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Faecal stanols in lake sediments have been used as a proxy for human populations in 25 

the past in a variety of contexts, with the assumption that variability in faecal stanol 26 

concentration or ratios is a reliable proxy for relative catchment-scale human 27 

populations. Despite that, the specific controls on faecal stanol concentrations and 28 

ratios in lake sediments remain poorly understood. In this study we analyse faecal 29 

stanol concentrations in lake surface sediments across Guatemala and the Yucatán 30 

Peninsula of Mexico in order to constrain geographical and biogeochemical variables 31 

controlling stanol concentrations and ratios in lake sediments in this region. We 32 

propose and test the hypothesis that the stanol ratios 33 

coprostanol:(coprostanol+stigmastanol) and coprostanol:(coprostanol+cholestanol) 34 

scale according to the proximity to and size of nearby population centres. The key 35 

controls on stanol concentrations that we identify are the proximity to human 36 

population centres and the human population within 5 km of the sampling point. The 37 

relationship between coprostanol and stigmastanol suggests a human origin for 38 

stigmastanol at Lake Petén Itzá, which has a much larger human population in its 39 

catchment, but an herbivore origin at other lakes. Based on a transect across Lake 40 

Petén Itzá, the ratio coprostanol:(coprostanol+cholestanol) does not appear to be an 41 

accurate proxy for proximity to human population centres, nor does it correlate with 42 

human population. We suggest that normalising stanol concentrations to TOC is an 43 

appropriate way to take into account the effects of mineral dilution as well as the 44 

potential effects of organic matter deposition and preservation, and that the ratio 45 

coprostanol:(coprostanol+stigmastanol) may be an effective approach to determine 46 

the relative contribution of coprostanol-producing mammals and herbivores, but does 47 

not scale with human population.  Further, we discuss the current limitations of the 48 

proxy as well as its future directions, including the implications of our results for 49 



sediment core siting, the use of stanol ratios in palaeolimnology, as well as the 50 

storage, transport, and diagenesis of stanols.  51 

 52 

Introduction 53 

 54 

Faecal stanols are lipid biomarkers produced in animal intestinal tracts and their 55 

distribution is determined by diet, the species of animal, and the presence and 56 

taxonomy of anaerobic bacteria in their digestive tracts (Bethell et al. 1994). 57 

Coprostanol (5β-cholestan-3β-ol) is produced during metabolic reduction of 58 

cholesterol in the intestinal tract of most mammals and is the major sterol present in 59 

human faeces (Bethell et al. 1994; Bull et al. 1999). Of the mammals capable of 60 

producing coprostanol, pigs, sheep and cows are known to produce sufficient 61 

concentrations to potentially mask the signal of human coprostanol (Prost et al. 2017; 62 

Zocatelli et al. 2017). The identification and quantification of coprostanol has been 63 

used as a means of determining anthropogenic impact by determining the extent of 64 

sewage discharge in coastal sediments (Hatcher and McGillivary 1979; LeBlanc et al. 65 

1992; Hussain et al. 2010) as well as archaeological and palaeoenvironmental studies 66 

(Bethell et al. 1994; Bull et al. 2003; D’Anjou et al. 2012; Sistiaga et al. 2014; White 67 

et al. 2018; Vachula et al. 2019; Sear et al. 2020). In some cases faecal stanols have 68 

been quantified alongside other markers such as polycyclic aromatic hydrocarbons 69 

(PAHs) in order to characterise relationships between industrial activity, vehicle 70 

traffic and hormones (Lima et al. 2019). Faecal stanols have also been quantified in 71 

coprolites and used as a proxy for diet (Zhang et al. 2020). Stanol analysis of fish 72 

muscle has given insights into the dietary changes of detritivorous fish reflecting 73 

anthropogenic organic matter close to sewage dominated inputs (Speranza et al. 74 



2020). Stanols have been used to trace marine mammals and birds in marine 75 

sediments (Venkatesan et al. 1986; Venkatesan and Santiago 1989). 76 

 After production, stanols can enter the environment as a component of faeces 77 

particles. These lipid biomarkers are relatively resistant to degradation and 78 

accumulate in sediments within depositional settings such as marine and lacustrine 79 

basins (D’Anjou et al. 2012; Pratt et al. 2008). The conversion of coprostanol to 80 

epicoprostanol (5β-cholestan-3α-ol), mediated by microbes, can occur in situ in both 81 

soils and sediments (Bull et al. 2002). The relative proportions of 5β-stanols can also 82 

be used as a means of determining the input of faecal matter from animals with 83 

different diets (Leeming et al. 1996; Sistiaga et al. 2014). For example, faeces of 84 

herbivores dominantly contain 5β-stigmastanol, followed by β-sitosterol or 5α-85 

stigmastanol, because of the prevalence of plants in their diets (Prost et al. 2017). 86 

Therefore analysis of 5β-stigmastanol can help to control for contributions of 87 

coprostanol from grazing herbivores, which produce coprostanol in lower proportions 88 

than humans. 89 

 Further work has applied various diagnostic ratios in order to determine the 90 

source of faecal waste. In the application to lake core records, faecal stanols have 91 

been discussed as absolute concentrations in dry sediment, as ratios to other stanols 92 

and sterols, and as ratios to total organic carbon (TOC). Stigmastanol, stigmasterol, 93 

sitosterol, cholestanol, and cholesterol have also been characterised (D’Anjou et al. 94 

2012; Battistel et al. 2017; Prost et al. 2017; White et al. 2018; Vachula et al. 2019; 95 

