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Faecal stanols in lake sediments have been used as a proxy for human populations in
the past in a variety of contexts, with the assumption that variability in faecal stanol
concentration or ratios is a reliable proxy for relative catchment-scale human
populations. Despite that, the specific controls on faecal stanol concentrations and
ratios in lake sediments remain poorly understood. In this study we analyse faecal
stanol concentrations in lake surface sediments across Guatemala and the Yucatan
Peninsula of Mexico in order to constrain geographical and biogeochemical variables
controlling stanol concentrations and ratios in lake sediments in this region. We
propose and test the hypothesis that the stanol ratios
coprostanol:(coprostanol+stigmastanol) and coprostanol:(coprostanol+cholestanol)
scale according to the proximity to and size of nearby population centres. The key
controls on stanol concentrations that we identify are the proximity to human
population centres and the human population within 5 km of the sampling point. The
relationship between coprostanol and stigmastanol suggests a human origin for
stigmastanol at Lake Petén Itza, which has a much larger human population in its
catchment, but an herbivore origin at other lakes. Based on a transect across Lake
Petén Itz4, the ratio coprostanol:(coprostanol+cholestanol) does not appear to be an
accurate proxy for proximity to human population centres, nor does it correlate with
human population. We suggest that normalising stanol concentrations to TOC is an
appropriate way to take into account the effects of mineral dilution as well as the
potential effects of organic matter deposition and preservation, and that the ratio
coprostanol:(coprostanol+stigmastanol) may be an effective approach to determine
the relative contribution of coprostanol-producing mammals and herbivores, but does
not scale with human population. Further, we discuss the current limitations of the

proxy as well as its future directions, including the implications of our results for
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sediment core siting, the use of stanol ratios in palaeolimnology, as well as the

storage, transport, and diagenesis of stanols.

Introduction

Faecal stanols are lipid biomarkers produced in animal intestinal tracts and their
distribution is determined by diet, the species of animal, and the presence and
taxonomy of anaerobic bacteria in their digestive tracts (Bethell et al. 1994).
Coprostanol (5B-cholestan-33-ol) is produced during metabolic reduction of
cholesterol in the intestinal tract of most mammals and is the major sterol present in
human faeces (Bethell et al. 1994; Bull et al. 1999). Of the mammals capable of
producing coprostanol, pigs, sheep and cows are known to produce sufficient
concentrations to potentially mask the signal of human coprostanol (Prost et al. 2017,
Zocatelli et al. 2017). The identification and quantification of coprostanol has been
used as a means of determining anthropogenic impact by determining the extent of
sewage discharge in coastal sediments (Hatcher and McGillivary 1979; LeBlanc et al.
1992; Hussain et al. 2010) as well as archaeological and palaeoenvironmental studies
(Bethell et al. 1994; Bull et al. 2003; D’ Anjou et al. 2012; Sistiaga et al. 2014; White
et al. 2018; Vachula et al. 2019; Sear et al. 2020). In some cases faecal stanols have
been quantified alongside other markers such as polycyclic aromatic hydrocarbons
(PAHS) in order to characterise relationships between industrial activity, vehicle
traffic and hormones (Lima et al. 2019). Faecal stanols have also been quantified in
coprolites and used as a proxy for diet (Zhang et al. 2020). Stanol analysis of fish
muscle has given insights into the dietary changes of detritivorous fish reflecting

anthropogenic organic matter close to sewage dominated inputs (Speranza et al.
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2020). Stanols have been used to trace marine mammals and birds in marine
sediments (Venkatesan et al. 1986; Venkatesan and Santiago 1989).

After production, stanols can enter the environment as a component of faeces
particles. These lipid biomarkers are relatively resistant to degradation and
accumulate in sediments within depositional settings such as marine and lacustrine
basins (D’Anjou et al. 2012; Pratt et al. 2008). The conversion of coprostanol to
epicoprostanol (5B-cholestan-3a-ol), mediated by microbes, can occur in situ in both
soils and sediments (Bull et al. 2002). The relative proportions of 5B-stanols can also
be used as a means of determining the input of faecal matter from animals with
different diets (Leeming et al. 1996; Sistiaga et al. 2014). For example, faeces of
herbivores dominantly contain 5B-stigmastanol, followed by B-sitosterol or 5a-
stigmastanol, because of the prevalence of plants in their diets (Prost et al. 2017).
Therefore analysis of 5p-stigmastanol can help to control for contributions of
coprostanol from grazing herbivores, which produce coprostanol in lower proportions
than humans.

Further work has applied various diagnostic ratios in order to determine the
source of faecal waste. In the application to lake core records, faecal stanols have
been discussed as absolute concentrations in dry sediment, as ratios to other stanols
and sterols, and as ratios to total organic carbon (TOC). Stigmastanol, stigmasterol,
sitosterol, cholestanol, and cholesterol have also been characterised (D’ Anjou et al.
2012; Battistel et al. 2017; Prost et al. 2017; White et al. 2018; Vachula et al. 2019;
Shillito et al. 2020; Keenan et al. 2021).

