from autochthonous and allochthonous sources which affects OC burial efficiency. Often only a fraction of biomass produced within lakes ends up in lake sediments due to the labile nature of autochthonous OC, whereas allochthonous OC inputs are generally thought to be more readily deposited (Sobek et al., 2009). Nonetheless, numerous studies indicate that increased lake primary production is connected to increased OC burial in lakes (Fiskal et al., 2019; Jenny et al., 2025; Meng et al. 2025; Waters et al., 2019), although this relationship may also be shaped by many other factors, such as lake morphometry (Ferland et al., 2012). Basin and catchment shape and size control the burial efficiency of both autochthonous and allochthonous OC through their influence on oxygen exposure time, as well as physical protection against microbial processes (Ferland et al., 2014; Sobek et al., 2009). For example, shallower depth has often been associated with increased OC burial efficiency in lakes (Downing et al., 2008; Kortelainen et al., 2004; Meng et al., 2025), although others have suggested that this relationship could be reversed at lower latitudes (Alin & Johnson, 2007). In light of continued disruption of the climate system and escalating regional human disturbances, advancing our understanding of tropical lake OC stocks and their likely future trajectories is critical for refining global carbon cycle predictions.

We investigated multidecadal changes in the sediment biogeochemistry of five crater lakes in Central Mexico to provide new insights into lake productivity and carbon cycle responses to increasing global and local human perturbations in the tropics. The sediment cores were analysed for sediment chlorophyll a (CHLa), as a proxy for primary production, and for OC burial rates, complemented by an array of physical, elemental, and isotopic proxies linked to organic productivity and lake-catchment connectivity. Lakes in the region face myriad threats ranging from agricultural pollution to rapid industrial and urban expansion and progressive aridification exacerbated by climate warming (Alcocer & Escobar, 2024). We were especially interested in the post-1950 time period, coined as the Great Acceleration due to the rapid intensification of human impacts on Earth (Steffen et al., 2015), but extended our analyses back to the late 1800s to provide a reference period of relatively less-impacted conditions. The five case study lakes represent broad differences in landscape context, here referring particularly to variability in basin morphometry and catchment land use and land cover. The specific research questions we addressed were: 1) How have whole lake primary production and OC burial rates changed in the lakes? 2) Are the two variables interconnected, that is, are increases in primary production associated with enhanced sequestration of carbon in lake sediments? 3) How are these patterns modulated by the landscape context? Our work was informed by our earlier research exploring multi-centennial biogeochemical and ecological changes in sediment cores from two of the basins included in this study (Rantala et al., 2025). We expected to find increases in both lake primary production and sediment OC sequestration across the region, with variability between lakes related to a hierarchy of natural and cultural landscape controls, such as basin morphometry and proximal human activities. Due to limited data on climate and land-use change, we did not attempt to partition their influence but instead discuss their potential roles in light of the observed biogeochemical trends. Improved understanding of spatiotemporal patterns and controls of lake primary production and carbon burial in tropical lakes contributes to more accurate global forecasts of ecosystem change and can help strengthen adaptive capacities at the local, regional, and global levels.

2 MATERIAL AND METHODS

2.1 Study area

Central Mexico is traversed by the Trans-Mexican Volcanic Belt (TMVB), which extends from the Pacific Ocean to the Gulf of Mexico and is dotted by numerous tectonic and volcanic lakes (Armienta et al., 2008). This study was conducted on five crater lakes spanning a longitudinal gradient (97–105°W) across the TMVB (Figure 1a). Lakes Tepetiltic (21.28°N, 104.69°W, 1430 m.a.s.l.) and Santa Maria del Oro (21.37°N, 104.57°W, 737 m.a.s.l.) are situated near the western Pacific coast, in the state of Nayarit, and also represent the lowest end of the elevational gradient. Lakes Los Espinos (19.91°N, 101.77°W, 1985 m.a.s.l.) and Teremendo (19.81°N, 101.46°W, 2060 m.a.s.l.) lie in the central highlands within the Michoacán-Guanajuato volcanic field, in the state of Michoacán. The easternmost lake, Alchichica (19.41°N, 97.40°W, 2320 m.a.s.l.), is situated in the Serdán-Oriental volcanic field, in the state of Puebla, and represents the highest end of the elevational gradient. Details of the lakes’ characteristics are presented in Table 1. Tepetiltic was formed inside a stratovolcano truncated by a caldera (Waters & Frey, 2018), while the other lakes (Santa Maria del Oro and Alchichica; Armienta et al., 2008, Los Espinos; Siebe et al., 2012, and Teremendo; Kshirsagar et al., 2015) were formed by phreatic and phreatomagmatic eruptions. All five lakes are closed systems fed by rainfall and groundwater, losing water through evaporation and seepage. The lakes are warm monomictic except for the shallowest lake, Tepetiltic, that is considered warm polymictic. The lakes vary considerably in size (surface areas from 10 to 370 ha) and depth (maximum depths from 2.5 to 66 m), as well as in catchment land cover related to both climatic and cultural influences (Figure 3). The lakes have alkaline waters and represent a range of trophic states (oligotrophic to hypereutrophic) based on limnological information from earlier research on Tepetiltic (Sigala et al., 2017), Santa Maria del Oro (Sigala et al., 2017; Serrano et al., 2002), Los Espinos (Havas et al., 2023a), Teremendo (Sigala et al., 2017), and Alchichica (Filonov et al., 2021; Kaźmierczak et al., 2025). 

Climate in Central Mexico is characterized by a strongly seasonal precipitation regime with most precipitation falling during the summer months from June to September (Figure 1b). Along the studied lake transect, temperature and rainfall decrease from west to east (Figure 1b), which is connected to the elevational gradient. The regional climate is strongly influenced by the North American Monsoon (NAM) that is modulated by conditions in the eastern tropical Pacific and the North Atlantic, which are tightly connected to the seasonal movement of the Intertropical Convergence Zone (ITCZ). Interannual climate variability is further influenced by recurring ocean-atmosphere phenomena, most notably the El Niño Southern Oscillation (ENSO), the Pacific Decadal Oscillation (PDO), and the Atlantic Multidecadal Oscillation (AMO) (Méndez & Magaña, 2010). 

Mexico has a long cultural history and the lakes across the TMVB have held an important role for local human populations since pre-Hispanic times (Alcocer & Escobar, 2024; Metcalfe & Davies, 2007). Over the past century, the population of Mexico has increased dramatically, growing from ~15 to ~26 million between 1910 and 1950, and then reaching ~126 million in 2020 (INEGI, 2020). Unsustainable land- and water-use practices, compounded by intensifying climate pressure, form a growing threat to lakes in the region (Alcocer & Escobar, 2024).

Table 1 Morphometry and modern limnological characteristics of the study lakes. Trophic state and salinity may not be directly comparable across lakes. The dynamic ratio (i.e., the ratio between the square root of lake area and mean depth) reflects potential for wind-induced mixing and sediment resuspension. 
	