Shillito et al. 2020; Keenan et al. 2021). 96 

 The most appropriate approach to use in reconstructing human populations, as 97 

well as the environmental controls on faecal stanol concentrations and ratios in lake 98 

sediments, remain poorly constrained. Faecal stanols in tropical lake sediments, and 99 



Mesoamerican lake sediments in particular, are understudied, despite their potential to 100 

complement archaeological estimates of demographic change in this region (Escobar 101 

et al. 2020, Keenan et al. 2021). This novel proxy needs to be further refined in order 102 

to accurately reconstruct past human population change. To accomplish this we 103 

analyse faecal stanols in a set of modern lake sediments from Petén, Guatemala, and 104 

Yucatán and Quintana Roo, Mexico, in order to better understand the controls on 105 

stanol concentrations and ratios in tropical lake sediments.  106 

Lake surface sediments collected from 9 lakes (Fig. 1) across the Yucatán 107 

Peninsula and northern Guatemala were analysed in order to understand the 108 

geographic and biogeochemical variables that control faecal stanol concentrations and 109 

ratios. The lakes were chosen in order to analyse stanol concentrations and ratios 110 

across lake catchments that vary in hydrogeochemistry and human population. 111 

Specifically, we tested whether coprostanol concentrations and ratios are higher in 112 

lakes closer to population centres and whether limnological properties that potentially 113 

influence stanol preservation are correlated with coprostanol concentrations. We 114 

examined intra-lake variability in coprostanol concentrations and ratios within one 115 

large lake basin, namely Lake Petén Itzá. Further, We tested the hypothesis that the 116 

stanol ratios coprostanol:(coprostanol+stigmastanol) and 117 

coprostanol:(coprostanol+cholestanol) scale according to the proximity to and size of 118 

nearby population centres. 119 

 120 

Study site 121 

 Lake surface sediments were collected from 3 lakes in the Mexican lowlands 122 

(Yucatán Peninsula) and 6 lakes in the Guatemalan lowlands (Petén department of 123 

northern Guatemala). These lakes are found on the extensive karst area of the Yucatán 124 



Platform Province where groundwater moves through submerged cave systems 125 

produced from the dissolution of carbonate rock (Pérez et al., 2011). Lakes in the 126 

Petén Department (Perdida, Sacpuy, Petén Itzá, Macanché and Salpetén) are also part 127 

of this limestone platform. All of the lakes with the exception of Noh Bec have 128 

stratification. Stratification data for Lake Cobá is unavailable (Pérez et al., 2011). The 129 

“Hotel” lake has not previously been studied. A table of information including depths 130 

and surface areas for the lakes is available in the Electronic Supplementary Material 131 

(ESM1). 132 

 133 

Materials and methods 134 

 135 

Lake surface sediment sampling 136 

 137 

Lake surface sediments from the Yucatán Peninsula and northern Guatemala were 138 

collected using an AMS Ekman Dredge in July of 2019, sampling approximately the 139 

uppermost 3 cm of sediment. The mud-water interface was retained. The sampling 140 

locations were determined based on literature to encompass a range of 141 

biogeochemical variables, including salinity, as well as satellite imagery, and site 142 

access. They represent a range of water depths, lake properties, land-use, and 143 

proximity to human population centres (Table I). Sediments were stored in a cool box 144 

in the field, transferred to a refrigerator, and stored at 2 oC for up to two weeks in 145 

Montréal before being frozen and freeze-dried prior to analysis to remove water. 146 

Water chemical property measurements on a depth transect from 0 (surface) to 10 m 147 

water depth were taken where possible using a YSI professional plus multiparameter 148 



instrument configured to record dissolved oxygen, pH, resistivity, specific 149 

conductivity, and TDS.  150 

 151 

Stanol quantification   152 

 153 

Dried sediment samples were ground, weighed, added to a PTFE tube and extracted 154 

using a CEM MARS 6 microwave extractor with 10 mL of 9:1 155 

dichloromethane:methanol. This ratio of solvents was selected after testing various 156 

methods for their extraction efficiencies using lake sediment samples (Kornilova and 157 

Rosell-Melé 2003; Battistel et al. 2015). The MARS 6 oven was heated to 80 oC and 158 

held at that temperature for 20 minutes. The contents of the PTFE tube were then 159 

transferred to a centrifuge vial, centrifuged and the Total Lipid Extract (TLE) was 160 

transferred to an evaporating vial. A few mL of 9:1 dichloromethane:methanol were 161 

added twice more to the centrifuge tube in order to ensure complete removal of 162 

extracted material. The TLE was evaporated and split into 2 fractions (a non-polar 163 

fraction and a polar fraction) using silica gel chromatography. The pipette columns 164 

consisted of 5 cm of silica gel, and 1 cm of sodium sulphate. 15 mL of hexane was 165 

eluted to collect the non-polar hydrocarbon fraction and 15 mL of methanol was 166 

eluted to collect the remaining neutral and polar fractions. The polar fraction was 167 

saponified using KOH (potassium hydroxide) and separated into a neutral and acid 168 

fraction. Following 3 rounds of liquid-liquid extraction, the sterol fraction was then 169 

derivatised with BSTFA (bis-trimethylsilyltrifluoroacetamide). 170 

 The neutral (sterol) fraction was analysed using gas chromatography with a 171 

flame ionisation detector (GC-FID) with a TRACE TR-5 GC Column (60 m × 0.25 172 

mm) at McGill University in sequence with known standards for coprostanol, 173 



epicoprostanol, and stigmastanol, cholestanol and cholesterol (Sigma-Aldrich) in 174 