The most appropriate approach to use in reconstructing human populations, as
well as the environmental controls on faecal stanol concentrations and ratios in lake

sediments, remain poorly constrained. Faecal stanols in tropical lake sediments, and
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Mesoamerican lake sediments in particular, are understudied, despite their potential to
complement archaeological estimates of demographic change in this region (Escobar
et al. 2020, Keenan et al. 2021). This novel proxy needs to be further refined in order
to accurately reconstruct past human population change. To accomplish this we
analyse faecal stanols in a set of modern lake sediments from Petén, Guatemala, and
Yucatan and Quintana Roo, Mexico, in order to better understand the controls on
stanol concentrations and ratios in tropical lake sediments.

Lake surface sediments collected from 9 lakes (Fig. 1) across the Yucatan
Peninsula and northern Guatemala were analysed in order to understand the
geographic and biogeochemical variables that control faecal stanol concentrations and
ratios. The lakes were chosen in order to analyse stanol concentrations and ratios
across lake catchments that vary in hydrogeochemistry and human population.
Specifically, we tested whether coprostanol concentrations and ratios are higher in
lakes closer to population centres and whether limnological properties that potentially
influence stanol preservation are correlated with coprostanol concentrations. We
examined intra-lake variability in coprostanol concentrations and ratios within one
large lake basin, namely Lake Petén Itza. Further, We tested the hypothesis that the
stanol ratios coprostanol:(coprostanol+stigmastanol) and
coprostanol:(coprostanol+cholestanol) scale according to the proximity to and size of

nearby population centres.

Study site
Lake surface sediments were collected from 3 lakes in the Mexican lowlands
(Yucatan Peninsula) and 6 lakes in the Guatemalan lowlands (Petén department of

northern Guatemala). These lakes are found on the extensive karst area of the Yucatan
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Platform Province where groundwater moves through submerged cave systems
produced from the dissolution of carbonate rock (Pérez et al., 2011). Lakes in the
Petén Department (Perdida, Sacpuy, Petén Itz4, Macanché and Salpetén) are also part
of this limestone platform. All of the lakes with the exception of Noh Bec have
stratification. Stratification data for Lake Coba is unavailable (Pérez et al., 2011). The
“Hotel” lake has not previously been studied. A table of information including depths
and surface areas for the lakes is available in the Electronic Supplementary Material

(ESM1).

Materials and methods

Lake surface sediment sampling

Lake surface sediments from the Yucatan Peninsula and northern Guatemala were
collected using an AMS Ekman Dredge in July of 2019, sampling approximately the
uppermost 3 cm of sediment. The mud-water interface was retained. The sampling
locations were determined based on literature to encompass a range of
biogeochemical variables, including salinity, as well as satellite imagery, and site
access. They represent a range of water depths, lake properties, land-use, and
proximity to human population centres (Table I). Sediments were stored in a cool box
in the field, transferred to a refrigerator, and stored at 2 °C for up to two weeks in
Montréal before being frozen and freeze-dried prior to analysis to remove water.
Water chemical property measurements on a depth transect from 0 (surface) to 10 m

water depth were taken where possible using a YSI professional plus multiparameter
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instrument configured to record dissolved oxygen, pH, resistivity, specific

conductivity, and TDS.

Stanol quantification

Dried sediment samples were ground, weighed, added to a PTFE tube and extracted
using a CEM MARS 6 microwave extractor with 10 mL of 9:1
dichloromethane:methanol. This ratio of solvents was selected after testing various
methods for their extraction efficiencies using lake sediment samples (Kornilova and
Rosell-Melé 2003; Battistel et al. 2015). The MARS 6 oven was heated to 80 °C and
held at that temperature for 20 minutes. The contents of the PTFE tube were then
transferred to a centrifuge vial, centrifuged and the Total Lipid Extract (TLE) was
transferred to an evaporating vial. A few mL of 9:1 dichloromethane:methanol were
added twice more to the centrifuge tube in order to ensure complete removal of
extracted material. The TLE was evaporated and split into 2 fractions (a non-polar
fraction and a polar fraction) using silica gel chromatography. The pipette columns
consisted of 5 cm of silica gel, and 1 cm of sodium sulphate. 15 mL of hexane was
eluted to collect the non-polar hydrocarbon fraction and 15 mL of methanol was
eluted to collect the remaining neutral and polar fractions. The polar fraction was
saponified using KOH (potassium hydroxide) and separated into a neutral and acid
fraction. Following 3 rounds of liquid-liquid extraction, the sterol fraction was then
derivatised with BSTFA (bis-trimethylsilyltrifluoroacetamide).

The neutral (sterol) fraction was analysed using gas chromatography with a
flame ionisation detector (GC-FID) with a TRACE TR-5 GC Column (60 m x 0.25

mm) at McGill University in sequence with known standards for coprostanol,
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epicoprostanol, and stigmastanol, cholestanol and cholesterol (Sigma-Aldrich) in
order to quantify these compounds. A set of representative samples were analysed
using an Agilent 7890B GC with an Agilent 5977B MSD (DB-5MS 25 m x 200 pm x
0.33 um) at Concordia University to confirm compound identification by comparing
ion fragmentation with NIST library. Because of the overlapping retention time of
coprostanol and epicoprostanol it was not possible to consistently resolve these
molecules. We followed the approach of White et al. (2018) and reported the sum of
the two. This does not influence our interpretations since epicoprostanol is a
transformation product of coprostanol, and therefore the summed concentration

represents the net input of coprostanol to lake sediments.

