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Preclassic environmental degradation of Lake Petén
Itzá, Guatemala, by the early Maya of Nixtun-
Ch’ich’
Brooke A. Birkett 1, Jonathan Obrist-Farner 1✉, Prudence M. Rice2, Wesley G. Parker3, Peter M. J. Douglas3,

Melissa A. Berke4, Audrey K. Taylor 4, Jason H. Curtis5 & Benjamin Keenan 3

Paleolimnological evidence indicates the ancient Maya transformed terrestrial ecosystems by

felling forest vegetation to construct large civic-ceremonial centers and to expand agriculture.

Human settlements influenced lacustrine environments but the effects of Maya activities on

aquatic ecosystems remain poorly studied. Here we analyzed a sediment core from Lake

Petén Itzá, Guatemala, to infer paleoenvironmental changes resulting from Maya occupation

of the archaeological site of Nixtun-Ch’ich’. Increases in charcoal and fecal stanol con-

centrations indicate Maya occupation of the Candelaria Peninsula by the late Early Preclassic

period. Geochemical proxies reveal a period of lake ecosystem alteration during construction

and expansion of the city’s urban grid in the Middle and Late Preclassic periods. Depopulation

of the city in the Terminal Preclassic resulted in a decline in lake trophic state. Whereas

previous studies of Petén waterbodies have indicated depressed lacustrine primary produc-

tion, the core collected near Nixtun-Ch’ich’ shows evidence of ancient Maya lake ecosystem

deterioration.
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Paleolimnological studies have documented the impacts of
ancient Maya activities on the lowland terrestrial environ-
ments of eastern Mexico, Guatemala, and Belize, specifically

through widespread deforestation for urbanization and agri-
cultural development1–8. Land clearance led to rapid soil erosion
and siltation of waterbodies, recorded as thick deposits of inor-
ganic colluvium, sometimes referred to as “Maya clay” that
accumulated during the Preclassic (ca. 900 cal yr BCE–200 CE;
hereafter BCE, CE) and Classic (200–950 CE) Maya archae-
ological periods1,6,7,9,10. Ancient Maya occupation was also linked
to periods of high fire frequency, likely related to the early use of
slash-and-burn (swidden) agricultural techniques11. The promi-
nence of large-scale ancient Maya land alterations during the
Preclassic and Classic periods has also led some researchers to
propose a regional “Early Anthropocene”, or “Mayacene”, ca.
1000 BCE–1000 CE12–14. However, these studies primarily focus
on evidence for vast human-mediated land transformations and
have overlooked lacustrine ecosystem responses to anthropogenic
disturbances during those times.

Widespread land-cover change might be expected to have
influenced the trophic status and aquatic ecosystems of local lakes
through enhanced nutrient loading and consequent shifts in
aquatic community composition. Despite the presence of arche-
ologically documented, dense Maya populations around the lakes
in the central Department of Petén, northern Guatemala15,
paleolimnological studies have so far failed to reveal evidence of
large-scale lake ecosystem alterations as a result of Maya activ-
ities. It has been suggested that intense siltation of waterbodies, as
a result of land clearance, limited light penetration, and adsorbed
dissolved nutrients, thereby suppressing lacustrine primary
production16,17. However, given evidence for recent trophic state
increase and high aquatic macrophyte diversity and abundance in
Guatemalan lakes associated with rapid population growth in the
20th century (e.g., Lake Petén Itzá18–20 and Lake Izabal21), it
seems likely that the establishment of ancient Maya urban centers
near waterbodies would have also influenced lake ecological sta-
tus, as has been observed in the Maya highlands22. Despite this
disparity between observed, modern lake ecosystem changes and
previous inferences of changes during lowland Maya occupation
of the watershed, there are no multi-proxy sediment core datasets
investigating this issue.

Here, we conduct an extensive, multi-proxy paleolimnological
investigation on a radiocarbon-dated sediment core from Lake
Petén Itzá, Guatemala. The core was collected from the western
arm of the lake, adjacent to a southern lowland Maya arche-
ological site on the Candelaria Peninsula called Nixtun-Ch’ich’
(Fig. 1). Stratigraphic fluctuations in several organic matter geo-
chemical proxies reveal a previously undocumented period of
aquatic ecosystem alteration during times of Maya occupation at
Nixtun-Ch’ich’, providing further evidence of anthropogenic
environmental impacts in the Maya Lowlands. The onset of
aquatic ecosystem changes coincides with the early Maya occu-
pation at the site and changes in land-use practices, suggesting
that prolonged and spatially concentrated ancient human activ-
ities had a profound impact on this shallow arm of the lake.
Whereas massive Maya-induced siltation in other Petén lakes
may have suppressed lake productivity, paving of the riparian
gridded city of Nixtun-Ch’ich’23–25 likely enhanced nutrient-
laden runoff from the urban center, which fueled primary pro-
ductivity in the relatively shallow and hydrologically isolated
southern basin of Lake Petén Itzá. A sharp decrease in lithogenic
elements at the top of the disturbance zone in core PI-NC-1
indicates an abrupt reduction or cessation of human construc-
tional activities at the end of the Late Preclassic period8, and the
lake ecosystem experienced a relatively swift, but incomplete,
recovery after partial depopulation of the city during the

Terminal Preclassic. The sediment record from Lake Petén Itzá
enabled us to investigate the causes and timing of lake ecosystem
change during the ancient Maya occupation and explore the
lake’s response to changing human-mediated catchment condi-
tions over decadal to centennial time scales.

Results
Study site. Lake Petén Itzá is the largest (~100 km2) and deepest
(165 m) of eight closed-basin waterbodies in the central Petén
lakes region of northern Guatemala (Fig. 1). The lake occupies
two connected basins that formed in karst depressions in marine
limestones of Late Cretaceous to Tertiary and Paleocene-
Eocene age26,27. The lake’s larger, deeper northern basin is
bounded on the north shore by the steep wall of an east-west
normal fault26,28, and the southern basin has a gently sloping
bathymetry, with water depths of less than 20 m29.