order to quantify these compounds. A set of representative samples were analysed 175 

using an Agilent 7890B GC with an Agilent 5977B MSD (DB-5MS 25 m × 200 µm × 176 

0.33 µm) at Concordia University to confirm compound identification by comparing 177 

ion fragmentation with NIST library. Because of the overlapping retention time of 178 

coprostanol and epicoprostanol it was not possible to consistently resolve these 179 

molecules. We followed the approach of White et al. (2018) and reported the sum of 180 

the two. This does not influence our interpretations since epicoprostanol is a 181 

transformation product of coprostanol, and therefore the summed concentration 182 

represents the net input of coprostanol to lake sediments.  183 

 184 

Total Organic Carbon 185 

 186 

 To measure total organic carbon concentration (TOC), dried and ground sediment 187 

samples were first weighed into an open silver cup, placed into a clean tray and 188 

fumigated in a closed glass container with a concentrated HCl for 24 hours to remove 189 

inorganic carbon. The silver cup was then sealed with tweezers and placed in a tin 190 

cup, which is a better catalyst for flash combustion analysis, and analysed with a 191 

Carlo Erba NC2500 elemental analyser (Hélie, 2009). These analyses were performed 192 

at the GEOTOP Light Stable Isotope Laboratory at the Université du Québec à 193 

Montréal.  194 

 195 

Population data and sewage management 196 

 197 



Population estimates were obtained for populated areas within 5 km of the sampling 198 

points at each lake. A 5 km radius was selected as this encompasses at least one 199 

population centre for the majority of the sampled modern lakes, with the exception of 200 

the sampling point at Lake Chichancanab, which falls out of this range. Furthermore, 201 

our data from Lake Petén Itzá implies that coprostanol concentrations decrease 202 

substantially within 3 km of the major population centre. Population figures were 203 

obtained by analysing the Humanitarian Open StreetMap Team Open Street Map 204 

(HOTOSM) in QGIS, an open source desktop geographic information system 205 

application. The OpenStreetMap project combines crowdsourcing and field surveying 206 

to obtain accurate population data at the local level (Humanitarian OpenStreetMap 207 

2020). Each settlement has a population number associated with it, regardless of the 208 

size. The smallest settlement is the village “Hacienda Laguna Perdida”, which has a 209 

population of 684.  210 

 In San Benito, adjacent to Santa Elena, there is a sewage system and treatment 211 

plant to the west of Santa Elena and Flores with a lagoon system built in 2005. 212 

However, owing to collapses in levee slopes of two lagoons, the plant was operating 213 

at a reduced capacity (Rodas, 2011). Phase 2 of the treatment plant involved the 214 

installation of an effluent treatment plant from the discharges of the municipalities of 215 

San Benito and Flores and was inaugurated in 2016 (Ministerio de Ambiente y 216 

Recursos Naturales, 2016).  For the year 2017 the urban area of the municipalities of 217 

Flores and San Benito do not have a wastewater management plan, causing 218 

wastewater to continuously discharge pollutants in the Lake Petén Itzá basin 219 

(Constanza, 2018). The other lakes sampled are surrounded by much smaller towns or 220 

villages, and are likely to use septic tanks with drainage fields (David Kuhn, personal 221 

correspondence).  222 



 223 

Results  224 

 225 

Range of variation of key measurements  226 

 227 

There is considerable variability in the concentrations of all faecal stanols across all 228 

lakes, as well as within lakes with multiple samples. We present statistical 229 

measurements of all lakes, lakes excluding Petén Itzá, and Petén Itzá only, given that 230 

15 samples were collected along a transect in Lake Petén Itzá. There is a major human 231 

population centre, Santa Elena and surrounding cities, with a population of 232 

approximately 70,000 inhabitants, on the shoreline of Petén Itzá. The total mass 233 

normalised concentrations of coprostanol+epicoprostanol (from here on, 234 

“coprostanol”) range from 3 ng/g to 3410 ng/g. The average for all lakes is 570±780 235 

ng/g (± 1 standard deviation). For all lakes excluding Petén Itzá the average is 236 

390±500 ng/g, and for Petén Itzá alone the average is 790±980 ng/g. The highest 237 

absolute concentrations of coprostanol were observed at the sampling location closest 238 

to Santa Elena in Lake Petén Itzá (3410 ng/g) and Lake Chichancanab (1820 ng/g).  239 

 For stigmastanol average concentrations were 2320 ±5870 ng/g, 3500±8180 240 

ng/g, and 1220±1190 ng/g, for all lakes, all lakes excluding Petén Itzá, and only Petén 241 

Itzá, respectively. The highest concentration of stigmastanol is found in Lake 242 

Chichancanab (33700 ng/g). Stigmastanol is generally present in much higher 243 

concentrations than coprostanol in these lakes, with the exception of Petén Itzá. For 244 

cholestanol average concentrations were 880±1390 ng/g, 630±1140 ng/g, and 1200 245 

±1620 ng/g, for all lakes, all lakes excluding Petén Itzá, and only Petén Itzá, 246 

respectively. For cholesterol average concentrations were 970±1380 ng/g, 960±1710 247 



ng/g, and 1050±1020 ng/g, for all lakes, all lakes excluding Petén Itzá, and only Petén 248 