Total Organic Carbon

To measure total organic carbon concentration (TOC), dried and ground sediment
samples were first weighed into an open silver cup, placed into a clean tray and
fumigated in a closed glass container with a concentrated HCI for 24 hours to remove
inorganic carbon. The silver cup was then sealed with tweezers and placed in a tin
cup, which is a better catalyst for flash combustion analysis, and analysed with a
Carlo Erba NC2500 elemental analyser (Hélie, 2009). These analyses were performed
at the GEOTOP Light Stable Isotope Laboratory at the Université du Québec a

Montréal.

Population data and sewage management
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Population estimates were obtained for populated areas within 5 km of the sampling
points at each lake. A 5 km radius was selected as this encompasses at least one
population centre for the majority of the sampled modern lakes, with the exception of
the sampling point at Lake Chichancanab, which falls out of this range. Furthermore,
our data from Lake Petén Itz implies that coprostanol concentrations decrease
substantially within 3 km of the major population centre. Population figures were
obtained by analysing the Humanitarian Open StreetMap Team Open Street Map
(HOTOSM) in QGIS, an open source desktop geographic information system
application. The OpenStreetMap project combines crowdsourcing and field surveying
to obtain accurate population data at the local level (Humanitarian OpenStreetMap
2020). Each settlement has a population number associated with it, regardless of the
size. The smallest settlement is the village “Hacienda Laguna Perdida”, which has a
population of 684.

In San Benito, adjacent to Santa Elena, there is a sewage system and treatment
plant to the west of Santa Elena and Flores with a lagoon system built in 2005.
However, owing to collapses in levee slopes of two lagoons, the plant was operating
at a reduced capacity (Rodas, 2011). Phase 2 of the treatment plant involved the
installation of an effluent treatment plant from the discharges of the municipalities of
San Benito and Flores and was inaugurated in 2016 (Ministerio de Ambiente y
Recursos Naturales, 2016). For the year 2017 the urban area of the municipalities of
Flores and San Benito do not have a wastewater management plan, causing
wastewater to continuously discharge pollutants in the Lake Petén Itz4 basin
(Constanza, 2018). The other lakes sampled are surrounded by much smaller towns or
villages, and are likely to use septic tanks with drainage fields (David Kuhn, personal

correspondence).
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Results

Range of variation of key measurements

There is considerable variability in the concentrations of all faecal stanols across all
lakes, as well as within lakes with multiple samples. We present statistical
measurements of all lakes, lakes excluding Petén Itza, and Petén Itz& only, given that
15 samples were collected along a transect in Lake Petén Itza. There is a major human
population centre, Santa Elena and surrounding cities, with a population of
approximately 70,000 inhabitants, on the shoreline of Petén Itz&. The total mass
normalised concentrations of coprostanol+epicoprostanol (from here on,
“coprostanol”) range from 3 ng/g to 3410 ng/g. The average for all lakes is 570+780
ng/g (x 1o standard deviation). For all lakes excluding Petén Itz4 the average is
3904500 ng/g, and for Petén Itz4 alone the average is 790+980 ng/g. The highest
absolute concentrations of coprostanol were observed at the sampling location closest
to Santa Elena in Lake Petén Itz (3410 ng/g) and Lake Chichancanab (1820 ng/g).

For stigmastanol average concentrations were 2320 £5870 ng/g, 3500+8180
ng/g, and 1220+1190 ng/g, for all lakes, all lakes excluding Petén Itz4, and only Petén
Itz4, respectively. The highest concentration of stigmastanol is found in Lake
Chichancanab (33700 ng/g). Stigmastanol is generally present in much higher
concentrations than coprostanol in these lakes, with the exception of Petén Itza. For
cholestanol average concentrations were 880+1390 ng/g, 630+1140 ng/g, and 1200
11620 ng/g, for all lakes, all lakes excluding Petén Itz4, and only Petén Itza,

respectively. For cholesterol average concentrations were 970+1380 ng/g, 960+1710
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ng/g, and 1050+£1020 ng/g, for all lakes, all lakes excluding Petén Itz4, and only Petén

Itz4, respectively.

Total Organic Carbon

The average TOC (g/g dry sediment) is 32+15 x102 g/g, 37+16 x102g/g, 30+1 x10-
g/g, for all lakes, all lakes excluding Petén Itz4, and only Petén Itz4, respectively. The
average coprostanol normalised to TOC is 18702670 ng/g OC, 1480£2760 ng/g OC,
and 24102650 ng/g OC, for all lakes, all lakes excluding Petén Itz4, and only Petén
Itza. The average stigmastanol normalised to TOC is 10090+35830 ng/g OC,
16650+50500 ng/g OC, and 3760+3350 ng/g OC, for all lakes, all lakes excluding
Petén Itz4, and only Petén Itza. The average cholestanol normalised to TOC is
3080+5810 ng/g OC, 2710+6750 ng/g OC, and 3690+4970 ng/g OC, for all lakes, all
lakes excluding Petén Itz4, and only Petén Itz&. The average cholesterol normalised to
TOC is 3700+7570 ng/g OC, 4210+10290 ng/g OC, and 3550+3490 ng/g OC, for all
lakes, all lakes excluding Petén Itz4, and only Petén Itza. Fig. 2 shows the
relationships between each stanol and TOC, none of which are significant at p <.05.
All stanols and TOC have weak positive relationships at Petén Itza and very weak

negative relationships for all other lakes.