	Tepetiltic
	Santa Maria del Oro
	Los Espinos
	Teremendo
	Alchichica

	Elevation (m.a.s.l.)
	1430
	737
	1985
	2060
	2320

	Lake area (ha)
	109
	370
	10
	15
	237

	Maximum depth (m)
	2.5
	65.5
	30.0
	9.0
	66.0

	Mean depth (m)
	1.5
	46.0
	12.3
	4.8
	48.4

	Dynamic ratio
	0.70
	0.04
	0.03
	0.08
	0.03

	Trophic state
	hyper-eutrophic
	mesotrophic
	oligo-mesotrophic
	hyper-eutrophic
	oligotrophic

	Salinity
	freshwater
	subsaline
	freshwater
	freshwater
	hyposaline



2.2 Sediment collection and dating

The five sediment cores were retrieved in April 2022 from the deep basin in each lake (Figure 3) using a Uwitec® gravity corer with a 9-cm diameter coring tube. The sediment cores were sectioned at 0.5 to 1-cm intervals and the samples were freeze dried for sediment dating and biogeochemical analyses. Sediment ages were estimated based on 210Pb and 137Cs activities measured using alpha and gamma spectrometry, respectively, at the University of Gdańsk, Poland. Supported 210Pb activities were estimated based on the lowermost sections of the 210Pb profiles, assuming constant supported 210Pb levels. Age-depth models were established using rplum v0.5.1 package (Aquino-López et al., 2018) in R (version 4.4.1; R Core Team, 2024). The Bayesian approach was preferred over traditional methods, such as the Constant Rate of Supply (CRS) model, because it does not rely on strict a priori assumptions (e.g., constant unsupported 210Pb supply) and provides more robust uncertainty estimates through the use of probability distributions for age determinations. Linear extrapolation of the chronologies was used to estimate sediment ages beyond the 210Pb range to reach down to ca. 1870. The sediment cores from Santa Maria del Oro and Teremendo (Rantala et al. 2025) and Alchichica (Safaierad et al., 2025) have previously established chronologies combining 210Pb and 14C dates; however, here we excluded 14C from the models due to the temporal focus of this study. The age-depth models were used to determine sediment accumulation rates (SAR), calculated by dividing sample thickness by the time span represented by each sediment layer.

2.3 X-ray fluorescence core scanning

Prior to sediment sectioning, ITRAX X-ray fluorescence core scanning (XRF-CS) was used to study elemental composition of the sediment cores at high resolution at the INRS Centre Eau Terre Environnement, Canada. Patterns in detrital elements were used to evaluate variability in minerogenic detrital inputs and catchment-lake interaction. Aside from element intensities, the Compton (incoherent) to Rayleigh (coherent) scattering ratio (inc/coh) was obtained as a potential high-resolution indicator of sediment organic matter content (Woodward & Gadd, 2019). The scans were performed with a 500 μm to 2 mm step size and 10 to 30 seconds dwell time. Elements with multiple zero values were excluded from further analyses and, for the elements that were included, any zero values were replaced with half of the smallest value greater than zero. We used the centred log-ratio (clr) approach to transform element intensities (measured in counts per second) to reduce matrix effects and to avoid closed-sum constraints (Bertrand et al. 2024). Element ratios were calculated as log-ratios using the initial element intensities (Bertrand et al. 2024). The transformed element intensities and element log-ratios were then min-max normalized. 

2.4 Sediment chlorophyll a

We used visible range spectroscopy (VRS) to estimate sediment CHLa concentrations as an indicator of overall lake primary production (Michelutti et al., 2010; Michelutti & Smol, 2016). The analysis was performed at the Paleoecological Environmental Assessment and Research Laboratory, Queen’s University, Canada, using a Model 6500 series Rapid Content Analyzer (FOSS NIRSystem Inc.). The sediment samples were freeze-dried and sieved (125 µm) prior to the analysis to remove the influence of water and particle size. Sediment CHLa concentrations were inferred using log-transformed data from Michelutti et al. (2010) with the following equation: chlorophyll a + derivatives = EXP(0.83784 x LN(peak area650–700 nm) + (−2.48861)). No regional calibration was applied. Importantly, the method captures changes in CHLa as well as its isomers and main diagenetic products, providing a reliable means to track past trends in whole-lake primary production (Michelutti & Smol, 2016). Comparing absolute concentrations between lakes is, however, not recommended (Michelutti & Smol, 2016). We therefore displayed temporal trends in CHLa using z-scores and evaluated these between the study lakes using simple increase ratios, calculated as the ratio of mean CHLa concentration in post-1950 (ca. 1950–2012) and pre-1950 (ca. 1870–1950) sediment sections (Table 2).

2.5 Loss on ignition and organic matter biogeochemistry

Sediment dry bulk density (DBD) was determined at the University of Liège, Belgium, by drying sediment samples (1 cm3) at 105 °C to constant weight and then dividing dry mass by sample volume. Sediment organic matter and carbonate contents were then estimated using the loss on ignition (LOI) method as outlined in Heiri et al. (2001), to support the interpretation of organic productivity trends. In brief, organic matter content was measured as weight loss after combustion at 550 °C for 4 h and carbonate content was calculated from the additional weight loss following combustion at 950 °C for 2 h, multiplying the values by 1.36 to approximate sediment carbonate content. Sediment OC and nitrogen contents, their elemental ratio (C/N), and OC (δ13C) and nitrogen (δ15N) stable isotope ratios were measured at the University of Liège, Belgium, using Vario MICRO cube elemental analyser and isoprime precision stable isotope ratio mass spectrometer. δ13C, C/N, and δ15N were used to study changes in sediment organic matter origins, specifically, in the relative contribution of autochthonous and allochthonous organic matter (Meyers & Teranes, 2001). To determine sediment OC content, organic matter δ13C values and C/N ratios, freeze dried and homogenised sediment samples were acidified prior to the analysis to remove the effect of carbonates. Carbonates were removed using the acid rinse method (adapted from Brodie et al., 2011) for lakes Alchichica, Santa Maria del Oro and, Los Espinos that had high sediment carbonate contents based on LOI analysis. Briefly, dry sediment samples (~300 mg) were treated with 5 % HCl for 24 h and then repeatedly rinsed, dried in oven, and homogenised. Centrifuging and filtering (36 μm) were used to minimise loss of colloidal components during decanting (Brodie et al., 2011). Acid fumigation was used to remove carbonates from lakes Tepetiltic and Teremendo that had lower carbonate contents. Adapting the method from Ramnarine et al. (2011), the sediment samples (~25 mg) were fumigated in glass vials for 10 h using 37 % HCl, followed by oven drying and homogenisation. The analysis was repeated on nonacidified samples for comparison and to determine organic matter δ15N values. The isotopic results are reported using the delta notation (δ) depicting changes in the ratio of 13C and 12C (15N and 14N) isotopes relative to common standards, including Vienna Pee Dee Belemnite for C and atmospheric nitrogen for N. C/N ratios are expressed as atomic ratios calculated by multiplying the initial mass ratios by 1.167 (Meyers & Teranes, 2001). Mean standard deviations for sample duplicates were 0.2 ‰, 0.2 ‰ and 0.3 for δ13C, δ15N, and C/N, respectively.