Itzá, respectively. 249 

 250 

Total Organic Carbon 251 

 252 

The average TOC (g/g dry sediment) is 32±15 ×10-2 g/g, 37±16 ×10-2 g/g, 30±1 ×10-2 253 

g/g, for all lakes, all lakes excluding Petén Itzá, and only Petén Itzá, respectively. The 254 

average coprostanol normalised to TOC is 1870±2670 ng/g OC, 1480±2760 ng/g OC, 255 

and 2410±2650 ng/g OC, for all lakes, all lakes excluding Petén Itzá, and only Petén 256 

Itzá. The average stigmastanol normalised to TOC is 10090±35830 ng/g OC, 257 

16650±50500 ng/g OC, and 3760±3350 ng/g OC, for all lakes, all lakes excluding 258 

Petén Itzá, and only Petén Itzá. The average cholestanol normalised to TOC is 259 

3080±5810 ng/g OC, 2710±6750 ng/g OC, and 3690±4970 ng/g OC, for all lakes, all 260 

lakes excluding Petén Itzá, and only Petén Itzá. The average cholesterol normalised to 261 

TOC is 3700±7570 ng/g OC, 4210±10290 ng/g OC, and 3550±3490 ng/g OC, for all 262 

lakes, all lakes excluding Petén Itzá, and only Petén Itzá. Fig. 2 shows the 263 

relationships between each stanol and TOC, none of which are significant at p ≤ .05. 264 

All stanols and TOC have weak positive relationships at Petén Itzá and very weak 265 

negative relationships for all other lakes.  266 

 267 

Linear relationships between stanol concentrations 268 

 269 

For all lakes the relationships between all of the stanols are positive and significant at 270 

P < .05 but coprostanol has a weaker relationship with stigmastanol (Fig. 3). When all 271 

sampling points from Petén Itzá are excluded to look at variation between lakes 272 



without a major human presence, the relationships between the stanols and sterols are 273 

all positive and significant, except for cholesterol vs. stigmastanol and cholestanol vs. 274 

stigmastanol which are not significant at P < .05. The Petén Itzá samples alone also 275 

indicate significant positive relationships between the stanols. A table of regression 276 

statistics is available in the Electronic Supplementary Material (ESM4).  277 

 278 

Relationship with population  279 

 280 

All but one lake (Lake Chichancanab) were within 5 km of at least one population 281 

centre. In order to assess the relationship between catchment population and stanol 282 

concentrations we focused on the samples closest to the shoreline – at Lake Petén Itzá 283 

this includes the sampling point closest to Santa Elena and the sampling point closest 284 

to San Jose, the two population centres at either end of the transect (Fig. 1). The 285 

samples collected along the rest of the transect are not included in this analysis 286 

because the population data are not of sufficient resolution to determine which 287 

population centres are contributing to concentrations at those sampling points. A 288 

spatial relationship between coprostanol and population is not evident at the other 289 

lakes sampled, partly because the sampling strategy did not involve sampling along a 290 

transect at those lakes.  291 

 Coprostanol and stigmastanol for lakes excluding Petén Itzá have positive 292 

correlations with population (r = 0.74 and 0.74 respectively). When the samples from 293 

Petén Itzá are included the r-value for coprostanol increases (r = 0.97) but for 294 

stigmastanol decreases (r = 0.38). Cholestanol and cholesterol are also positively 295 

correlated with population, for all lakes. There is no apparent relationship between 296 



population and the stanol ratios coprostanol:(coprostanol+stigmastanol) and 297 

coprostanol:(coprostanol+cholestanol)  (Fig. 4e,f).  298 

 299 

Spatial variability in stanol concentrations in Lake Petén Itzá   300 

 301 

Absolute concentrations of coprostanol, stigmastanol, cholestanol and cholesterol, and 302 

the concentrations of these stanols normalised to organic carbon all decrease rapidly 303 

within the first 500 m from the population centre of Santa Elena (Fig. 5). There is then 304 

a more gradual decrease until 2200 m from Santa Elena. Absolute concentrations 305 

remain relatively low across the rest of the transect. An exponential relationship 306 

between concentrations and distance provides a partial fit to these data, but under 307 

predicts concentrations near Santa Elena. Coprostanol concentrations normalised to 308 

OC show a similar pattern, but increase slightly on the northern side lake close to the 309 

population centres of San Andrés and San José on the northern side of Lake Petén 310 

Itzá. Coprostanol:(coprostanol+cholestanol) has been used previously (White et al. 311 

2018) as has coprostanol:stigmastanol (Vachula et al. 2019) and 312 

cop:(cop+stigmastanol) (Prost et al. 2017). Fig. 5e shows that 313 

coprostanol:(coprostanol+cholestanol) does not have a strong correlation with 314 

distance. Cop:(cop+stigmastanol) (Fig. 5f) however is relatively high close to Santa 315 

Elena, decreases with distance from it, and increases again closer to the population 316 

centres on the northern side of the transect. The ratio is higher around 6.5 km from 317 

Santa Elena even though the population centres on that end of the transect (San 318 

Andrés and San José) have a smaller population.  319 

 320 

Discussion 321 



 322 

Spatial variability of stanol concentrations within lakes 323 

 324 

Stanol concentrations and ratios along the Petén Itzá transect 325 

Lake Petén Itzá has a higher coprostanol concentration in near shore sediments than 326 

all the other sampled lakes, consistent with its much larger local population (Fig. 5). 327 

Unnormalised concentrations and concentrations normalised to TOC (ESM2) decrease 328 

with distance from population centre. The high concentrations of stanols close to 329 