The 515-cm-long sediment core (PI-NC-1) was collected in
July 2018, in 8.4 m of water ~200 m south (16°56’36” N, 89°55’56”
W) of the early Maya archeological site of Nixtun-Ch’ich’, in the
narrow, western arm (7 km long × 250–450 m wide) of the lake’s
southern basin (Fig. 1). Nixtun-Ch’ich’ contains an urban core
that covers 1.1 km2 and is centered by an axis urbis23. The city
also features a unique, modular, urban gridded layout consisting
of seven north-south “avenues” that intersect with six east-west
“streets”, covering an area of 2.5 km30,2,25]. This system of
roughly orthogonal corridors, supplemented with canals in areas
that likely experienced intense runoff during rainfall events,
facilitated drainage from the site24. The sediment core site lies
downstream and bathymetrically downgradient from two of the
archeological site’s major north-south trending avenues (G and
H), which run adjacent to major structures in Nixtun-Ch’ich’ and
likely served as focal points for the delivery of dissolved and
suspended material in runoff to this arm of the lake (Fig. 1).

Nixtun-Ch’ich’ was a long-lived civic-ceremonial center first
occupied in the late or terminal Early Preclassic period (pre-900/
800 BCE), as determined from scattered, small pottery
fragments31. Stratified occupation and construction began in the
Middle Preclassic period (ca. 900/800–500/400 BCE) and was
sustained through the Late Preclassic. Archeological excavations
date the initial emplacement of the site’s atypical urban grid to the
heavily occupied Middle Preclassic period (ca. 800–500 BCE),
when it was a primate city (i.e., at the top tier of a primate
settlement system23,25,30). Primate cities typically have a dis-
proportionately larger size (spatially and demographically) and
greater functional centralization than nearby secondary centers/
satellites (e.g., in this case, Tayasal, T’up, and Sacpuy 123). The
substantial construction of Nixtun-Ch’ich’ continued into the Late
Preclassic period31 and ended around 100 CE. Cessation of
building and/or partial depopulation of the site8 coincides with a
proposed “Late Preclassic collapse” that has been identified at
other southern Maya lowland centers32. Afterward, occupation of
the site persisted through the Classic and Postclassic periods, and
beyond the Spanish conquest (1697 CE33) into Colonial times31,34.

Modern human and livestock disturbance in the Lake Petén
Itzá catchment has been associated with increased trophic
state18,19 and aquatic weed species (e.g., Eleocharis interstincta,
Najas guadalupensis, Vallisneria americana, Potamogeton illi-
noensis, and Eichornia crassipes), especially near wastewater and
sewage discharges with elevated nutrient loading20. These aquatic
weeds tolerate extreme conditions of disturbance and are widely
distributed in the waterbody20. Lake Petén Itzá has high aquatic
plant biodiversity, with 28 identified species of aquatic plants
(9 submergent, 13 emergent, and 6 floating20), including both
native species (e.g., Typha domingensis and Cladium jamaicensis)
and introduced aquatic weed species (e.g., Eichornia crassipes and
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Pistia stratiotes) that provide wildlife refuge, help stabilize
nutrient discharges, and prevent waterbody deterioration20.

Core chronology. We modified the age-depth model of sediment
core PI-NC-1 used by Obrist-Farner and Rice8 by including six
additional radiocarbon dates (Supplementary Data 1 and Figs. S1,
S2). The Bayesian radiocarbon age-depth model (Methods) sug-
gests that the 515-cm core captures the last ~7000 years. We
subdivided the core into four sediment zones based on physical
characteristics of the sediment (color, texture, grain size). Here,
we present data from 313 to 58 cm core depth from the first three
zones of the core. Considering the uncertainties associated with
our age-depth model, these three zones span the interval from ca.
2050 BCE (95% range 2255–1870 BCE) to 1490 CE (95% range
1365–1610 CE), with the largest uncertainty associated with the
middle of Zone 2 (mean uncertainty of ± 300 years) where
datable material in the core was absent. First, we present data
from the upper portion of Zone 1, spanning from ca. 2050 to 710
BCE (95% range 890–470 BCE), which consists of gray, thickly
laminated to very thinly bedded, carbonate-rich silty clays with
variable amounts of gastropod shells (Figs. 2, 3). Then, we spe-
cifically focus on the interval between 209 cm (710 BCE) and
164 cm (280 CE; 95% range 45 BCE–560 CE), which exhibits
distinctive sediment characteristics. This interval of sediment
(Zone 2) changes to a dark brown-gray, massive, carbonate-rich
clay with very sparse organic debris and gastropod shell frag-
ments (Figs. 2, 3). Zone 2 is coeval with the “Maya clay” unit
observed in sediment cores from several lakes across the southern
Maya lowlands1,6,9. Zone 3 spans from ca. 280 CE to 1490 CE
(95% range 1360–1610 CE) and consists of light brown, very
thinly bedded, organic and carbonate-rich silty clays with variable
amounts of gastropod shell fragments (Figs. 2, 3).

Zone 1 (2050–710 BCE). Geochemical data in Zone 1 exhibit
relatively constant values from about 2050 to 710 BCE, repre-
senting fairly stable, pre-disturbance lake conditions prior to
substantial anthropogenic activity near the core location. Total
organic carbon (TOC) and total nitrogen (TN) remained rela-
tively constant, with average values of 2.8 ± 0.6 wt% and
0.2 ± 0.03 wt%, respectively (Fig. 2). Total n-alkane (saturated
hydrocarbon) abundance, which reflects a fraction of the organic
matter (OM) from vascular plant leaf waxes, was relatively con-
stant and averaged 1.8 ± 0.4 µg/g (Fig. 2). TOC/TN mass ratios
(i.e., C/N ratios) were also relatively constant and averaged
13.5 ± 1.1 (Fig. 2), suggesting mixed input of OM from both
lacustrine algae and terrestrial and aquatic plants35,36 (Fig. S3 and
Supplementary Data 2). Nitrogen and carbon stable isotope
values of bulk organic matter (δ15Norg and δ13Corg) had average
values of 2.7 ± 0.4‰ and −25.0 ± 0.7‰, respectively (Fig. 2). The
mean carbon stable isotope value indicates that sediment OM was
derived primarily from lake algae and C3 land and aquatic
plants35,36 (Fig. S3). Compound-specific δ13C of n-alkanes aver-
aged −27.5 ± 0.2‰, −30.0 ± 0.6‰, −29.6 ± 0.8‰, −30.2 ± 0.7‰,
−30.0 ± 1.0‰, −29.1 ± 1.0‰, and −28.8 ± 0.8‰ for C23, C25,

C27, C29, C31, C33, and C35, respectively (Fig. 2). These values
imply that deposited mid- to long-chain n-alkanes were primarily
derived from C3 plant waxes35,36.