2.6 OC burial rates

We calculated sediment OC burial rates in the sediment cores to evaluate temporal changes in the carbon sequestration capacity of the lakes. Sediment OC content, obtained from elemental analysis, was multiplied by sediment mass accumulation rates (MAR). MAR was calculated by multiplying sediment DBD with SAR. These values were corrected for differences in sediment focusing within the lake basins based on ratios of estimated atmospheric 210Pb inventories and measured unsupported 210Pb inventories in the sediment cores (Engstrom & Rose, 2013). Sediment focusing was expected to have occurred where the core inventory exceeded that predicted from atmospheric deposition. As no direct measurements were available to determine atmospheric 210Pb fluxes near the study lakes, we calculated rough estimates based on mean annual precipitation recorded at nearby weather stations, including records from Cerro Blanco (data for years 1964–2018, mean annual precipitation 1252 mm yr-1, estimated inventory 4738 Bq m-2) for lakes Tepetiltic and Santa Maria del Oro, Villa Jimenez II (1981–2015, 891 mm yr-1, 2764 Bq m-2) for Los Espinos, Teremendo (1982–2018, 711 mm yr-1, 1780 Bq m-2) for Teremendo, and Alchichica (1966–2018, 406 mm yr-1, 485 Bq m-2) for Alchichica. The atmospheric 210Pb inventories were then estimated based on equations provided by Zhang et al. (2021) for latitudinal bands 10–20°N and 20–30°N, using the mean value from these two equations. These estimates introduce uncertainty and the reported OC burial rates should thus be considered best estimates. The focusing factors used to correct OC burial rates in the lakes are displayed in Table 2. As with sediment CHLa, we used the ratio of mean OC burial rates in post-1950 (ca. 1950–2012) and pre-1950 (ca. 1870–1950) sediment sections to compare the extent of the change between the lakes (Table 2). The increase ratios were further used to assess whether the extent of OC burial increase is proportional to that in sediment CHLa. 

2.7 Climate and population trends and land use

Sediment biogeochemical changes were compared with available information on climate trends and known human activities around the study lakes. Temperature and precipitation data were obtained from the National Water Commission (CONAGUA) database (https://cucapa-clicom.cicese.mx/) for three weather stations situated near the study lakes with comparatively long-term data coverage, including Cerro Blanco in the west (data available for years 1964–2018), Corrales in the central highlands (1935–2019), and Alchichica in the east (1965–2019). To extend the time window to the early 1900s, we used interpolated Climatic Research Unit Timeseries (CRU TS 4.07) gridded (half-degree) climate data (Harris et al., 2020) obtained for three half-degree grids along the longitudinal transect (21.25°N, 104.75°W; 19.75°N, 101.75°W; 19.25°N, 97.25°W).

Information about specific human pressures on the study lakes over multidecadal time scales is limited and we therefore evaluated the levels of human impacts based on available population and land-use data accessed via the National Institute of Statistics and Geography (INEGI) database (https://www.inegi.org.mx/). Contemporary land-use and vegetation patterns (INEGI Series VII) around the study lakes (Figure 3) were considered a coarse measure of proximal human stressors on the lakes. Human settlements and land use (cultivated land, pasture, secondary vegetation indicating earlier disturbances) within or near the craters were expected to be associated with increased nutrient and erosional inputs into the lakes. Population trends in nearby settlements were used to estimate temporal changes in human impact around the lakes (Figure 2). Decadal population counts were obtained for small rural settlements located within or near the study craters (Figure 3), from all population centres within 5 km radius of each lake, and from the largest municipalities in the states of Nayarit, Michoacán, and Puebla. We also collected information on annual agricultural production in the municipalities where the lakes are situated (accessed via https://nube.siap.gob.mx/cierreagricola/) (Table 2). The data are available only for years between 2003 and 2023 but provide an additional measure of the intensity of human activities around the lakes.

Table 2 Agricultural land use (mean values for years 2003–2023) around the study lakes, sediment chlorophyll a (CHLa) and organic carbon (OC) burial increase ratios, and sediment focusing factors.
	
	Tepetiltic
	Santa Maria del Oro
	Los Espinos
	Teremendo
	Alchichica

	Municipality
	San Pedro Lagunillas
	Santa Maria del Oro
	Jiménez
	Morelia
	Perote

	Municipality area (ha)
	51570
	109140
	19450
	119240
	60910

	Agricultural lands (%)
	9
	4
	47
	15
	30

	of which are rainfed (%)
	97
	98
	43
	92
	92

	of which are irrigated (%)
	3
	2
	57
	8
	8

	CHLa increase ratio
	1.5
	1.4
	5.8
	2.8
	1.3

	OC burial increase ratio
	2.4
	2.7
	1.3
	1.3
	1.7

	Focusing factor
	1.5
	2.3
	1.1
	0.4
	0.4



2.8 Numerical analyses

We used multivariate ordination analyses to explore trends and associations in the high-resolution XRF-CS data, focusing particularly on patterns in detrital elements and inc/coh. Detrended correspondence analysis (DCA) was first applied to assess gradient lengths, followed by principal component analysis (PCA), which was selected due to the short DCA gradient lengths (<1 standard deviations) in all five lakes. The ordination analyses were carried out in R using vegan v2.6–8 (Oksanen et al., 2022) and factoextra v1.0.7 (Kassambara & Mundt, 2020) packages. Generalised Additive Models (GAMs) were used to outline trends (Simpson, 2018) in lake primary production and OC burial rates. To account for uneven spacing of the biogeochemical data, we assigned weights to the data based on the elapsed time (i.e., years contained in each time slice), giving more weight to samples that cover more years and can therefore be considered more precise (Simpson, 2018). Temporal trends in population growth and climate variables (temperature and precipitation) were also modelled using GAMs. We used thin plate regression spline (TPRS) as the smoothing basis and restricted marginal likelihood (REML) for smoothness selection in all the models. Periods of statistically significant change were assessed based on the first derivative of the fitted trend following Simpson (2018). This approach was used to compare the timing of the changes in lake productivity and OC burial, as well as in climate and population. The GAMs were performed using mgcv v1.9–1 (Wood, 2017) and gratia v0.9.2 (Simpson, 2024) packages and the models’ performance was evaluated using gratia v0.9.2 (Simpson, 2024) and DHARMa v0.4.7 (Hartig, 2024) packages. Model diagnostics are presented in Figure S1 and Table S1. The available climate and census data provide an outline of climatic and cultural pressures on the study lakes over the past century but do not necessarily wholly capture local environmental stressors; we did not, therefore, attempt to model their relationship with the biogeochemical sediment variables directly.