Santa Elena in Lake Petén Itzá, and the approximately exponential decrease in 330 

concentrations with distance from the population centre, suggest that distance from 331 

sources of faecal matter (i.e., human population centres) is a key variable controlling 332 

concentrations of faecal stanols, at least within a large lake basin. Faecal stanols have 333 

been shown to have low solubility in water and associate with particulate matter 334 

(Lloyd et al. 2012). Our data shows this to be true in a lacustrine basin, and that 335 

coprostanol, and other stanols, are likely transported as a solid particle either in 336 

suspension or in remobilised sediments. Further, in the tropical lake basins studied 337 

there is a likelihood of dilution with authigenic sediment (i.e. carbonates). 338 

 Over 2 km the concentrations of all stanols decrease at a rate that 339 

approximates an exponential decline (Fig. 5a-d), with the largest decrease within the 340 

first 500 m. The low concentrations closer to the smaller towns on the northern side of 341 

the lake are consistent with coprostanol concentrations scaling with population, 342 

although different waste management infrastructure, currents or sediment flow 343 

pathways could also influence this difference. The northern part of the lake is also 344 

much deeper, in excess of 40 metres water depth, compared with 2 metres in the 345 



proximity of Santa Elena. This could be important as greater depths provide more 346 

opportunity for dilution and mixing prior to deposition (Reeves and Patton 2005).  347 

 The exponential decrease in stanol concentrations is not seen in the ratios of 348 

coprostanol:(coprostanol+cholestanol) and coprostanol:(coprostanol+stigmastanol) 349 

(Fig.5e,f). Ratio values are low close to Santa Elena and for most of the transect, with 350 

two exceptions at around 1 km and 1.5 km from Santa Elena.  351 

 Stigmastanol concentrations follow a similar trend to coprostanol 352 

concentrations at Petén Itzá (Fig. 5b) that might be explained by the association of 353 

livestock associated with the population centre at Santa Elena, a combination of 354 

livestock and human-derived stigmastanol, or a mixture of the two.  Stigmastanol has 355 

been reported as a component of not more than half of human coprostanol faecal 356 

content (Prost et al. 2017) and is widely considered to be a marker of herbivore faecal 357 

contamination (Prost et al. 2017; Harrault et al. 2019).  358 

 359 

Spatial variability of stanols in other lakes 360 

 361 

The significant spatial variability of concentrations within sediments at Lakes 362 

Chichancanab, Noh Bec and Sacpuy (Table I) could also reflect basin-scale 363 

heterogeneity in concentrations, but we did not sample along a transect at these lakes. 364 

At Sacpuy this difference may be related to lake depth as well as distance to shore, 365 

since the sample closer to the shoreline has a higher concentration of coprostanol. At 366 

Noh Bec coprostanol concentration appears to be more closely related to distance 367 

from the shoreline, as concentrations decrease from 750 ng/g to 40 ng/g over 167 m, 368 

between 405 and 572 m from shore. There is no difference in water depth at these 369 

sites. At Chichancanab the sample furthest from the shore (220 m) has the highest 370 



coprostanol concentration (1800 ng/g) of any sample excluding those from Petén Itzá. 371 

This could reflect a unique depositional setting or source of coprostanol in Lake 372 

Chichancanab or a potential effect of high salinity (ESM3).  373 

 374 

Implications for core siting 375 

 376 

The significant spatial variability observed in this study in the lakes with multiple 377 

samples suggests that future targeting for cores with the intention of reconstructing 378 

population using stanols in large lakes should take place as close to the population 379 

centre/site of interest as possible, whilst remaining a depocentre. Sediment must still 380 

be able to accumulate without risk of flushing by storms, for example. There are few 381 

studies looking at the spatial variability of lipid biomarkers, but substantial 382 

heterogeneity on a basin-scale has been reported (Sarkar et al. 2014). Faecal stanols 383 

have been shown to associate with particulate matter and sediment out quickly (Lloyd 384 

et al. 2012), and, unsurprisingly, the greatest concentrations faecal stanols have been 385 

found where point sources of sewage discharge have historically been the highest 386 

(Hatcher and McGillivary 1979; Murphy et al. 2016). Clearly whether waste input to 387 

a lake comes from a point source—i.e., a town or city versus a population diffused 388 

across a landscape—is also important for selecting a coring location. In addition, in 389 

smaller lake basins the depocentre may be sufficiently close to the population centre 390 

to avoid a substantial dilution of the coprostanol signature, but must still be a 391 

depocentre.  392 

 393 

Relationship of stanol concentrations to local population 394 

 395 



The quantification of faecal stanols in modern lake sediments reveals a number of 396 

important insights that are relevant to their use as an emerging proxy for population 397 

change in the past. Fig. 4 shows that within this dataset concentrations of all stanols 398 

are sensitive to population within a 5 km radius, in that they are all positively 399 

correlated with population. When samples from Lake Petén Itzá are included, we 400 

observe stronger positive relationships with all stanols and sterols except for 401 

stigmastanol and cholesterol (ESM5). Therefore we infer that stanol concentrations 402 

are influenced by population, but that the strongest effect is for coprostanol and 403 

cholestanol, when all lakes are taken into account. The total dataset correlation is 404 

highly influenced by one point from Petén Itzá, resulting in a slope difference of an 405 

order of magnitude. The differences between lakes suggest a non-linear effect, or 406 

substantially different slopes between lake environments, suggesting that other 407 

variables do play an important role in controlling spatial variations in concentrations. 408 