At the bottom of Zone 1, from about 2050 to 1070 BCE,
charcoal averages 359 ± 80 particles/cm3 (Fig. 3), likely represent-
ing the occurrence of both natural and anthropogenic fires in the
area. At the top of Zone 1 (~1070 to ~710 BCE), charcoal
increases abruptly, averaging 573 ± 308 particles/cm3 (Fig. 3).
Charcoal reached a maximum of 1,476 particles/cm3 at ~1070
BCE (95% range 1220–945 BCE), with another increase to 1062
particles/cm3 at ~890 BCE (95% range 990–815 BCE). Higher-
than-average charcoal abundances from ~1070 to ~710 BCE

Fig. 1 Maps of Central America and Lake Petén Itzá. A Map of the Yucatán Peninsula region in Central America, with the location of the central Petén
lakes region indicated by the small, red rectangle in northern Guatemala. B Map of Lake Petén Itzá, showing the location of the Candelaria Peninsula at the
western end of the lake, which hosts the archeological site of Nixtun-Ch’ich’. CMap of Nixtun-Ch’ich’, showing the city’s unique gridded layout and the site
where the lake sediment core was collected (modified from Rice and Pugh23).
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Fig. 2 Organic geochemical proxies from core PI-NC-1. Total organic carbon, total nitrogen, total n-alkane abundance, C/N mass ratio, nitrogen and
carbon stable isotopes of bulk organic matter, and compound-specific carbon stable isotopes for mid- and long-chain n-alkanes plotted against time and
the corresponding archeological periods. Date uncertainties from our age-depth model at the boundaries of Zone 2 (black dashed lines) are shown with
box and whisker plots, in which the weighted means are represented by red boxes and the 95% ranges by whiskers.

Fig. 3 Inorganic proxies, charcoal, and fecal stanol concentrations from core PI-NC-1. Titanium abundance (expressed in counts per second [cps]),
magnetic susceptibility (expressed in the international system of units [SI]), charcoal abundance, and coprostanol+ epicoprostanol plotted against time
and events in Nixtun-Ch’ich’. Coprostanol+ epicoprostanol concentrations are normalized to TOC. Date uncertainties from our age-depth model at the
boundaries of Zone 2 (black dashed lines) are shown with box and whisker plots, in which the weighted means are represented by red boxes and the 95%
ranges by whiskers.
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indicate high local fire activity, likely reflecting slash-and-burn
agricultural practices and fire clearance of the Candelaria
Peninsula by the early Maya prior to the construction of
Nixtun-Ch’ich’.

Fecal stanol/sterol concentrations (Fig. 3), expressed as µg per
gram (g) of organic carbon (OC), remained consistently low for
the first ~3000–3750 years of the sediment record, and likely
represent the natural (background/wildlife) fecal material input to
the lake (Supplementary Data 3). We focus our analysis primarily
on coprostanol+ epicoprostanol (copro+epicopro), as this is the
fecal stanol that is most diagnostic of human populations37,38,
and is correlated with a catchment population in modern lake
sediments from the Maya Lowlands39. Cholesterol, cholestanol,
and stigmastanol provide supporting data for our analysis
(Supplementary Notes and Fig. S4). Copro+ epicopro values
were highly variable, averaging 25.8 ± 17.5 µg/g of OC before
~1900 BCE (Fig. 3 and Supplementary Data 3), with a slightly
higher average of 28.5 ± 20.2 µg/g of OC after ~1900 BCE in Zone
1. Fluctuations in these organic molecules after ~1900 BCE
probably indicate early, sparse human settlement of the area that
later became the urban center of Nixtun-Ch’ich’. Our results are
similar to those by ref. 39 that show, for example, human presence
in the catchment of Laguna Itzán preceding archeological
evidence for permanent settlements in the area.

Zone 2 (710 BCE–280 CE). Zone 2 displays distinct changes in all
geochemical variables. Both TOC and TN decreased, averaging
1.4 ± 0.4 wt% and 0.1 ± 0.03 wt%, respectively (Fig. 2). These values
are about half of those in Zone 1, indicating either lower primary
productivity from reduced nutrient availability40 or dilution of
organic matter by enhanced clastic sedimentation2,41,42. Total n-
alkane abundance followed the trend observed in TOC and was
relatively low, averaging 0.6 ± 0.3 µg/g (Fig. 2), likely as a result of
organic matter dilution within the Maya clay unit. C/N ratios
decreased gradually until reaching a relatively constant value of
9.5 ± 0.1 from ca. 150 BCE to 200 CE (Fig. 2), suggesting a greater
relative contribution to sediment OM from lacustrine algae35 (Fig.
S3), aquatic macrophytes36,43,44, and/or nitrogen-rich soil OM45,46.
At the same time, δ15Norg and δ13Corg values gradually increased
until reaching highs of 6.0 ± 0.1 and −23.1 ± 0.3‰, respectively,
which persisted from ca. 100 BCE to 200 CE (Fig. 2), indicating
enhanced lacustrine primary productivity35,45,47 and aquatic mac-
rophyte abundance48. n-Alkane δ13C for C23, C25, C27, C33, and C35

gradually increased (similar to δ13Corg) to highs of −25.1‰,
−26.8‰, −26.6‰, −27.6‰, and −27.0‰ ca. 200 CE, respectively
(Fig. 2), presumably reflecting isotopic changes in shallow-water
aquatic vegetation as a result of changes in paleoproductivity43,44.
δ13C of n-alkanes C29 and C31 remained relatively constant and
varied less than that of other n-alkane homologs, averaging
−30.5 ± 0.3‰ and −29.7 ± 0.4‰, respectively (Fig. 2), implying a
dominantly terrestrial source49,50. Charcoal concentration was also
low, averaging 62 ± 49 particles/cm3 (Fig. 3), probably resulting
from reduced fire frequency following earlier land clearance and
urbanization of the peninsula. Although highly variable, copro
+epicopro values were elevated overall in Zone 2, averaging
41.6 ± 17.9 µg/g of OC (Fig. 3), pointing to generally increased and
sustained human fecal runoff to the lake relative to Zone 1. The
observed changes in lake conditions are coeval with heavy urban
construction and dense occupation at Nixtun-Ch’ich’8,23,31, sug-
gesting that soil disturbance from construction and earlier agri-
culture, coupled with nutrient-laden urban runoff, accelerated
delivery of sediment and nutrients that contributed to the gradual
deterioration of the water quality in the shallow, western arm of
Lake Petén Itzá from about 710 BCE to 280 CE.