Linear relationships between stanol concentrations

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

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

sampling points from Petén Itza are excluded to look at variation between lakes
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without a major human presence, the relationships between the stanols and sterols are
all positive and significant, except for cholesterol vs. stigmastanol and cholestanol vs.
stigmastanol which are not significant at P < .05. The Petén Itz samples alone also
indicate significant positive relationships between the stanols. A table of regression

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

Relationship with population

All but one lake (Lake Chichancanab) were within 5 km of at least one population
centre. In order to assess the relationship between catchment population and stanol
concentrations we focused on the samples closest to the shoreline — at Lake Petén Itz&
this includes the sampling point closest to Santa Elena and the sampling point closest
to San Jose, the two population centres at either end of the transect (Fig. 1). The
samples collected along the rest of the transect are not included in this analysis
because the population data are not of sufficient resolution to determine which
population centres are contributing to concentrations at those sampling points. A
spatial relationship between coprostanol and population is not evident at the other
lakes sampled, partly because the sampling strategy did not involve sampling along a
transect at those lakes.

Coprostanol and stigmastanol for lakes excluding Petén Itz& have positive
correlations with population (r = 0.74 and 0.74 respectively). When the samples from
Petén Itz4 are included the r-value for coprostanol increases (r = 0.97) but for
stigmastanol decreases (r = 0.38). Cholestanol and cholesterol are also positively

correlated with population, for all lakes. There is no apparent relationship between
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population and the stanol ratios coprostanol:(coprostanol+stigmastanol) and

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

Spatial variability in stanol concentrations in Lake Petén Itza

Absolute concentrations of coprostanol, stigmastanol, cholestanol and cholesterol, and
the concentrations of these stanols normalised to organic carbon all decrease rapidly
within the first 500 m from the population centre of Santa Elena (Fig. 5). There is then
a more gradual decrease until 2200 m from Santa Elena. Absolute concentrations
remain relatively low across the rest of the transect. An exponential relationship
between concentrations and distance provides a partial fit to these data, but under
predicts concentrations near Santa Elena. Coprostanol concentrations normalised to
OC show a similar pattern, but increase slightly on the northern side lake close to the
population centres of San Andrés and San José on the northern side of Lake Petén
Itz4. Coprostanol:(coprostanol+cholestanol) has been used previously (White et al.
2018) as has coprostanol:stigmastanol (Vachula et al. 2019) and
cop:(cop+stigmastanol) (Prost et al. 2017). Fig. 5e shows that
coprostanol:(coprostanol+cholestanol) does not have a strong correlation with
distance. Cop:(cop+stigmastanol) (Fig. 5f) however is relatively high close to Santa
Elena, decreases with distance from it, and increases again closer to the population
centres on the northern side of the transect. The ratio is higher around 6.5 km from
Santa Elena even though the population centres on that end of the transect (San

Andrés and San José) have a smaller population.

Discussion
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Spatial variability of stanol concentrations within lakes

Stanol concentrations and ratios along the Petén Itza transect

Lake Petén Itza has a higher coprostanol concentration in near shore sediments than
all the other sampled lakes, consistent with its much larger local population (Fig. 5).
Unnormalised concentrations and concentrations normalised to TOC (ESM2) decrease
with distance from population centre. The high concentrations of stanols close to
Santa Elena in Lake Petén Itz4, and the approximately exponential decrease in
concentrations with distance from the population centre, suggest that distance from
sources of faecal matter (i.e., human population centres) is a key variable controlling
concentrations of faecal stanols, at least within a large lake basin. Faecal stanols have
been shown to have low solubility in water and associate with particulate matter
(Lloyd et al. 2012). Our data shows this to be true in a lacustrine basin, and that
coprostanol, and other stanols, are likely transported as a solid particle either in
suspension or in remobilised sediments. Further, in the tropical lake basins studied
there is a likelihood of dilution with authigenic sediment (i.e. carbonates).

Over 2 km the concentrations of all stanols decrease at a rate that
approximates an exponential decline (Fig. 5a-d), with the largest decrease within the
first 500 m. The low concentrations closer to the smaller towns on the northern side of
the lake are consistent with coprostanol concentrations scaling with population,
although different waste management infrastructure, currents or sediment flow
pathways could also influence this difference. The northern part of the lake is also

much deeper, in excess of 40 metres water depth, compared with 2 metres in the
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proximity of Santa Elena. This could be important as greater depths provide more
opportunity for dilution and mixing prior to deposition (Reeves and Patton 2005).

The exponential decrease in stanol concentrations is not seen in the ratios of
coprostanol:(coprostanol+cholestanol) and coprostanol:(coprostanol+stigmastanol)
(Fig.5e,f). Ratio values are low close to Santa Elena and for most of the transect, with
two exceptions at around 1 km and 1.5 km from Santa Elena.