This difference could also point to potential differences in sewage treatments between 409 

Petén Itzá and other lakes leading to a lower response per unit of population at Petén 410 

Itzá. We also note that based on our results from Lake Petén Itzá, concentrations 411 

decline within a short distance of a population centre. Therefore a smaller radius may 412 

be more accurate for identifying the relationship between population and coprostanol, 413 

but census data are not available at this resolution for Guatemala and Mexico.  414 

However Lake Petén Itzá is not representative of most lakes in this environment. The 415 

rate of decline in Petén Itzá may be very different than in other lakes. More 416 

hydrodynamic environments would lead to higher dispersion and thus lower slopes, 417 

for example. 418 

 Some sampling sites in this study are close to towns, such as at Cobá 419 

(population 1278), but have low concentrations and ratios. In contrast, the Lake 420 



Chichancanab sampling sites were not located near major human settlements, but 421 

there are high concentrations of both coprostanol and stigmastanol. We observed that 422 

there are people living in the vicinity of Lake Chichancanab, but the census data are 423 

not sufficiently spatially resolved in order to account for them. We infer that the 424 

variability observed in this sample set is therefore be controlled by factors other than 425 

population (ESM3).  426 

 In the application of the faecal stanol proxy to a lake sediment core the ability 427 

to compare patterns in concentrations and ratios with archaeological evidence is 428 

limited by the temporal resolution and availability of archaeological material. General 429 

patterns emerge in all of the studies discussed here when data are compared with 430 

archaeological evidence. In order to refine this proxy further it would be valuable to 431 

quantify faecal stanols from a lake sediment core adjacent to a town or city with 432 

reliable census data in order to determine the efficacy of the method as a proxy for 433 

determining population in the past. When pursuing this approach it is important to 434 

bear in mind how waste management strategies might also have changed through 435 

time. The sanitation situation in the studied modern lakes is different than in the past.   436 

 437 

Use of ratios 438 

 439 

The presentation and interpretation of faecal stanol data has been approached in 440 

various ways in order to take into account variations in degradation rate as well as low 441 

stanol concentrations. For example, White et al. (2018) report their data as a ratio of 442 

coprostanol to coprostanol+5α-cholestanol, a stanol commonly found in lake 443 

environments. This approach relies on the premise that the ratio of coprostanol to 5α-444 

cholestanol correlates with the amount of human waste transported to the lake, and 445 



that the amount of human waste correlates with population size (D’Anjou et al. 2012). 446 

In our dataset there is a correlation between coprostanol+epicoprostanol and 447 

cholestanol (Fig. 3a), but this ratio does not correlate with population in modern lake 448 

sediments. This suggests that although the processes controlling the deposition or 449 

preservation of coprostanol and cholestanol are similar, the ratio does not scale with 450 

population. In Lake Petén Itzá, the coprostanol:(coprostanol+cholestanol) (Fig. 5e) is 451 

low closest to the city and is variable along the transect. This does not support the 452 

hypothesised relationship with proximity to population centre.  453 

 The controls on concentrations of cholestanol are not well understood, and 454 

might limit the use of using the ratio of coprostanol to cholestanol as a means of 455 

reconstructing human populations in the past. Because of the relationship of proximity 456 

to population centre and coprostanol concentrations, it appears that a ratio of 457 

coprostanol to cholestanol is not appropriate. However the failure of our hypothesis 458 

that stanol ratios scale according to proximity to and size of nearby population centres 459 

does not necessarily preclude the use of these ratios in their use as sewage indicators 460 

or as markers of human presence of a landscape or relative population change in the 461 

past.  Total faecal stanols were used to discuss faecal stanol data from northern 462 

Norway (D’Anjou et al. 2012). However, absolute concentrations can be misleading 463 

owing to the effects of sediment dilution, contrasting mineral composition, sediment 464 

grain size distribution and organic matter content (Bull 2002). It might therefore be 465 

more appropriate to normalise absolute concentrations to TOC. Stanol abundance 466 

normalised to TOC can be used to take into account the effects of mineral dilution as 467 

well as the potential effects of organic matter deposition and preservation on stanol 468 

concentrations, thus helping circumvent some of issues that could skew 469 

interpretations of stanol data in reconstructing human population, especially in core 470 



records covering long time periods (LeBlanc et al. 1992; Thienemann et al. 2017). 471 

This does not prevent dilution with organic sediment, which is presumably what we 472 

observe with distance from shore in the Petén Itzá transect.  473 

 Fig. 2 shows that TOC has no significant relationship with each stanol, for 474 

lakes excluding Petén Itzá, as well as for Lake Petén Itzá. This shows that the 475 

processes controlling the deposition or preservation of TOC are dissimilar to those for 476 

coprostanol and cholestanol, and other stanols. In modern samples TOC is primarily 477 

controlled by production and deposition, whereas in sediment cores preservation 478 

would be of greater importance. Using TOC as an independent variable to normalise 479 

coprostanol to reduces the variation associated with normalising to cholestanol, where 480 

the controls on cholestanol concentrations could be related to either human or non-481 

human sources, as well as the advantages described above. Stanols normalised to 482 

TOC in the Lake Petén Itzá transect have a similar pattern of exponential decrease 483 

that absolute concentrations have, showing that at least in Lake Petén Itzá the 484 

normalisation does not skew the patterns to the extent that the data become useless.  485 