Zone 3 (280–1490 CE). The transition from Zone 2 to Zone 3 is
characterized by rapid changes in all geochemical variables.
Throughout Zone 3, TOC and TN increased gradually, with
average values of 3.6 ± 1.2 wt% and 0.3 ± 0.1 wt%, respectively
(Fig. 2). Total n-alkane abundance also rose, following the trend
of TOC, averaging 2.4 ± 0.7 µg/g (Fig. 2). C/N ratios were higher
than in Zone 2 and maintained a relatively constant average of
12.4 ± 0.6 (Fig. 2), suggesting sediment OM was composed of a
mixture of lake algae and aquatic and land plants35,36,43 (Fig. S3).
Stable isotope values shifted to more negative values, with δ15Norg

and δ13Corg averaging 2.8 ± 0.7‰ and −24.9 ± 0.7‰, respectively
(Fig. 2). n-Alkane δ13C for C23, C25, C27, C33, and C35 also
became more isotopically depleted (similar to δ13Corg), averaging
−27.0 ± 1.2‰, −28.9 ± 0.7‰, −29.5 ± 0.7‰, −30.9 ± 0.9‰, and
−31.8 ± 0.7‰, respectively (Fig. 2). n-Alkane δ13C for C29 and
C31, however, averaged −29.8 ± 0.8‰ and −30.2 ± 0.9‰,
respectively, comparable to values observed in Zone 2 (Fig. 2).
Charcoal concentrations in Zone 3 remained low and resembled
those in Zone 2, averaging 63 ± 24 particles/cm3 (Fig. 3), indi-
cating continued low local fire activity after construction of the
city. Lower human fecal contamination is supported by low copro
+epicopro values in Zone 3, averaging 28.0 ± 11.1 µg/g of OC,
commensurate with the average observed in Zone 1 after ~1900
BCE (Fig. 3). Variations in these organic molecules after ~280 CE
suggest reduced human population in the area, supporting
archeological evidence of sparse Maya settlement in the Cande-
laria Peninsula after the Terminal Preclassic.

Discussion
Our data highlight a period of substantial human-induced dis-
turbance in southwestern Lake Petén Itzá between ca. 710 BCE
and 280 CE. Archeological findings suggest considerable popu-
lation growth at Nixtun-Ch’ich’ during the Middle Preclassic
(900/800–400/300 BCE31), coincident with our paleolimnological
evidence of deteriorating environmental conditions in the western
arm of the lake. We infer relatively pristine (oligotrophic) and
stable lake and environmental conditions in the older part of our
sediment record, prior to the period of archeologically docu-
mented human disturbance. Only minor changes in the lake
ecosystem were detected near the end of the Early Preclassic,
when early Maya land cover changes began ca. 1100 BCE, several
hundred years before the establishment of the site’s urban grid
from about 800 to 500 BCE8,25,30. Increasing charcoal abundance
from ca. 1070 to 710 BCE records a greater number of fire events
in the catchment of the western arm of the lake and marks the
earliest human-mediated burning at this location, suggesting the
ancient Maya farmers were well-established on the Candelaria
Peninsula and in surrounding areas by the end of the Early
Preclassic. Temporal coincidence of increased charcoal abun-
dance in core PI-NC-1 (Fig. 3) with the first appearance of corn
(Zea mays) pollen in the northern basin of Lake Petén Itzá (~1050
BCE10) points to the early use of swidden agricultural practices by
Maya populations around the lake, and perhaps by the early
Maya who constructed platform ZZ1 at the eastern end of the
Peninsula in the late Early Preclassic period (pre-1000/900
BCE34). Mueller et al10. also reported increases in pollen of dis-
turbance taxa (Asteraceae, Ambrosia, and Chenopodiaceae) from
about 1050 BCE to 950 CE in Lake Petén Itzá, providing sup-
porting evidence for Maya land clearance beginning in the late
Early Preclassic. Additionally, our fecal stanol data, particularly
higher average copro+epicopro concentrations (Fig. 3 and S4),
along with an early increase in sediment magnetic susceptibility
ca. 1330 BCE (95% range 1445–1190 BCE) (Fig. 3), support an
inference for early, but probably sparse, Maya settlement at the
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site of Nixtun-Ch’ich’ during the late Early Preclassic, beginning
ca. 1400–1300 BCE. Similarly, high fecal stanol concentrations
have also been reported at other early Mayan sites in the Petén
lowlands prior to evidence for urban development39.

Several distinct changes in the sediment begin ca. 710 BCE,
during the urbanization of Nixtun-Ch’ich’. Sedimentological
changes indicate a rapid shift in lake and catchment conditions
leading to the deposition of a relatively thin Maya clay unit at this
site throughout most of the Middle and Late Preclassic periods
(ca. 800 BCE–200 CE). Paleolimnological studies in several
smaller central Petén lakes suggested that forest clearance and
urban construction led to rapid soil erosion and siltation of
waterbodies, in some cases resulting in the deposition of Maya
clay units that are several meters thick1,9,17. In the eastern arm of
Lake Petén Itzá’s southern basin, however, the Maya clay, which
spanned approximately 1700 years, did not appear as an obvious,
distinct unit and could only be identified with geochemical and
magnetic susceptibility records3, demonstrating that Maya clay
deposition was heterogeneous across the Petén lakes. In our core
from the western arm of the lake’s southern basin, the Maya clay
is ~0.5 m thick and spans only about 1000 years without a slight
decrease in sediment accumulation rates (Fig. S2) after the urban
grid of Nixtun-Ch’ich’ was constructed. Higher Ti abundance and
an increase in magnetic susceptibility beginning ca. 710 BCE
(Fig. 3) likely reflect highly localized erosional signals caused by
human activities at Nixtun-Ch’ich’ (e.g., grid establishment and
maintenance8), rather than more widespread changes in the lake
catchment (e.g., deforestation).