3 RESULTS AND DISCUSSION

3.1 Sediment dating and post-depositional processes

Total 210Pb activities decreased with sediment depth in all five study lakes, with deviations from the exponential trend of radioactive decay in the surface sediment sections (Figure 4), indicative of recent changes in sedimentation rates. 137Cs analysis yielded useful supporting information for only two of the lakes, Santa Maria del Oro and Teremendo (Figure S2), showing low activities or broad and indistinct peaks in the other three. In Santa Maria del Oro, 210Pb activities reached equilibrium with supported 210Pb below the sample at 16–16.5 cm (modelled mean age 1903, min-max range 1873–1929) and age estimates were extrapolated down to 19.5 cm based on mean SAR in the lowermost three dated sediment sections (15–16.5 cm, 0.09 ± 0.007 cm yr-1). The lowermost age from the Plum model based on 210Pb activities deviated by approximately a decade from an earlier age estimate (1894, 1864–1917) at the corresponding depth based on 210Pb and 14C dates (Rantala et al., 2025). 137Cs activities peaked at 11–11.5 cm (1958, 1950–1966), roughly consistent with the nuclear weapons testing peaking around the early 1960s, although elevated 137Cs activities were found down to 12–12.5 cm (1949, 1938–1959) (Figure 4). In Teremendo, 210Pb equilibrium depth was reached below the sample at 25–25.5 cm (1873, 1832–1903) and this age estimate deviated by less than a decade from a previous estimate (1865, 1828–1895) at the corresponding depth based on both 210Pb and 14C dates (Rantala et al., 2025). The core from Teremendo showed a distinct 137Cs peak at 13–13.5 cm (1958, 1949–1965), also generally consistent with the 137Cs signal from weapons testing. In Los Espinos, equilibrium with supported 210Pb was reached below 9–10 cm (1921, 1896–1943) and ages were extrapolated down to 13 cm based on mean SAR in the lowermost two dated sediment sections (8–10 cm, 0.08 ± 0.001 cm yr-1). In Tepetiltic, the 210Pb equilibrium depth was reached below the sample at 17–18 cm (1898, 1863–1927) and the mean SAR in the lowermost three dated sediment sections (15–18 cm, 0.08 ± 0.005 cm yr–1) was used to extrapolate ages down to 20 cm. Total 210Pb activities in Alchichica reached equilibrium with supported 210Pb below 13–13.5 cm (1895, 1853–1926) and ages were extrapolated down to 15 cm using the SAR in the lowermost three sediment sections (12–13.5 cm, 0.08 ± 0.001 cm yr–1). Three mutually consistent 14C dates indicated a notable decline in sedimentation rates deeper in the Alchichica sediment core (Safaierad et al., 2025); however, the timing of this shift, between the surface section dated with 210Pb (down to 13–13.5 cm) and the youngest 14C date at 23–25 cm (cal age range 1303–1410), is not known. The model incorporating 14C dates deviated by 19 years (1931, 1883–1952) at 8.6 cm corresponding to 1950 in the Plum model, and by 106 years (1789, 1675–1867) at the end range of 210Pb activities. The 210Pb model was considered more reliable for the surface sediment section; however, given the known increase in sedimentation rate, age estimates near the dating limit of 210Pb should be considered with additional caution in this core. Comparison between the two age models nevertheless showed that the main geochemical patterns remained consistent despite the notable difference in age estimates (Figure S3). All five lakes showed conservative model uncertainty estimates in the deeper (generally pre-1950) sediment sections, typical of Plum models (Aquino-Lopez et al., 2020). The extrapolated ages for the late 1800s period are tentative. Mean SAR in all five study lakes was 0.16 cm yr-1, with lowest values recorded in Los Espinos (mean 0.09 ± 0.03 cm yr-1) and highest values found in Tepetiltic (0.20 ± 0.09 cm yr-1) (Figure 5). SAR values were considerably lower in the pre-1950 sediment sections (mean of all five lakes 0.10 cm yr-1± 0.03 cm yr-1) relative to the post-1950 period (0.18 cm yr-1 ± 0.09 cm yr-1). Mean MAR in the lakes was 0.05 g cm-2 yr-1, with lowest values associated with Los Espinos (mean 0.03 ± 0.02 g cm-2 yr-1) and highest values found in Santa Maria del Oro and Teremendo (0.06 ± 0.02 g cm-2 yr-1). MAR followed a similar increasing trend as SAR in Tepetiltic, Santa Maria del Oro, and Alchichica (Figure 5), likely reflecting increases in erosion over recent decades. In the two smaller lakes, Los Espinos and Teremendo, large changes in sediment organic content and density resulted in more variable MAR trends (Figure 5).

Biogeochemical patterns near the sediment surface may be affected by postdepositional processes and should be considered cautiously. In a study by Gälman et al. (2008), major losses in sediment carbon and nitrogen contents took place during the first few years after deposition followed by minor further losses. Major diagenetic effects on sediment δ13C values were similarly found to be restricted to the first few years following deposition, while δ15N measurements appeared sensitive to microbial processing for longer periods of time (Gälman et al., 2009). VRS CHLa values capture both primary and degraded chlorophyll a compounds, making them less sensitive to the effects of postdepositional degradation (Michelutti & Smol, 2016), although some diagenetic effects may still be expected, particularly during the first decade after deposition, after which the effects should level off (Rydberg et al., 2020). To account for diagenetic effects, we excluded surface sediment sections younger than a decade when comparing the extent of change in primary production and OC burial between the lakes using increase ratios.

3.2 Multidecadal trends in lake primary production

3.2.1 Increasing lake productivity under regional and global human pressures

Irrespective of notable differences in landscape context between the study lakes, we observed a consistent trend of increasing lake primary production in all five sites across the west-east transect, indicated by increasing sediment CHLa trends (Figure 5). Increased productivity was strongly coupled with overall sediment organic enrichment in the study lakes, indicated by coeval trends in sediment CHLa and OC content (Figure 5, Figure S4). This signal was also imprinted in the high-resolution geochemical profiles (Figure 5), as illustrated by the PCA ordination plots (Figure S5) showing inc/coh and detrital elements aligned at opposite ends of the PC1 axis. This transition echoes the widespread trend of increasing lake productivity documented in lakes across tropical (Muñoz-López & Rivera-Rondón 2024; von Gunten et al., 2009), middle latitude (Griffiths et al., 2022) and northern (Smol, 2023; Michelutti et al., 2005) regions and, as elsewhere, may result from multiple anthropogenic environmental pressures. Notably, the start of the increasing trend in sediment CHLa predated the Great Acceleration in all of the lakes except for Alchichica, with the earliest increases visible around the start of the 1900s (Figure 6a). The early decades of the past century were marked by warming temperatures (Figure 1c), disruptions to global nutrient cycles (Holtgrieve et al., 2011; Tian et al., 2022), as well as an increasing human population across Mexico (Figure 1), all of which may have contributed to enhancing lake primary production. Paucity of instrumental data on the stressors and overlaps in their timing, combined with increasing chronological uncertainty in the deeper sediment sections, challenged attempts to discern their individual and interactive effects on lake productivity. The available information on regional climate and population trends, nevertheless, provided an outline of the growing human footprint across the TMVB during the past century and a working backdrop for interpreting the biogeochemical trends.