 In order to assess the relative contribution of humans (and other coprostanol 486 

producing mammals) versus herbivores a ratio of coprostanol to stigmastanol can be 487 

used. Vachula et al. (2019) use a value of >0.18 for the coprostanol:stigmastanol to 488 

infer human faecal contribution, based on Beringian megafauna. Although in our data 489 

the ratio does not correlate with population, if the 490 

coprostanol:(coprostanol+stigmastanol) ratio is used (Fig. 5f), the transect ratio shows 491 

a pattern that might be expected if inefficient sewage treatment existed in Santa Elena, 492 

and no sewage treatment existed on the northern side of the transect at the population 493 

centres of San Andrés and San José. Prost et al. (2017) use the same ratio with an 494 

upper threshold for human presence (0.72) and a threshold for herbivores (0.29), to 495 



assess the relative contribution of humans and herbivores to lake sediments. Although 496 

there is only one data point along the transect above 0.72, the data points closest to the 497 

city are greater than 0.29. If there are additional herbivore contributors (i.e., non-498 

human) then the low ratio could be the result partly of waste processing, as 499 

coprostanol input would decrease but stigmastanol would be unchanged. If humans 500 

are responsible for all stanol input then we would not expect the ratio to change, as 501 

both coprostanol and stigmastanol would be affected.  502 

 503 

In situ production of stanols in sediments 504 

 505 

Cholestanol and population have a moderate positive correlation, which, like the 506 

patterns seen in the Lake Petén Itzá transect where all stanols, including cholesterol 507 

and cholestanol decrease rapidly within the first 500 m, suggest that the source of 508 

cholestanol might be human-derived or related to human activities, or that microbes 509 

convert human-derived cholesterol into cholestanol, or both (Teshima & Kanazawa, 510 

1978). This could take place through delivery of cholesterol and cholestanol via faecal 511 

waste from the town, which has poor waste management facilities, or through run off 512 

from animal waste used as fertiliser.  513 

Cholestanol (5α-cholestanol) is produced from microbial degradation of 514 

cholesterol in the environments (Leeming et al. 1996; Prost et al. 2017). It is also 515 

possible that human-influenced processes in soils, such as nutrient inputs via fertiliser, 516 

enhance cholestanol production. The relationship between cholestanol normalised to 517 

TOC and population is weaker, but still positive. In White et al. (2018) a ratio of 518 

coprostanol:(coprostanol+cholestanol) was used to reconstruct population change at 519 

Cahokia, Illinois, and compares well when with archaeological evidence for 520 



population change. In Keenan et al. (2021) unnormalised coprostanol concentrations 521 

and concentrations normalised to TOC were in better agreement with archaeological 522 

evidence for population change for a lake sediment core near the Maya site of Itzan 523 

than the coprostanol:(coprostanol+cholestanol )ratio. However TOC input may also 524 

vary over long time spans and this approach requires caution. The rationale for using 525 

a ratio to another stanol to take into account degradation makes sense, but for the 526 

coprostanol:(coprostanol+cholestanol) ratio to be pursued, the controls on the 527 

production and preservation of cholestanol must be further constrained. The 528 

coprostanol:(coprostanol+cholestanol) ratio is also used in contemporary sewage 529 

contamination studies, where values > 0.7 indicate sewage contamination, and values 530 

< 0.3 are representative of uncontaminated samples (Grimalt et al. 1990). Lima et al. 531 

(2019) refer to the issues of the use of this ratio in tropical areas because of diagenetic 532 

transformation of cholesterol under anaerobic conditions and cholestanol input by 533 

phytoplankton and zooplankton, and this could make the use of ratios in Central 534 

American lakes misleading. Human activities may also increase the input of nutrients 535 

to lakes resulting in phytoplankton and zooplankton blooms and it is difficult to 536 

distinguish between cholestanol from human-induced biota and cholestanol from 537 

autochthonous biota. Our data support Lima et al.’s (2019) idea, as the data point 538 

closest to Santa Elena in the Petén Itzá transect, the highest population of all lakes 539 

sampled, has a coprostanol:(coprostanol+cholestanol) ratio of 0.44 (Fig. 4e). 540 

Although this is greater than 0.3, suggesting some contamination, is not greater than 541 

the 0.7 threshold indicating sewage contamination. Some samples, with relatively low 542 

populations such as those from Lakes Macanché and Cobá (population 1150 and 543 

1278) have coprostanol:(coprostanol+cholestanol) ratios of 0.92 and 0.99, 544 

respectively (Fig. 4a). This supports the idea that the use of normalising coprostanol 545 



to cholestanol to determine human populations can be misleading. This is further 546 

complicated by the influence of redox conditions in the sediments, and also when 547 

bottom waters are hypoxic or anoxic. In sediments, stenols are reduced to stanols, 548 

which over longer timescales are transformed into sterane, which introduces error into 549 

the ratios considered above, particularly with older samples (Wakeham, 1989). As 550 

noted, this does not necessarily preclude the use of these ratios in their use as sewage 551 

indicators or as markers of human presence of a landscape or relative population 552 

change in the past. The findings in this study of tropical lake sediments may not be 553 

universally applicable, particularly with respect to biogeochemical factors.  554 