The initiation of gradual increases in δ15Norg and δ13Corg, with
a simultaneous gradual decline in the C/N ratio, coincided with
an abrupt increase in local fire activity ca. 1070 BCE, as inferred
from the charcoal record (Figs. 2, 3). Local fires related to
swidden agricultural practices likely caused pulses of soil erosion
(and consequent sediment deposition in the lake) that delivered
greater nutrient loads to the waterbody, thereby altering lake
environmental conditions. For example, higher titanium and
magnetic susceptibility values ca. 890 BCE (Fig. 3), as well as
increases in several detrital elements8 (Fig. S5 and Supplementary
Data 3), correspond with charcoal evidence for large fire events
that also mark the beginning of more pronounced changes in
organic matter constituents (Fig. 2). By the time construction of
the urban grid in Nixtun-Ch’ich’ began ca. 800 BCE23,25, rising
values of both δ13Corg and δ15Norg, accompanied by similarly
increasing δ13C values for mid-chain n-alkanes (C25 and C27) and
declining C/N ratios (Fig. 2), likely indicate greater contributions
of aquatic (algal and/or macrophyte-derived) OM to the
sediment35,36,43,44,48. These conditions were sustained through
the Late Preclassic Maya occupation, suggesting intensifying
cultural eutrophication and/or expansion of shallow-water mac-
rophyte communities adjacent to Nixtun-Ch’ich’ during the
Middle and Late Preclassic. Synchronous carbon and nitrogen
stable isotope enrichment also support an inference for lake
ecosystem alteration. Initially, aquatic primary producers pre-
ferentially utilize the lighter carbon (12C) and nitrogen (14N)
isotopes during photosynthesis and protein synthesis, respec-
tively, but as those reservoirs are progressively depleted, algae and
macrophytes are forced to incorporate the heavier isotopes (13C
and 15N) and thus become isotopically enriched35,43,45,47.

Short-chain (C17–C21) n-alkane abundances, which are gen-
erally produced by aquatic algae and microbes49,51, were low in
core PI-NC-1 (Fig. S6), potentially indicating low rates of primary
production in the lake. However, this was also observed
throughout an 85 ky sediment record in Lake Petén Itzá52, sug-
gesting that short-chain alkanes may not be produced in large
quantities or are not well preserved in the lake. Alkane abun-
dances are instead dominated by long-chain (C29–C35) n-alkanes

(Fig. S6), generally interpreted to represent a dominant terrestrial
source49. Moreover, several emergent macrophytes (e.g., Eichor-
nia crassipes, Phragmites australis) found along the modern
shoreline of Lake Petén Itzá20 also produce large quantities of
long-chain n-alkanes50,53 and possibly contributed to the pre-
dominance of long-chain n-alkanes in core PI-NC-1 through time
(Fig. S6). Several species of aquatic plants that contain high
amounts of mid-chain n-alkanes C23, C25, and C27 (e.g., Chara,
Utricularia foliosa44,54) are also present along the modern
shoreline of Lake Petén Itzá20, and likely dominated isotopic
changes in mid-chain homologs observed in core PI-NC-1
(Fig. 2). Similar 13C enrichment of long-chain n-alkanes C33

and C35 with mid-chain n-alkanes C25 and C27 (Fig. 2) may have
also been influenced by the presence of aquatic plants dominated
by both mid- and long-chain homologs, such as Cladium
jamaicense (an aquatic sedge) and Potamogeton (a submerged
macrophyte) in the lake20,44,50. Pronounced 13C enrichment of
mid-chain n-alkanes C25 and C27 (and probably long-chain n-
alkanes C33 and C35) during the Middle and Late Preclassic
Periods supports our theory of the expansion of shallow-water
macrophyte communities in the western arm of Lake Petén Itzá
(i.e., expansion of aquatic weed species) resulting from enhanced
inputs of clastic materials, nutrient-rich runoff, and human waste
from Nixtun-Ch’ich’.

There are, however, possible alternative explanations for the
stratigraphic shifts displayed by some geochemical proxies. First,
an increase in compound-specific δ13C and δ13Corg can also
indicate a greater relative contribution to sediment OM from C4

(maize and other tropical grasses) versus C3 (woody trees and
shrubs) vegetation10,55,56. However, C/N ratios in core PI-NC-1
are inconsistent with those of C4 vegetation (Fig. S3, Supple-
mentary Data 2) and maize (δ13Corg=−12‰57), and the simi-
larity between δ13Corg and δ13C values for mid-chain n-alkanes
C25 and C27 (Fig. S7) suggests that the isotopic observations are
mainly driven by aquatic plants (i.e., macrophytes) that produce
mid-chain n-alkanes35,36,43,44,48. Notably, the lack of 13C
enrichment in the C29 and C31 n-alkanes, which are the dominant
n-alkanes in most terrestrial plants and are present in maize
(dominant n-alkanes are C25 – C31, with C27 and C29 present in
the highest amounts57,58), suggests that at this time, C4 plants did
not contribute substantially to explain the observed enrichment in
δ13Corg. Additionally, changes in δ13Corg do not correlate with
initial forest decline beginning ca. 2550 BCE10 or abrupt increases
in pollen from disturbance taxa ca. 1050 BCE10 or charcoal ca.
1070 BCE, which likely reflect early maize cultivation practices in
the vicinity of Lake Petén Itzá. This hints that the observed
gradual enrichment in δ13Corg is not driven by vegetation changes
in the catchment. Second, given an inferred reduction of terres-
trial riparian vegetation in the catchment after ca. 710 BCE,
reduced terrestrial OM input to the lake could have augmented
the relative proportion of lacustrine OM in sediments, even with
constant lacustrine and aquatic macrophyte primary productivity,
yielding a false eutrophication signal. However, if this were the
case, shifts in OM proxies would likely persist through the Classic
Period until forest recovery ca. 900–1200 CE2,59. Third, enhanced
fecal input could also cause a rise in δ15Norg