Decadal census records from the largest cities in the studied Mexican states showed that the main wave of population expansion began around the 1950s (Figure 1), consistent with the timing of the Great Acceleration. Population trends in smaller, mainly rural, settlements around the study lakes are more variable (Figure 2) and likely provide a better view of local human impacts on lake productivity, particularly regarding nutrient inputs. Of the five lakes, Tepetiltic was the first to show signs of increased productivity concurrent with a steadily growing population in the namesake lakeshore settlement since around the beginning of the data series in 1900 (Figure 6a). Although peak CHLa values were reached a century later, coinciding with a declining population trend (Figure 2), it is likely that the early productivity increase was at least partly a result of eutrophication driven by agricultural development within the heavily cultivated caldera floor (Figure 3). A similar pattern of synchronously increasing population and sediment CHLa (ca. 1920s onward) and a later decoupling of trends was observed between Teremendo and the small settlement, La Alberca, situated near the crater rim. 

The most tenuous connection between lake productivity and population trends was associated with Santa Maria del Oro, where an early CHLa increase, beginning around the first decade of the 1900s, predated population growth near the lakeshore (and other nearby) settlements by several decades, while a decline in sediment CHLa since ca. 1980s coincided with a steadily increasing population. Overall, the population trends in nearby settlements appear to show some relationship to  local nutrient impacts on the study lakes, but do not wholly explain the  environmental stresses experienced by the lakes. The mismatches between local habitation and lake productivity could be related to the influence of (or interaction with) other environmental drivers, or to differences in the lakes’ response sensitivity, as discussed below. Atmospheric deposition of reactive nitrogen is unlikely to explain the early productivity increases that predated the pronounced increases in nitrogen deposition occurring during the latter half of the 1900s (Tian et al., 2022). Thus, while organic matter δ15N values showed some declines coincident with increasing lake productivity (Figure 5) that could be associated with inputs of isotopically depleted atmospheric nitrogen (Holtgrieve et al., 2011), they probably reflect other processes such as increased nitrogen fixation from cyanobacteria with increased production. Overall, the varying δ15N patterns within and between the lakes point to a complexity of controls on the lakes’ nitrogen cycle, likely involving changes in nitrogen inputs from multiple sources and biological processing (Talbot, 2001).

Warming temperatures since the early 1900s across Mexico (Estrada et al., 2023) likely contribute to the early increase in primary production in the lakes. The early warming trend, peaking around the 1940s, was evident in the CRU TS datasets; however, the time window of measurements from nearby weather stations is too short to verify the trend at a local scale (Figure 1c). Precipitation patterns during the past century show considerable spatial and seasonal variability in Mexico. While slight increases in regional wetness since the early 1900s, as suggested by Estrada et al. (2023), could have increased allochthonous nutrient inputs into the lakes, we found no evidence of consistent increases in detrital sedimentation or allochthonous OC inputs during the early 1900s (see below). Based on sedimentary evidence, we previously postulated that rising temperatures may have increased evaporative forcing on lake levels in the region that may have contributed to increasing lake primary production (Rantala et al., 2025), in line with the sensitivity of closed-basin lakes to water-level changes (Huybers et al., 2015). Several earlier studies from the region suggest that biogeochemical and paleoecological changes in crater lake sediments track lake-level shifts on decadal to millennial timescales (Israde-Alcántara et al., 2021; Kienel et al., 2009; Rodríguez-Ramírez et al., 2015). Over the past century, climate effects on lake-water levels have increasingly intertwined with the impacts of changing land use, especially the expansion of irrigated agriculture. In Valle de Santiago, some 80 km northeast of lakes Teremendo and Los Espinos, varved sediment records from two crater lakes provided evidence of frequent and severe drought episodes across the late 1800s and early 1900s, followed by aggravation of the lakes’ water deficit by groundwater overexploitation after around 1940 (Kienel et al., 2009). Historical lake-level measurements from four crater lakes in the Serdán-Oriental basin indicated systematic lake-level declines since at least 1959 (beginning of the data series) in some lakes, including Alchichica, accelerated since around the 1970s (Silva-Aguilera et al., 2024). This trend was attributed to climate variability and to groundwater use, particularly after the drilling of numerous wells in the basin since the early 1980s (Alcocer et al., 2004; Silva-Aguilera et al., 2024). At the western end of the TMVB, water levels in Santa Maria del Oro have also declined, as indicated by the presence of an artificial outlet channel now situated above the current lake-level (Caballero et al., 2013). The timing of the lake-level reduction is not known; however, it could be linked to the CHLa increase that coincided with an increase in heavily silicified planktonic diatoms that may be favoured by lowering of lake levels, likely enhancing turbulent mixing and nutrient availability (Rantala et al., 2025). Across the region, differentiating the role of climate and water use is challenged by the poor instrumental data coverage especially in the early 1900s, inhomogeneities in climate data (Cuervo-Robayo et al., 2020), regional climate complexity (Park et al., 2017), and differences in the lakes’ intrinsic response times (Huybers et al., 2015; Quintas et al.,2016). Irrespective of the underlying driver(s), and although the evidence remains circumstantial, water-level reductions may have been an important factor enhancing primary production in the study lakes. 

The systematic increase in lake productivity is especially remarkable as warming temperatures may strengthen thermal stratification (Huang et al., 2024, Labaj et al., 2018), which could weaken nutrient availability in the epilimnion in some lakes (Butcher et al., 2015; Michelutti et al., 2015). Except for the shallow lake Tepetiltic, the study lakes are warm monomictic systems that remain stratified for most of the year, mixing only during the winter period (Caballero et al., 2013; Filonov et al., 2021; Havas et al., 2023a, 2023b; Sigala et al., 2017). Deep tropical lakes commonly sustain long stratification periods interrupted only by the winter mixing period; however, the warm temperatures and muted seasonality also induce thermal instability and promote efficient nutrient recycling within the mixed layer (Lewis, 2000). For instance, recurrent thinning and thickening of the mixed layer, commonly observed in tropical lakes, can bring up nutrients from the depths helping replenish nutrients during stratification periods (Lewis, 2000). The effect of warming on nutrient availability thus reflects the balance between increased stratification strength and mixing efficiency, which vary with lake morphometry and wind forcing. Contrary to our results, paleolimnological records from tropical Andean lakes (Michelutti et al. 2015) and Lake Tanganyika (Tierney et al., 2010) showed evidence of weakened nutrient upwelling and productivity attributed to the combined influence of warming temperatures and declining regional wind speeds enhancing thermal stratification (O’Reilly et al., 2003; Michelutti et al., 2015). Similarly, Saulnier-Talbot et al. (2014) found evidence of declining productivity in a small African crater lake coincident with increased thermal stability induced by recent prolonged warmth. Contemporary studies on Santa Maria del Oro (Caballero et al., 2013) and Alchichica (Filonov et al., 2021) indicated that vertical fluctuations of the thermocline are common and further showed that local breeze circulation drives water movements in these lakes. Regional or local wind regimes may have helped maintain sufficient nutrient recycling in our study lakes despite regionally warming temperatures. Lake-level reductions could also lead to improved nutrient turnover, though such effects should be strongest in large and shallow lakes (Mosley, 2015). Overall, the variable productivity trends across tropical regions underline the need to develop a better understanding of hydrodynamic control of nutrient availability in tropical lakes, as they are faced with increasing nutrient inputs and thermal stress.