Stigmastanol concentrations follow a similar trend to coprostanol
concentrations at Peten Itza (Fig. 5b) that might be explained by the association of
livestock associated with the population centre at Santa Elena, a combination of
livestock and human-derived stigmastanol, or a mixture of the two. Stigmastanol has
been reported as a component of not more than half of human coprostanol faecal
content (Prost et al. 2017) and is widely considered to be a marker of herbivore faecal

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

Spatial variability of stanols in other lakes

The significant spatial variability of concentrations within sediments at Lakes
Chichancanab, Noh Bec and Sacpuy (Table 1) could also reflect basin-scale
heterogeneity in concentrations, but we did not sample along a transect at these lakes.
At Sacpuy this difference may be related to lake depth as well as distance to shore,
since the sample closer to the shoreline has a higher concentration of coprostanol. At
Noh Bec coprostanol concentration appears to be more closely related to distance
from the shoreline, as concentrations decrease from 750 ng/g to 40 ng/g over 167 m,
between 405 and 572 m from shore. There is no difference in water depth at these

sites. At Chichancanab the sample furthest from the shore (220 m) has the highest
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coprostanol concentration (1800 ng/g) of any sample excluding those from Petén Itza.
This could reflect a unique depositional setting or source of coprostanol in Lake

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

Implications for core siting

The significant spatial variability observed in this study in the lakes with multiple
samples suggests that future targeting for cores with the intention of reconstructing
population using stanols in large lakes should take place as close to the population
centre/site of interest as possible, whilst remaining a depocentre. Sediment must still
be able to accumulate without risk of flushing by storms, for example. There are few
studies looking at the spatial variability of lipid biomarkers, but substantial
heterogeneity on a basin-scale has been reported (Sarkar et al. 2014). Faecal stanols
have been shown to associate with particulate matter and sediment out quickly (Lloyd
et al. 2012), and, unsurprisingly, the greatest concentrations faecal stanols have been
found where point sources of sewage discharge have historically been the highest
(Hatcher and McGillivary 1979; Murphy et al. 2016). Clearly whether waste input to
a lake comes from a point source—i.e., a town or city versus a population diffused
across a landscape—is also important for selecting a coring location. In addition, in
smaller lake basins the depocentre may be sufficiently close to the population centre
to avoid a substantial dilution of the coprostanol signature, but must still be a

depocentre.

Relationship of stanol concentrations to local population
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The quantification of faecal stanols in modern lake sediments reveals a number of
important insights that are relevant to their use as an emerging proxy for population
change in the past. Fig. 4 shows that within this dataset concentrations of all stanols
are sensitive to population within a 5 km radius, in that they are all positively
correlated with population. When samples from Lake Petén Itza are included, we
observe stronger positive relationships with all stanols and sterols except for
stigmastanol and cholesterol (ESM5). Therefore we infer that stanol concentrations
are influenced by population, but that the strongest effect is for coprostanol and
cholestanol, when all lakes are taken into account. The total dataset correlation is
highly influenced by one point from Petén Itza, resulting in a slope difference of an
order of magnitude. The differences between lakes suggest a non-linear effect, or
substantially different slopes between lake environments, suggesting that other
variables do play an important role in controlling spatial variations in concentrations.
This difference could also point to potential differences in sewage treatments between
Petén Itz and other lakes leading to a lower response per unit of population at Petén
Itz&. We also note that based on our results from Lake Petén Itz4, concentrations
decline within a short distance of a population centre. Therefore a smaller radius may
be more accurate for identifying the relationship between population and coprostanol,
but census data are not available at this resolution for Guatemala and Mexico.
However Lake Petén Itz4 is not representative of most lakes in this environment. The
rate of decline in Petén Itz4 may be very different than in other lakes. More
hydrodynamic environments would lead to higher dispersion and thus lower slopes,
for example.

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

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



421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

Chichancanab sampling sites were not located near major human settlements, but
there are high concentrations of both coprostanol and stigmastanol. We observed that
there are people living in the vicinity of Lake Chichancanab, but the census data are
not sufficiently spatially resolved in order to account for them. We infer that the
variability observed in this sample set is therefore be controlled by factors other than
population (ESM3).

In the application of the faecal stanol proxy to a lake sediment core the ability
to compare patterns in concentrations and ratios with archaeological evidence is
limited by the temporal resolution and availability of archaeological material. General
patterns emerge in all of the studies discussed here when data are compared with
archaeological evidence. In order to refine this proxy further it would be valuable to
quantify faecal stanols from a lake sediment core adjacent to a town or city with
reliable census data in order to determine the efficacy of the method as a proxy for
determining population in the past. When pursuing this approach it is important to
bear in mind how waste management strategies might also have changed through

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

Use of ratios

The presentation and interpretation of faecal stanol data has been approached in
various ways in order to take into account variations in degradation rate as well as low
stanol concentrations. For example, White et al. (2018) report their data as a ratio of
coprostanol to coprostanol+5a-cholestanol, a stanol commonly found in lake
environments. This approach relies on the premise that the ratio of coprostanol to 5a-

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



446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

that the amount of human waste correlates with population size (D’Anjou et al. 2012).
In our dataset there is a correlation between coprostanol+epicoprostanol and
cholestanol (Fig. 3a), but this ratio does not correlate with population in modern lake
sediments. This suggests that although the processes controlling the deposition or
preservation of coprostanol and cholestanol are similar, the ratio does not scale with
population. In Lake Petén Itz4, the coprostanol:(coprostanol+cholestanol) (Fig. 5e) is
low closest to the city and is variable along the transect. This does not support the
hypothesised relationship with proximity to population centre.