35,45, corresponding
with greater average copro+epicopro content in the lake sedi-
ments, although human fecal inputs also occurred in Zone 1 with
no observed changes in δ15Norg (Figs. 2, 3). Fourth, variations in
the C/N ratio and the δ13Corg could reveal lake level fluctuations,
with higher C/N and δ13Corg indicating a shallower lake with an
expanded contribution of terrestrial and macrophyte-derived
organic matter to the sediment60. However, within Zone 2, C/N
values decrease and δ13Corg increase, suggesting that the geo-
chemical variations are not related to lake level fluctuations.
Finally, declining C/N ratios with a corresponding rise in δ15Norg
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could also be explained by greater delivery of nitrogen-rich and
15N-enriched soil OM to the lake45,46, as a consequence of soil
erosion driven by fires and construction activities in the
catchment.

However, a gradual but synchronous enrichment of δ15Norg

and δ13Corg, with a corresponding decline in the C/N ratio and an
accompanied increase in δ13C values for mid-chain n-alkanes
(C25 and C27; Fig. 2), suggest a progressive environmental change,
which is most parsimoniously explained by environmental dete-
rioration and aquatic macrophyte expansion in the lake. The
gradual changes in bulk OM measurements (δ15Norg, δ13Corg, and
C/N ratios) are inconsistent with the abrupt onset of both
increased fire activity ca. 1070 BCE and enhanced clastic sedi-
mentation related to the establishment of the urban grid ca. 710
BCE8. This suggests a progressive change in lake conditions
rather than a shift in the source of terrestrial OM input (i.e.,
terrestrial vegetation, soil organics) to the lake. Furthermore, our
interpretation for increased aquatic plant productivity is sup-
ported by similarities in organic matter proxies from Zone 2 with
recent data, when the lake is known to have experienced eutro-
phication accompanied by macrophyte expansion18–20 (Fig. S8).

Maximum lake disturbance conditions, inferred from increases
in compound-specific δ13C, δ13Corg, δ15Norg, and a decline in C/
N ratios, appear to have lasted about 350 years, from ~150 BCE to
200 CE, and coincided with the dense urban occupation at Nix-
tun-Ch’ich’ and the enlargement of several monumental struc-
tures during the Late Preclassic30. Ecosystem alteration in the
western arm of the lake was likely driven primarily by effluxes of
soil phosphorus to the lake, first due to the removal of terrestrial
vegetation that had previously anchored soil in the catchment and
the use of slash-and-burn agricultural practices, and then as a
result of construction events in the city and increased runoff via
the streets25. Nutrient loading from fecal material derived from
the peninsula, as evinced by a high average copro+epicopro
concentration (Fig. 3), the highest cholestanol concentration ca.
250 BCE (95% range 565 BCE–85 CE), and elevated stigmastanol
concentrations in the Late Preclassic (Fig. S4), may have also
fueled primary productivity in the lake. Additional inputs of
nutrients from human waste that accumulated in Preclassic ritual
middens in Nixtun-Ch’ich’ may have contributed to lake eco-
system alteration during the Late Preclassic but was likely not a
dominant factor.

Previous studies of Petén lakes did not detect evidence of
ancient, Maya-mediated deterioration of aquatic ecological con-
ditions. Several factors may have facilitated aquatic ecosystem
alteration at our study site: (1) shallow-water depths (8.4 m water
depth at the coring site and generally less than 10 m in the area)
in the western arm of Lake Petén Itzá, enabling high concentra-
tions of nutrients in the water column; (2) poor hydrologic
exchange of water between the narrow western arm and the rest
of the lake (i.e., long water residence time and limited nutrient
dilution); (3) proximity of Nixtun-Ch’ich’ to the lake shore, which
promoted drainage of nutrient-laden runoff from the city to the
lake; (4) design of the streets, avenues, and canals in Nixtun-
Ch’ich’, which were paved with plaster and/or limestone
flagstones23–25 and likely expedited delivery of nutrient-rich
runoff to the western arm of the lake; and (5) minimal presence of
terrestrial, riparian vegetation to anchor surficial soils, as revealed
by low abundances of charcoal beginning in the Middle Pre-
classic. Watershed deforestation is also supported by ref. 11, who
attributed a shift to low fire activity ca. 450 BCE to earlier human-
mediated forest reduction and consequent grassland expansion.
In our sediment core collected near Nixtun-Ch’ich’, however, low
charcoal counts after ~710 BCE are likely the result of urbani-
zation (i.e., heavy construction and occupation of Nixtun-
Ch’ich’), which would have limited local forest recovery and

enhanced nutrient delivery during dense Preclassic occupation of
the city. Land clearance and urbanization limited fuel availability
for fires and charcoal production and marked a human-induced
shift from a high- to low-severity local fire regime on the Can-
delaria Peninsula.

Our sediment proxy reconstructions, when coupled with
information from archeological excavations, shed light on the
environmental consequences of ancient Maya settlement on lake
ecological conditions. Archeological excavations at Nixtun-
Ch’ich’ show little evidence of Early Classic (250–600 CE)
occupation25, suggesting a population decline in the city during
the Terminal Preclassic (ca. 100–250 CE). Archeological investi-
gations have also found evidence for changes in Maya fishing
practices at Nixtun-Ch’ich’ during the Terminal Preclassic61 that
suggest that the Maya were catching smaller fish and hint at
changing lake ecological conditions. Population decline and
possible partial or temporary Late to Terminal Preclassic aban-
donment of the city coincides with ameliorating conditions in the
lake after ~280 CE (95% range 45 BCE–560 CE). Rapid return of
C/N, δ13Corg, and δ15Norg to values similar to those in the lower
part of the record (Fig. 2), combined with the statistical similarity
of both δ13Corg and C/N ratios in Zones 1 and 3 (Fig. 4), indicate
that the western arm of Lake Petén Itzá recovered and reached
stable limnological conditions by ca. 400 CE (95% range 90–640
CE). However, C/N ratios in Zone 3 were intermediate between
Zones 1 and 2 (Fig. 4), suggesting that the extent of recovery was
limited and did not fully return to its pre-disturbance state.
Nevertheless, partial recovery occurred after the cessation of
construction activities and dense human occupation. Consistent
geochemical measures after ~400 CE, combined with persistent
low charcoal abundance and stable magnetic stability and detrital
elemental abundances (Fig. 3 and S7), indicate reduced Maya
disturbance and decreased soil erosion, perhaps a result of the
city’s corridors having been plastered over during the Middle
Preclassic period25. Occupation of Nixtun-Ch’ich’ and its envir-
ons during the Classic and Postclassic periods62, by dispersed,
small settlements (of Chak’an Itzas during the Postclassic63) may
have contributed to the limited recovery of the western arm of
Lake Petén Itzá. Fluctuations in stigmastanol (Fig. S4) and low