3.2.2 Landscape context and lake productivity responses

We observed notable differences in the extent of the productivity increases between the study lakes (Figure 6b). The largest CHLa increase ratios (post-1950 vs pre-1950) were found in Los Espinos (5.8x) and Teremendo (2.8x), situated in the central highlands, while smaller increase ratios were associated with lakes Tepetiltic (1.5x) and Santa Maria del Oro (1.4x) at the western end of the TMVB, and with the easternmost lake, Alchichica (1.3x). No single landscape feature was consistently related to the size of the CHLa increase (Figure S6) suggesting that several factors contribute to the differences between the lakes. For one, the small surface areas of Los Espinos and Teremendo relative to the other lakes (Table 1) imply weaker nutrient dilution due to the smaller water volume (Politi et al., 2024; Zhou et al., 2022). Interestingly, current proximity of agricultural lands or human settlements (Figure 3), did not appear strongly related to CHLa increase ratios in the lakes. We suspect that this may be partially due to the combined influence of lake morphometry and more distal human stressors influencing lake productivity indirectly, through impact on lake water levels. Most notably, despite the predominance of agricultural land and lack of protective vegetation around Alchichica (Figure 3, Table 2), the lake had the smallest CHLa increase ratio, whereas Los Espinos, showing the largest increase, is arguably most well protected from nutrient inputs due to the dense vegetation covering the crater walls (Figure 3). Municipal agricultural records indicate a comparatively large share of irrigated agricultural lands around Los Espinos and, to a lesser extent, around Teremendo (Table 2, Figure 3). Compared to the western TMVB, the rate of evaporation relative to precipitation is also relatively high in the central highlands, if not as severe as in the east near Alchichica (Figure 1b). These factors could promote water deficits in the lakes and enhance productivity by concentrating nutrients in the water column. Despite the semiarid climate conditions, high levels of irrigation agriculture (Table 1), and documented water-level reductions (Silva-Aguilera et al., 2024) in and around Alchichica, the considerably larger water volume should make the lake less susceptible to the concentration effect relative to the two smaller lakes. Importantly, the productivity increase ratios also depend on the past trophic state history of the lakes. We suspect that the comparatively low CHLa increase ratio in Tepetiltic, the shallowest of the lakes surrounded by intensive land use (Figure 3), may be partly related to a higher background trophic state which was not captured within the time window of our study. Abundant macrophyte growth in this shallow lake could further subdue nutrient impacts (Karst & Smol, 2000). Overall, our results point to a complexity of controls on primary production in the study lakes; however, the overall trends in sediment CHLa were markedly consistent, carrying evidence of increasing lake primary production across the study region.

3.3 Multidecadal trends in OC burial

3.3.1 Increasing OC burial and origins of the deposited OC

Aside from lake primary production, all five lakes showed evidence of increasing OC sequestration into lake sediments (Figure 5) corroborating the widespread trend observed in global lakes (Anderson et al., 2020; Meng et al., 2025; Wang et al., 2018). Given inherent uncertainties in the calculation of OC burial rates, most notably, related to age uncertainties and the sediment focusing correction, the values reported here should be viewed as indicative estimates. On average, the lakes buried 36 g OC m-2 yr-1 over the study period (since ca. 1870) showing considerable variability between lakes and over time. Mean OC burial rates before 1950 in all five lakes were 23 g OC m-2 yr-1 (ranging from 5 to 41 g OC m-2 yr-1 in individual lakes) doubling to a mean rate of 45 g OC m-2 yr-1 (from 8 to 97 g OC m-2 yr-1) in the post-1950 sediments. The variability in OC burial rates in the study lakes is similar to that observed in crater lakes El Sol (ranging from 4 to 110 g OC m-2 yr-1) and La Luna (from 19 to 96 g OC m-2 yr-1) in Central Mexico since the late 1800s (Alcocer et al., 2020). An earlier study on Alchichica (Alcocer et al., 2014) suggested higher mean OC burial rates (28 g OC m-2 yr-1) relative to our study (7 g OC m-2 yr-1); however, the values were not corrected for sediment focusing and derive from a core that was collected from a different part of the basin, nearer to the steep basin slopes. The OC burial rates in the pre-1950 sediments in the five study lakes resembled or slightly exceeded those previously associated with pre-1900 lake sediments in boreal and subtropical biomes (~10 to 15 g OC m-2 yr-1; Anderson et al., 2020). Even during the post-1950 period, the mean OC burial rates in the study lakes fell below mean OC burial rates associated with humid tropical forest lakes during the past century (114 ± 38 g C m-2 yr-1; Amora-Nogueira et al., 2022) and floodplain lakes in the Amazon basin (266 ± 57 g C m-2 yr-1; Sanders et al., 2017). The values were also lower compared to mean rates observed in shallow subtropical lakes in the southeastern United States since the late 1800s (118 ± 41 g C m-2 yr-1; Waters et al., 2019). Overall, the study lakes appear to retain comparably smaller OC stocks than lakes in some other tropical regions, which may be attributed to the limited supply of allochthonous OC from catchment vegetation and soils, as well as differences in hydrological setting. Nevertheless, the results demonstrate the growing carbon sequestration potential of tropical lake sediments.

The elemental and isotopic composition of sediment organic matter in the lakes, linked to the origins of the deposited carbon, showed variable biogeochemical signatures, but also some shared features. Organic matter C/N ratios ranged from 10.0 to 13.9 (mean 11.7) in the lakes (Figure 7), suggesting contributions from both autochthonous and allochthonous sources, with predominance of autochthonous organic matter (Meyers & Teranes, 2001). Previous research on Los Espinos, displaying the highest sediment C/N values (mean 12.9 ± 0.6) in our dataset, and Alchichica, with the lowest C/N values (10.4 ± 0.2), affirmed that both lake water and sediment OC pools are primarily supported by autotrophic carbon fixation (Havas et al., 2023a; Oseguera et al., 2010). The lack of permanent inlets, coupled with the steep crater flanks, likely weakens allochthonous OC export into the systems. In all five lakes, the overall variability in C/N values was relatively small and the erratic patterns did not seem to capture the trends in lake productivity. In Santa Maria del Oro, the C/N trends were suspect as they could be partially affected by the acid treatment (Rantala et al., 2025).  The lakes showed a broad range of δ13C values (Figure 5), ranging from −29.9 to −16.9‰, that can provide additional information on the origins of sediment OC. Consistently lower δ13C values in the deeper lakes (mean −25.6‰) (Figure 7) likely reflect higher contribution of OC from phytoplankton production that is often associated with ¹³C-depleted isotopic signatures due to the preferential uptake of ¹²C during photosynthesis (Meyers & Teranes, 2001), while the more positive values in the two shallower lakes, Teremendo and Tepetiltic (mean −19.7‰), are typical of benthic primary production more strongly influenced by the boundary layer effect (Hecky & Hesslein, 1995). 