The controls on concentrations of cholestanol are not well understood, and
might limit the use of using the ratio of coprostanol to cholestanol as a means of
reconstructing human populations in the past. Because of the relationship of proximity
to population centre and coprostanol concentrations, it appears that a ratio of
coprostanol to cholestanol is not appropriate. However the failure of our hypothesis
that stanol ratios scale according to proximity to and size of nearby population centres
does not necessarily preclude the use of these ratios in their use as sewage indicators
or as markers of human presence of a landscape or relative population change in the
past. Total faecal stanols were used to discuss faecal stanol data from northern
Norway (D’Anjou et al. 2012). However, absolute concentrations can be misleading
owing to the effects of sediment dilution, contrasting mineral composition, sediment
grain size distribution and organic matter content (Bull 2002). It might therefore be
more appropriate to normalise absolute concentrations to TOC. Stanol abundance
normalised to TOC can be used to take into account the effects of mineral dilution as
well as the potential effects of organic matter deposition and preservation on stanol
concentrations, thus helping circumvent some of issues that could skew

interpretations of stanol data in reconstructing human population, especially in core
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records covering long time periods (LeBlanc et al. 1992; Thienemann et al. 2017).
This does not prevent dilution with organic sediment, which is presumably what we
observe with distance from shore in the Petén Itza transect.

Fig. 2 shows that TOC has no significant relationship with each stanol, for
lakes excluding Petén Itza, as well as for Lake Petén Itza. This shows that the
processes controlling the deposition or preservation of TOC are dissimilar to those for
coprostanol and cholestanol, and other stanols. In modern samples TOC is primarily
controlled by production and deposition, whereas in sediment cores preservation
would be of greater importance. Using TOC as an independent variable to normalise
coprostanol to reduces the variation associated with normalising to cholestanol, where
the controls on cholestanol concentrations could be related to either human or non-
human sources, as well as the advantages described above. Stanols normalised to
TOC in the Lake Petén Itza transect have a similar pattern of exponential decrease
that absolute concentrations have, showing that at least in Lake Petén 1tza the
normalisation does not skew the patterns to the extent that the data become useless.

In order to assess the relative contribution of humans (and other coprostanol
producing mammals) versus herbivores a ratio of coprostanol to stigmastanol can be
used. Vachula et al. (2019) use a value of >0.18 for the coprostanol:stigmastanol to
infer human faecal contribution, based on Beringian megafauna. Although in our data
the ratio does not correlate with population, if the
coprostanol:(coprostanol+stigmastanol) ratio is used (Fig. 5f), the transect ratio shows
a pattern that might be expected if inefficient sewage treatment existed in Santa Elena,
and no sewage treatment existed on the northern side of the transect at the population
centres of San Andrés and San José. Prost et al. (2017) use the same ratio with an

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



496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

assess the relative contribution of humans and herbivores to lake sediments. Although
there is only one data point along the transect above 0.72, the data points closest to the
city are greater than 0.29. If there are additional herbivore contributors (i.e., non-
human) then the low ratio could be the result partly of waste processing, as
coprostanol input would decrease but stigmastanol would be unchanged. If humans
are responsible for all stanol input then we would not expect the ratio to change, as

both coprostanol and stigmastanol would be affected.

In situ production of stanols in sediments

Cholestanol and population have a moderate positive correlation, which, like the
patterns seen in the Lake Petén Itz4 transect where all stanols, including cholesterol
and cholestanol decrease rapidly within the first 500 m, suggest that the source of
cholestanol might be human-derived or related to human activities, or that microbes
convert human-derived cholesterol into cholestanol, or both (Teshima & Kanazawa,
1978). This could take place through delivery of cholesterol and cholestanol via faecal
waste from the town, which has poor waste management facilities, or through run off
from animal waste used as fertiliser.

Cholestanol (5a-cholestanol) is produced from microbial degradation of
cholesterol in the environments (Leeming et al. 1996; Prost et al. 2017). It is also
possible that human-influenced processes in soils, such as nutrient inputs via fertiliser,
enhance cholestanol production. The relationship between cholestanol normalised to
TOC and population is weaker, but still positive. In White et al. (2018) a ratio of
coprostanol:(coprostanol+cholestanol) was used to reconstruct population change at

Cahokia, Illinois, and compares well when with archaeological evidence for
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population change. In Keenan et al. (2021) unnormalised coprostanol concentrations
and concentrations normalised to TOC were in better agreement with archaeological
evidence for population change for a lake sediment core near the Maya site of ltzan
than the coprostanol:(coprostanol+cholestanol )ratio. However TOC input may also
vary over long time spans and this approach requires caution. The rationale for using
a ratio to another stanol to take into account degradation makes sense, but for the
coprostanol:(coprostanol+cholestanol) ratio to be pursued, the controls on the
production and preservation of cholestanol must be further constrained. The
coprostanol:(coprostanol+cholestanol) ratio is also used in contemporary sewage
contamination studies, where values > 0.7 indicate sewage contamination, and values
< 0.3 are representative of uncontaminated samples (Grimalt et al. 1990). Lima et al.
(2019) refer to the issues of the use of this ratio in tropical areas because of diagenetic
transformation of cholesterol under anaerobic conditions and cholestanol input by
phytoplankton and zooplankton, and this could make the use of ratios in Central
American lakes misleading. Human activities may also increase the input of nutrients
to lakes resulting in phytoplankton and zooplankton blooms and it is difficult to
distinguish between cholestanol from human-induced biota and cholestanol from
autochthonous biota. Our data support Lima et al.’s (2019) idea, as the data point
closest to Santa Elena in the Petén Itza transect, the highest population of all lakes
sampled, has a coprostanol:(coprostanol+cholestanol) ratio of 0.44 (Fig. 4e).
Although this is greater than 0.3, suggesting some contamination, is not greater than
the 0.7 threshold indicating sewage contamination. Some samples, with relatively low
populations such as those from Lakes Macanché and Coba (population 1150 and
1278) have coprostanol:(coprostanol+cholestanol) ratios of 0.92 and 0.99,