Fig. 4 Relationship between carbon to nitrogen ratios and organic carbon
stable isotopes. Lake Petén Itzá C/N mass ratios and δ13Corg by zone.
Crosses indicate 2 standard deviation (2σ) ranges.
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copro+epicopro concentrations (Fig. 3) suggest occasional pulses
of herbivore37,64 and human fecal material to the lake, potentially
as a result of human presence at Nixtun-Ch’ich’ during the
Classic and Postclassic periods. Low copro+epicopro con-
centrations throughout most of the Classic and Postclassic peri-
ods also suggest that later populations were consistently small
relative to Preclassic populations and that low-level Maya occu-
pation of Nixtun-Ch’ich’ prevented full recovery of the lake to
pre-disturbance conditions, after almost 1000 years of environ-
mental degradation.

Methods
In July 2018, we collected two sediment cores from Lake Petén Itzá, in the vicinity
of the southern lowland Maya site of Nixtun-Ch’ich’. Here, we report the findings
from one of the cores (PI-NC-1) and expand upon the findings by Obrist-Farner
and Rice8.

Core collection. The 515-cm-long sediment core (PI-NC-1) was collected ~200 m
south of the Maya archeological site of Nixtun-Ch’ich’ (16°56’36” N, 89°55’56” W),
in the narrow, western arm (7 km long and 250–450 m wide) of the southern basin
of the lake (Fig. 1). The location is downgradient from Avenues G and H in the city
(Fig. 1), which run adjacent to major structures in Nixtun-Ch’ich’ and carried
runoff from the site into the lake. The core was collected in 8.4 m of water from a
wooden platform mounted on two lanchas (motorized canoes). The 72-cm mud-
water interface (MWI) core was collected using a modified piston corer designed to
obtain undisturbed MWI sediments65. The unconsolidated MWI sediments were
extruded vertically in the field, sectioned at 2.0-cm intervals, and placed into
labeled Whirl-PakTM bags. Next, six sequential sections of core were collected from
50 to 515 cm depth using a modified Livingstone-type piston corer designed for the
collection of deeper, consolidated deposits. These core sections were kept in labeled
polycarbonate tubes that were wrapped in plastic. After collection, the core material
was transported to the laboratory for further analysis.

Age-depth modeling. We refined the existing age-depth model for the PI-NC-1
core that was presented by ref. 8 and used six radiocarbon dates. This study used six
additional samples of terrestrial wood charcoal (Supplementary Data 1). Three of
the new charcoal samples were out of stratigraphic order and discarded. For
radiocarbon analysis, all charcoal samples were washed with deionized water over a
125-μm sieve to remove adhering sediment, wrapped in aluminum foil, and sub-
mitted to the Center for Accelerator Mass Spectrometry at Lawrence Livermore
National Laboratory. We created a new age-depth model (Figs. S1, S2) by applying
the Bayesian software Bacon (rbacon package in R66) calibrated with IntCal2067,
and the date the core was collected (2018). All dates came from terrestrial wood
(charcoal) to avoid potential effects from “hard-water-lake error,” which may
confound dates on bulk organic matter in this limestone bedrock region3. We
report mean date estimates from the age-depth model to characterize the timing of
changes detected in the core. The timing of the Maya clay is constrained by a
radiocarbon age 9 cm below and 21 cm above the massive deposits, resulting in a
sedimentation rate of ~0.15 cm/yr (Fig. S2). Several previous investigations in Lake
Petén Itzá3,5,7,11 also report a similar sedimentation rate during Preclassic and
Classic Maya times based on radiocarbon age-depth models, supporting our
Bayesian modeling results.

Geochemical analysis. Samples for geochemical analyses were collected at 5-cm
intervals along the length of the core, from 313 to 53 cm depth. Samples from the
uppermost 50 cm, from the MWI core, were collected at intervals of 4 or 6 cm.
Samples were oven-dried at 60 °C for 15 h, ground to a fine powder with a ceramic
mortar and pestle, and placed into labeled 20-mL scintillation vials. Total carbon
(TC) and total nitrogen (TN) were measured using a Carlo Erba NA 1500 CNS
elemental analyzer. Total inorganic carbon (TIC) was determined by coulometric
titration using an AutoMateTM acidification preparation device coupled with a
UICTM 5017 CO2 coulometer. Total organic carbon (TOC) was calculated as TC
minus TIC. TOC/TN mass ratios (i.e., C/N ratios) were computed by dividing TOC
(wt %) by TN (wt %). Samples for bulk carbon stable isotope (δ13Corg) analysis
were treated with 1 N HCl to remove carbonate and then washed with distilled
water to remove chloride. Samples for nitrogen stable isotope (δ15Norg) analysis of
bulk organic matter were not acidified. Samples were loaded into tin capsules and
placed in a 50-position automated carrousel on a Carlo Erba NA 1500 elemental
analyzer. After combustion at 1020 °C, gases were carried in a helium stream
through a Conflo II interface to a Thermo Electron Delta V Advantage isotope
ratio mass spectrometer (IRMS) to measure the carbon and nitrogen stable isotope
compositions of bulk organic matter. Carbon isotope results are expressed as per
mil (‰) in standard delta notation relative to Vienna Pee Dee Belemnite (VPDB).
Nitrogen isotope results are expressed as the per mil (‰) deviation from atmo-
spheric nitrogen (AIR, δ15Norg= 0). We also calculated the mean and 2 standard
deviations (2σ) ranges of C/N mass ratios and δ13Corg for each zone (Figs. 4, S5,
and Supplementary Data 2) to determine whether the values reflect statistically

similar or different lake conditions in each zone. All zonal averages are reported
with standard deviation values.