The deeper lakes showed an overall declining trend in δ13C values coincident with increasing sediment CHLa (Figure 5) that may have variable implications. Concurrent increases in planktonic diatoms in Santa Maria del Oro suggested that the δ13C trend could reflect an increased contribution of OC from phytoplankton production (Rantala et al., 2025). The range of δ13C values associated with allochthonous OC overlaps with that of phytoplankton (Meyers & Teranes, 2001); however, the overall strong autochthony and lack of evidence of consistent increases in allochthonous OC (or detrital) inputs since the early 1900s suggest that the δ13C trends reflect processes occurring within the lakes. A previous study on Los Espinos found biogeochemical evidence of methane production (Havas et al., 2023b) that can in some cases contribute to declining organic matter δ13C values (Davidson & Jeppesen, 2013). The Suess effect (Guo et al., 2024) could also contribute to the declining δ13C trends. In Teremendo and Tepetiltic, δ13C values displayed an initial enrichment in the heavier 13C isotope, roughly coincident with increasing sediment CHLa, followed by a decline during the latter half of the 1900s (Figure 5). The increases in δ13C could be related to the enhanced primary production increasing demand for carbon (Davidson & Jeppesen, 2013; Meyers & Teranes, 2001), but also possibly to the cultivation of maize (or other C4 plants) in the catchments (Meyers & Teranes, 2001). In the shallow and productive Tepetiltic, presently supporting abundant macrophytes around the margins (Figure 3), the patterns in δ13C and C/N could reflect an initial increase in macrophyte growth, supplying more structural organic matter and promoting CO2 limitation (Davidson & Jeppesen, 2013), and a later shift to increased phytoplankton production reflected as the recent peak in sediment CHLa and coincident declines in δ13C and C/N values. Despite the variable biogeochemical patterns and indications, none of the five study lakes showed evidence of marked increases in allochthonous carbon inputs suggesting that main part of OC deposited during the study period originated from lake primary production.

3.3.2 Link between increasing lake productivity and OC burial rates

In spite of the apparent importance of autochthonous carbon constituents and the systematic increases in both lake primary production and sediment OC burial, the two variables did not appear strongly coupled in the study lakes when comparing the timing and extent of their trends. In most of the lakes, OC burial rates began to increase a few decades after the first signs of increasing productivity (Figure 6a), and the largest CHLa increase ratios were associated with the smallest increases in sediment OC burial (Figure 6b). This contrasts with the broad body of research illustrating a strong connection between lake eutrophication and sediment OC burial rates (Anderson et al., 2020; Fiskal et al., 2019; Meng et al. 2024; Waters et al., 2019). However, rather than indicating a disconnection between lake productivity and sediment OC stocks, our results may underscore the influence of factors governing the lakes’ abilities to retain the carbon bound in organic biomass (Dietz et al., 2015). Although the effect of oxygen exposure time on OC mineralisation is well established (Jenny et al., 2025; Sobek et al., 2009), we observed no consistent relationship between OC burial increases and the lakes’ oxygen conditions. The largest OC burial increase ratio (2.7x) was associated with the deep Santa Maria del Oro, where near permanent hypolimnetic anoxia (Caballero et al., 2013) likely contributes to enhanced OC burial efficiency; however, a similar increase (2.4x) was observed in the shallow and polymictic Tepetiltic (Figure 6b). Furthermore, the marked productivity increase in Los Espinos was associated with only a modest OC burial increase (1.3x) despite documented bottom water anoxia (Havas et al., 2023b). Earlier research shows that carbon mineralisation rates can remain high even in anoxic sediments (Bastviken et al., 2003), especially in situations where high OC loading is coupled with limited physical protection against mineralisation by mineral particles (Placitu et al., 2024). With some exceptions, increases in OC burial rates in the study lakes were primarily controlled by increases in SAR and MAR (Figure 5, Figure S4). It is possible that the increased detrital sediment fluxes are an important precondition for more substantial increases in OC burial rates in these lakes where the carbon supply is dominated by labile autochthonous OC. Previously, Dietz et al. (2015) found that most notable OC burial increases in temperate agricultural lakes were restricted to periods when nutrient impact was accompanied by increased detrital or allochthonous OC inputs. Detrital sediment delivery can influence OC retention to lake sediments in multiple ways, including by enhancing OC transport to the depths (e.g., through adsorption, flocculation or coprecipitation) and by helping isolate the deposited carbon from the sediment surface, reducing oxygen exposure time.

3.3.3 Landscape context and sediment OC burial responses

In the absence of clear increases in wetness over the past few decades (Figure 1C), we attribute the observed recent increases in sediment (mass) accumulation primarily to increasing local disturbance. It is therefore notable that the most marked increases in OC burial rates, indicated by the first derivative (Figure 6a), and in SAR and MAR (Figure 5), did not consistently follow population trends in nearby settlements (Figure 2). In particular, the largest increases in OC burial in Tepetiltic, Los Espinos, and Teremendo occurred well after local population growth began around the lakes. It should be noted that, in Los Espinos and Teremendo, the strong organic enrichment (Figure 5) could partly decouple SAR and MAR from detrital sediment inputs. Globally, population density within catchments has been shown to be an important predictor of temporal trends in sediment MAR (Baud et al., 2021). In regard to land-use change, earlier research has associated the largest increases in OC burial rates (and sediment accumulation) with the initial phases of land clearance and agricultural expansion (Dietz et al., 2015), while other studies have underscored the importance of agricultural intensification, finding little influence from earlier land clearance (Heathcote et al., 2013). These conflicting findings suggest that a clearer understanding of the components of land-use change that enhance OC burial in lakes, including the complex interactions of soil erosion and sediment delivery, is needed. 