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



546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

to cholestanol to determine human populations can be misleading. This is further
complicated by the influence of redox conditions in the sediments, and also when
bottom waters are hypoxic or anoxic. In sediments, stenols are reduced to stanols,
which over longer timescales are transformed into sterane, which introduces error into
the ratios considered above, particularly with older samples (Wakeham, 1989). As
noted, this does not necessarily preclude the use of these ratios in their use as sewage
indicators or as markers of human presence of a landscape or relative population
change in the past. The findings in this study of tropical lake sediments may not be

universally applicable, particularly with respect to biogeochemical factors.

Conclusions

Our data from modern lakes sediments offer numerous important insights into using
stanol data in order to reconstruct population history. Perhaps most importantly is that
stanol concentrations are highest closest to the population centre, and this ought to be
taken this into account when selecting a core site. We find much higher
concentrations in the lake with the largest nearby population, Lake Petén Itz4, and
concentrations clearly decrease exponentially with distance from the population
centre at this lake. That all stanols decrease at a rate that approximates an exponential
decline supports the idea that faecal stanols associate with particulate matter and are
deposited close to shore.

Secondly, we observe that stanol concentration is correlated positively with
population within 5 km from the sample location. This effect appears to be strongest
for coprostanol and cholestanol, likely pointing to the fact that humans produce these

stanols in large amounts, whereas stigmastanol is produced largely by herbivores, and
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cholesterol can also be produced in the environment. The unknown impact of
reducing conditions introduces much uncertainty, and even the reduction of a small
amount of ubiquitous cholesterol will strongly influence the ratios. The use of ratios
can be both insightful and misleading, despite their usage in published work. The ratio
coprostanol:(coprostanol+cholestanol) does not appear to correlate with human
population, nor does it correlate well with proximity to population centres. The
correlation of coprostanol and cholestanol in sediment raises an important question as
to the source of cholestanol to lake sediments, and how this might impact its utility as
a proxy for determining population remains uncertain.

Similarly, the coprostanol:(coprostanol+stigmastanol) does not correlate with
human population, although it does bear some resemblance to the pattern that might
be expected along the Petén Itza transect. The coprostanol:(coprostanol+stigmastanol)
appears to be useful for determining the relative contribution of humans and
coprostanol producing mammals to stigmastanol producing herbivores.

The use of ratios can be complicated by the in situ reduction of sterols in
sediments, which is difficult to quantify, or for example by waste processing, which
can result in human contribution being decreased, but not the contribution of
herbivore and other animals living around the lake. The use of the ratio
coprostanol:(coprostanol+stigmastanol) might then be used as a guideline for
assessing the dominant input of humans versus herbivores.

A way of circumventing some of the issues described above could be to
normalise stanol abundance to TOC (ESM2), in order to take into account the effects
of mineral dilution as well as the potential effects of organic matter deposition and

preservation on stanol concentration. A combination of a normalising to TOC and the
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use of the ratio coprostanol:(coprostanol+stigmastanol) as a threshold might be the
most appropriate approach in the use of stanols as a palaeo-demographic tool.

We have provided a number of new insights into the controls on stanol
concentrations and ratios, and have shown that the use of stanols to reconstruct

populations in the past continues to have great promise.
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Figure captions

Figure 1. a) Map showing location of study area in Central America; b) map of
sampling sites on the Yucatan Peninsula with the Petén department in
northern Guatemala; and c) locations of samples collected along transect in
Lake Petén Itz4 in detail.

Figure 2. Scatter plot of total organic carbon and stanols (a) coprostanol; b)
stigmastanol; c) cholestanol; and d) cholesterol (Ng/g dry sediment) for Petén
Itza (red) and all other lakes (blue).

Figure 3. Relationships between concentrations of
coprostanol+epicoprostanol and other stanols. Red data points and best-fit
line for Petén Itz4, blue for all lakes excluding Petén Itza, and the grey best-fit
line is for all lakes. a) coprostanol and cholestanol; b) coprostanol and
stigmastanol; c) coprostanol and cholesterol; d) cholestanol and cholesterol,
e) cholesterol and stigmastanol; and f) cholestanol and stigmastanol. For
stigmastanol regressions the outlier has not been included in the regression.

Figure 4. a) Relationship between coprostanol concentrations and population
for all lakes excluding Lake Petén Itza; b) Relationship between coprostanol
concentrations and population for all lakes excluding Lake Petén Itza (points
are from sampling locations closest to the shore); b) for stigmastanol; c) for
cholestanol; d) for cholesterol; e) for coprostanol:(coprostanol+cholestanol);
and f) for coprostanol:(coprostanol+stigmastanol). The green circles are data
points from lakes with high salinity.