 555 

Conclusions 556 

 557 

Our data from modern lakes sediments offer numerous important insights into using 558 

stanol data in order to reconstruct population history. Perhaps most importantly is that 559 

stanol concentrations are highest closest to the population centre, and this ought to be 560 

taken this into account when selecting a core site. We find much higher 561 

concentrations in the lake with the largest nearby population, Lake Petén Itzá, and 562 

concentrations clearly decrease exponentially with distance from the population 563 

centre at this lake. That all stanols decrease at a rate that approximates an exponential 564 

decline supports the idea that faecal stanols associate with particulate matter and are 565 

deposited close to shore.  566 

 Secondly, we observe that stanol concentration is correlated positively with 567 

population within 5 km from the sample location. This effect appears to be strongest 568 

for coprostanol and cholestanol, likely pointing to the fact that humans produce these 569 

stanols in large amounts, whereas stigmastanol is produced largely by herbivores, and 570 



cholesterol can also be produced in the environment.  The unknown impact of 571 

reducing conditions introduces much uncertainty, and even the reduction of a small 572 

amount of ubiquitous cholesterol will strongly influence the ratios. The use of ratios 573 

can be both insightful and misleading, despite their usage in published work. The ratio 574 

coprostanol:(coprostanol+cholestanol) does not appear to correlate with human 575 

population, nor does it correlate well with proximity to population centres. The 576 

correlation of coprostanol and cholestanol in sediment raises an important question as 577 

to the source of cholestanol to lake sediments, and how this might impact its utility as 578 

a proxy for determining population remains uncertain.  579 

 Similarly, the coprostanol:(coprostanol+stigmastanol) does not correlate with 580 

human population, although it does bear some resemblance to the pattern that might 581 

be expected along the Petén Itzá transect. The coprostanol:(coprostanol+stigmastanol) 582 

appears to be useful for determining the relative contribution of humans and 583 

coprostanol producing mammals to stigmastanol producing herbivores.  584 

 The use of ratios can be complicated by the in situ reduction of sterols in 585 

sediments, which is difficult to quantify, or for example by waste processing, which 586 

can result in human contribution being decreased, but not the contribution of 587 

herbivore and other animals living around the lake. The use of the ratio 588 

coprostanol:(coprostanol+stigmastanol) might then be used as a guideline for 589 

assessing the dominant input of humans versus herbivores. 590 

A way of circumventing some of the issues described above could be to 591 

normalise stanol abundance to TOC (ESM2), in order to take into account the effects 592 

of mineral dilution as well as the potential effects of organic matter deposition and 593 

preservation on stanol concentration. A combination of a normalising to TOC and the 594 



use of the ratio coprostanol:(coprostanol+stigmastanol) as a threshold might be the 595 

most appropriate approach in the use of stanols as a palaeo-demographic tool.  596 

 We have provided a number of new insights into the controls on stanol 597 

concentrations and ratios, and have shown that the use of stanols to reconstruct 598 

populations in the past continues to have great promise.  599 
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 735 
 736 
Figure captions 737 

Figure 1. a) Map showing location of study area in Central America; b) map of 738 
sampling sites on the Yucatán Peninsula with the Petén department in 739 
northern Guatemala; and c) locations of samples collected along transect in 740 
Lake Petén Itzá in detail.  741 
 742 
Figure 2. Scatter plot of total organic carbon and stanols (a) coprostanol; b) 743 
stigmastanol; c) cholestanol; and d) cholesterol (Ng/g dry sediment) for Petén 744 
Itzá (red) and all other lakes (blue).  745 
 746 

Figure 3. Relationships between concentrations of 747 
coprostanol+epicoprostanol and other stanols. Red data points and best-fit 748 
line for Petén Itzá, blue for all lakes excluding Petén Itzá, and the grey best-fit 749 
line is for all lakes. a) coprostanol and cholestanol; b) coprostanol and 750 
stigmastanol; c) coprostanol and cholesterol; d) cholestanol and cholesterol; 751 
e) cholesterol and stigmastanol; and f) cholestanol and stigmastanol. For 752 
stigmastanol regressions the outlier has not been included in the regression.  753 
 754 

Figure 4. a) Relationship between coprostanol concentrations and population 755 
for all lakes excluding Lake Petén Itzá; b) Relationship between coprostanol 756 
concentrations and population for all lakes excluding Lake Petén Itzá (points 757 
are from sampling locations closest to the shore); b) for stigmastanol; c) for 758 
cholestanol; d) for cholesterol; e) for coprostanol:(coprostanol+cholestanol); 759 
and f) for coprostanol:(coprostanol+stigmastanol). The green circles are data 760 
points from lakes with high salinity.  761 
 762 
Figure 5. Changes in absolute stanol concentrations or stanol ratios along a 763 
6.5 km transect from Santa Elena, in Lake Petén Itzá for: a) coprostanol; b) 764 
stigmastanol; c) cholestanol; d) cholesterol; e) 765 
coprostanol:(coprostanol+cholestanol); and f) 766 
coprostanol:(coprostanol+stigmastanol). Stanol concentrations normalised to 767 
OC are included in ESM2. Note that at 1 km the sample with low stanol 768 
concentrations is on the other side of the island of Flores.  769 
 770 
Figures 771 

 772 



 773 

Figure 1.  774 

 775 

Figure 2.  776 

 777 



 778 

Figure 3.  779 



 780 

Figure 4.  781 

 782 

 783 



 784 

Figure 5.  785 

 786 

Tables 787 
 788 
Table I. Lake sediment sample locations, water depths, %Corg and stanol and 789 
sterol concentrations. Petén Itzá samples are ordered by the location along 790 
the transect (distance from Santa Elena). Samples with YSI measurements 791 
are indicated by an asterisk (*).  792 
 793 
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