Differences in regional climate setting could also contribute to the variability between the study lakes, as the two lakes showing the highest OC burial increases, Tepetiltic and Santa Maria del Oro, are situated near the western end of the TMVB where higher rainfall (Figure 1b) may enhance runoff and delivery of eroded soils from the surrounding slopes (Mendonça et al., 2017). Notably, our results did not align consistently with the common notion that smaller and shallower lakes bury OC more effectively (Downing et al., 2008; Kortelainen et al., 2004; Meng et al. 2024; Waters et al., 2019), nor did we find the opposite pattern of increasing burial efficiency with lake depth (Figure S6) suggested for tropical lakes (Alin & Johnson, 2007). This may be simply due to our small sample size, although the influence of morphological factors on lake OC burial may also appear muted in larger datasets (Dietz et al., 2015). A number of distinctive features, some shared and some unique to individual lakes in our dataset, can explain why we found no consistent relationships between lake size metrics and OC burial increases. Enhanced OC burial efficiency in small lakes has been partially attributed to the larger contribution of allochthonous OC inputs (Downing et al., 2008); however, allochthonous inputs contributed relatively little to the sediment OC pool in our study lakes, which may be attributed to the weak hydrological connectivity and steep crater slopes. Small size has also been linked to higher autochthonous biomass production (Downing et al., 2008), a pattern partly reflected in our dataset, where the two shallowest lakes have the highest reported trophic states (Table 1). However, our results suggest that parallel changes in detrital sediment input may determine whether increases in autochthonous production translate into enhanced OC burial rates. Small lakes also tend to have higher sedimentation (Ferland et al., 2012) yet, in the study lakes, differences in sedimentation may be more related to regional differences in rainfall intensity as well as catchment land use and land cover. In addition, a number of lake-specific features could contribute to the lack of consistent relationships between OC burial and basin morphometry. For instance, the notable OC burial increase in Tepetiltic (2.7x) relative to Teremendo (1.2x), both comparatively shallow lakes with hypereutrophic waters, could be related to internal nutrient loading promoted by frequent sediment resuspension in the shallow waters, outpacing concurrent increases in bacterial degradation. Waters et al. (2019) suggested that similar factors contribute to the large sediment OC stocks found in large and shallow subtropical Florida lakes. Abundant macrophyte growth in Tepetiltic could promote OC retention due to their structural carbon that could further heighten OC retention in the sediments (Waters et al., 2019). The larger OC burial increase in Santa Maria del Oro (2.7x) relative to Alchichica (1.7x), both large and deep lakes with persistent anoxia, may be related to the combined influence of higher sedimentation rates, more productive waters, and possibly slightly higher contribution of allochthonous OC as suggested by sediment C/N values (Figure 7), increasing both OC supply and burial efficiency. Overall, the five study lakes provide glimpses into the complex control of lake OC burial in the region, while some of the conditions could be shared more broadly by lower latitude lakes, such as the prevalence of autochthonous OC constituents.

4 CONCLUSIONS

Our work demonstrates how the growing human footprint in Central Mexico over the past century has reshaped fundamental lake ecosystem functions across the TMVB, with implications for regional and global ecosystem services. The five study lakes displayed markedly uniform trends of increasing lake primary production and OC burial rates despite notable differences in basin morphometry and human stressors. Lake productivity and OC burial increases were only weakly coupled in terms of timing and extent, despite the predominantly autochthonous origin of the deposited OC. Our results thus suggest that increased organic productivity alone may have had only a limited effect on OC burial rates in the study lakes, and potentially more broadly in tropical lakes with weak hydrological connections, and that increased detrital sediment inputs form an important precondition for more sizeable OC burial increases. We suspect that productivity increases in the lakes reflect the cumulative effects of multiple interacting factors, including nutrient inputs and water-level reductions mediated by increasing evaporation and water use. Highest productivity increases were associated with the smallest lakes, where the nutrient impact may have been heightened by the concentration effect. Most notable increases in OC burial coincided with the Great Acceleration, likely related to intensified human activity around the lakes. We found no consistent connections between OC burial and lake size metrics in the study lakes, emphasizing that relationships established in other regions may not be directly applicable to tropical systems. Overall, our results highlight the need to account for the unique characteristics of tropical lakes to develop a more comprehensive global understanding of lake ecosystem transformation in a rapidly changing world.
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FIGURE CAPTIONS

Figure 1 Map of the study area and regional climate trends. a) Location of the five study lakes in Central Mexico. The extent of the Trans-Mexican Volcanic Belt (TMVB) is shown on the index map. b) Monthly climate means (1991–2019) at nearby weather stations. Months are indicated by their first letter along the horizontal axis). c) Multiyear mean annual temperature (T mean) and precipitation trends based on CRU TS data (lines) and measurements at nearby weather stations (circles). The horizontal axis shows years. Data for nearby weather stations were obtained from the National Water Commission (CONAGUA) database (https://cucapa-clicom.cicese.mx/).

Figure 2 Population trends in nearby settlements and cities since 1900. Population numbers in settlements within 5 km (10 km for Tepetiltic) of the study lakes (distances indicated by colours), their sum (grey shaded areas), and generalised additive model (GAM) trends (red lines) of population counts (red circles) in settlements within or near the craters (locations shown in Figure 3). Population trends are also displayed for the largest cities, including Puebla, Morelia and Tepic, in the studied Mexican states (locations shown in Figure 1a). Periods of significant change based on the first derivative are indicated with thick lines and filled circles. GAM for La Laguna had a poor fit and is not displayed. Horizontal axes show time and vertical axes display population counts in thousands. Population data obtained from the National Institute of Statistics and Geography (INEGI) database (https://www.inegi.org.mx/).

Figure 3 Catchment characteristics and land-use and land-cover patterns around the study lakes. Coring sites are indicated with an x and the shaded areas show outlines of the nearest settlements.

Figure 4 Plum age models for the study lakes. Mean age estimates (red dashed line) and 95% confidence intervals (grey envelopes), together with total (blue) and supported (purple) 210Pb values, are displayed in the main panels. The upper panels show the Markov Chain Monte Carlo iterations (log-objective traces to assess MCMC convergence) and the prior (green) and posterior (grey) distributions of the Bayesian parameters. Acc. rate = accumulation rate. 137Cs activity peaks, available for Santa Maria del Oro and Teremendo, are indicated in light blue.

Figure 5 Sediment biogeochemical trends in the study lakes. Variables included are sediment chlorophyll a (CHLa; as z-scores), carbonate content (%), organic matter carbon (δ13C; ‰) and nitrogen (δ15N; ‰) isotope ratios, carbon to nitrogen ratio (C/N; atomic ratio), focusing corrected organic carbon (OC) burial rate (g OC m-2 yr-1), mass accumulation rate (MAR; g cm-2 yr-1), OC content (OC; %), sediment accumulation rate (SAR; cm yr-1), dry bulk density (DBD; g cm-3), titanium counts (Ti; clr-transformed and normalized), and incoherent-coherent scattering ratio (inc/coh). Horizontal axes represent estimated sediment ages. Vertical dotted lines mark the onset of the Great Acceleration (cf. Steffen et al., 2015).

Figure 6 Synthesis of trends in lake primary production and OC burial in the study lakes. a)  Generalised additive model (GAM) trends of chlorophyll a (CHLa) and organic carbon (OC) burial. Thick lines indicate periods of significant change based on the first derivative. Horizontal lines indicate periods of significant population increase in the nearest settlements (for Santa Maria del Oro, in all settlements within 5 km of the lake) (see Figure 1). b) Distribution of sediment OC content and OC burial in the sediment cores, and increase ratios (post-1950 vs pre-1950) for CHLa, OC content and OC burial (open red circles, with corresponding values shown below). Pre-1950 (lighter colour) and post-1950 (darker colour) values and their respective mean values (filled red circles) are distinguished. Values associated with the recent decade are not included in figure b. Vertical dotted lines mark the onset of the Great Acceleration (cf. Steffen et al., 2015).

Figure 7 Organic matter biogeochemistry in the study lakes. The axes show values for organic matter carbon to nitrogen ratios (C/N, atomic ratio) and organic carbon isotope ratios (δ13C), and nitrogen isotope ratios (δ15N) are depicted by the size of the symbols. Values associated with the pre-1950 period (open circles) and the post-1950 period (filled circles) are grouped separately.
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