Figure 5. Changes in absolute stanol concentrations or stanol ratios along a
6.5 km transect from Santa Elena, in Lake Petén Itza for: a) coprostanol; b)
stigmastanol; c) cholestanol; d) cholesterol; e)
coprostanol:(coprostanol+cholestanol); and f)
coprostanol:(coprostanol+stigmastanol). Stanol concentrations normalised to
OC are included in ESM2. Note that at 1 km the sample with low stanol
concentrations is on the other side of the island of Flores.

Figures



773

774

775
776

777

a) Us. | 1b) <) C‘_\ \ \| San José
\ ) D N
‘e )
N21°- (\,ﬁf frichs je ® T
Gulf of Mexico . \\K
- 7 - e //
Mexit:o ,/ (7/
500 km
N19°-}
4|,
A E
n17o-fE - f .
w920 wa0° ' .wss°
Figure 1.
a) b)
40 1 1 1 Il 1 1 400 1 1 1 1 1 1
= 4 0.46 = y =0.51 |
© = © =
gg 30 4 0.18 S 2 3004 0.31 |
e 5 i _
251 23
oD 8 © 200 i
+ o E o
e o =) o . -
o "S5 100+ .
Q- —
X X T B . B
0' X - l. |- |.
0 2 4 6 8
C d)
) 50 I ) 80 1 1 1 1 1
— " = . r=0.38 o . = r=0.21 t
T 40 r=0.27 _w i r=0.33 |
-3 5 > 60
g > 0O ] i
g5 301 . =
) - 9= 40 -
D — o [@)]
S 2 201 c < . . |
51 o%
S 101 = 207 I
% = 4 L
- : & ] nm lﬂ:l: =
0 _7 |--¥ ] T T T 0 T T T T
0 2 4 6 0 2 4 6 8
TOC (x10? g/g dry sed.) TOC (x10! g/g dry sed.)
Figure 2.



(‘pas Aup B/bu ,.0T*)
‘oidodida+oudo)

r=0.94
r=0.93 |
r=0.93

o o o
m o~ —

(‘pas Aup 6/6u , 0Tx*)
‘osdodida+oido)

Stigmastanol (x1072 ng/g dry sed.)

Cholestanol (x10Z ng/g dry sed.)

(‘pes Aup 6/bu , 0T x)

= |joueisaoyd
1 [ ]
O T
<
(*pas Aip B/6u ,0T%)
S ‘oJdodida+o01do)

Cholesterol (x102 ng/g dry sed.)

Cholesterol (x102 ng/g dry sed.)

o m
] 90,
[l = Nl

L
| N

@
o _ o _ 0_
Ta] m —
(*pas Aup B/bu ,.0T*)
_ joueisaloyd
O i
- 0 0 <
© coo
1 i
o
(v0]
(‘pas Ap B/BuU ,.0T%)
m |0J3353|0YD)

Stigmastanol (x1072 ng/g dry sed.)

Stigmastanol (x107? ng/g dry sed.)

778

Figure 3.

779



(=]
) T m i L1 m 1 TR N T N N SR B m
< ™ @ o | ™
8 ™~ o~
- 0 - - | 0 -
I I
o = o
i L] | © J =} B [] LS
S R R
1 ® o [ @ @ g5 °
| |
] 3 8 | LS
g g 2
[ ] -]
P~ . o
T T T T T T T T o T T T o T T T T i T T T =
—~ @ o ™~ o
2 § R & 8 @ R 9 c © o o
(‘pas Aup B/6u ,0T*) (‘pas Aup B/BU ,0T%)
oueisewbns+don):do
__ |oueisewbns _ |012353]04)) _ (loumseuibis+dod):ded
i) © [rmy
o o o
L o 1 TN N T N N R B o I SN T NN (N N S S| o
(] o o
M ~ | ™ m | ™
m N a (=]
i J i i gyt
Il I
o — o . o
i [=} 4 Bl © J = =]
o o o
~ ~ ~
@ @ L =) @
o 5 © ] o
o o 4 | ©
[w] =) o
- ~ —~
a a
T T 5O T T T T T T T T O T g@‘l_fr_0 T M. T ﬁ_/_ T o
S o v T 9~ L L 9 c S & o
(‘pas Aup b/6u , 0Tx) (‘pes Aup 6/6u ,.01x) dort:d
‘oudodida+o1do) |oue}sajoyd (Ujoyd+do3):dod
i) @) o

Population

Population

780

Figure 4.

781

782

783



784

785

786

787
788
789
790
791
792
793

794

795

796

a)

Copro+epicopro
(x102 ng/g dry sed.)

)

Cholestanol
(x107? ng/q dry sed.)

AL

0.8

0.6

0.4+

0.2

Cop:(Cop+Choln)

Figure 5.

Tables

Distance from Santa Elena (km)

Stigmastanol
(x107? ng/g dry sed.)

Cholesterol

(x102 ng/g dry sed.)

Cop:(Cop+Stigmastanol)

r=0.58

0.8
0.6 1

@
041,

0.2 1

1 2 3 4 5 6
Distance from Santa Elena (km)

7

Table I. Lake sediment sample locations, water depths, %Corg and stanol and
sterol concentrations. Petén Itz4 samples are ordered by the location along
the transect (distance from Santa Elena). Samples with YSI measurements
are indicated by an asterisk (*).
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