n-Alkane quantification and isotope analysis. For n-alkane quantification,
38 samples were collected across 2-cm intervals from 13 cm to 310 cm core depth.
Freeze-dried and homogenized samples (2.05–8.95 g) were extracted using an
accelerated solvent extractor (ASE) with 9:1 (v:v) dichloromethane:methanol
(DCM:MeOH). The total lipid extract (TLE) was then separated using a deactivated
alumina oxide column to isolate the apolar fraction containing the n-alkanes using
9:1 hexane:DCM solution and purified using Ag+ impregnated silica gel column
chromatography and hexane eluant to isolate the saturated hydrocarbons. Samples
were spiked with 50 ng/μL 5α-Androstane standard and analyzed using a Thermo
Trace Ultra ISQ gas chromatograph (GC) with a mass spectrometer (MS) and a
flame ionization detector (FID) to identify and quantify the n-alkanes, respectively.
Samples were injected at 300 °C with a 30-m fused silica column (DB-5, 0.25 mm
ID, 0.25 µm film thickness) using hydrogen as the carrier gas. Following a 1-min
hold at 80 °C, the GC oven temperature was ramped to 320 °C at a rate of 13 °C/min,
with a final hold of 20min. The n-alkanes were identified by retention times of a
standard n-alkane mix and through a comparison of fragmentation patterns in anMS
library. Quantification of n-alkanes was ascertained via comparison of GC-FID
sample peak integration to the standard, and total n-alkane abundance is expressed as
the summed absolute concentration of C16 to C35 relative to dry sediment weight (μg/
g dry sediment). Compound-specific carbon stable isotopes for select n-alkanes
(C23–C35) were determined by GC-combustion (C)-IRMS. GC-C-IRMS analyses
were performed with a Trace 1310 GC coupled to a Finnigan Delta V Plus IRMS via a
Thermo GC-Isolink at McGill University. Samples were injected at 300 °C with a 60-
m fused silica column (Thermo TR-5, 0.25 mm ID, 0.25 µm film thickness) using
helium as the carrier gas. We used an oven program of 60 °C isothermal (1 min),
ramp to 320 °C at 5 °C/min, and a 320 °C isothermal (10min). Carbon isotope values
of samples are reported in delta notation relative to the standard VPDB. n-Alkane
carbon isotope ratios were normalized to the VPDB scale using a linear calibration of
n-alkane primary reference materials (Mix A6, Arndt Schimmelmann, Indiana
University), analyzed at the beginning, middle, and end of each sequence, with an
overall precision of 0.35‰. Accuracy and precision were also monitored with mea-
surements of an internal laboratory standard produced from extracts of maple leaves
that was analyzed after every third sample. The standard deviation of the laboratory
standard (n= 28) was 0.4‰ over the duration of the analysis. Sample standard errors
were calculated using the method adapted for δ 13C measurements68, which accounts
for sample reproducibility and errors in VPDB scale normalization, and ranged
between 0.22 to 0.26‰. All zonal averages are reported with standard deviation
values.

Fecal sterol analysis. For fecal stanol/sterol quantification, 59 samples were col-
lected along the length of the 515-cm core. Samples were analyzed using the
previously reported protocol of ref. 39. In summary, samples were freeze-dried,
homogenized, and weighed. Then, sediment samples were placed in PTFE tubes
and extracted using a CEM MARS 6 microwave extractor heated at 80 °C for
20 min with 10 mL of 9:1 DCM:MeOH solution. The contents of the PTFE tubes
were then transferred to centrifuge vials and centrifuged to obtain the TLE. Next,
each TLE was run through a chromatographic column containing 5 cm of sodium
sulfate to remove water. The TLE was then saponified using KOH and the neutral
fraction containing sterols was extracted three times using liquid-liquid extractions
with 10 mL of 2:1 hexane:dichloromethane solution. The neutral fraction was then
fully evaporated and derivatized with 200 µL each of BSTFA (bis-trimethylsilyl
trifluoroacetamide) and pyridine to replace the hydrogen with the less exchange-
able trimethylsilyl (TMS) group. The neutral (sterol) fraction was analyzed using
gas chromatography with a flame ionization detector (GC-FID) with a TRACE TR-
5 GC Column (60 m × 0.25 mm) in sequence with known standards for cholesta-
nol, cholesterol, stigmastanol, coprostanol, and epicoprostanol (Sigma-Aldrich) in
order to quantify the compounds as compared to the standards via peak integra-
tion. A standard volume of sample was injected (1 µL) for each quantification. A set
of ten representative samples were analyzed using an Agilent 7890B GC with an
Agilent 5977B MSD (DB-5MS 25m × 200 µm × 0.33 µm) at Concordia University
to confirm compound identification. Fecal stanol/sterol concentrations include all
isomers of the compounds and are expressed as absolute concentrations relative to
dry sediment weight (μg/g dry sediment) and normalized to TOC (μg/g of OC). For
interpretation of stanol/sterol abundances, we focus on concentrations normalized
to TOC to account for the effects of mineral dilution, as well as the potential effects
of organic matter deposition and preservation on stanol/sterol concentrations69,70.
We report the sum of epicoprostanol and coprostanol (after ref. 71 and ref. 39)
because it was not possible to consistently resolve these molecules due to their
overlapping retention times. Epicoprostanol is a transformation product of
coprostanol in the environment72, and therefore their summed concentration
represents the net input of coprostanol to lake sediments. All zonal averages are
reported with standard deviation values.

Charcoal analysis. Charcoal analyses were carried out following the macroscopic
sieve procedure of the National Lacustrine Core Facility (LacCore) at the Uni-
versity of Minnesota, outlined below. For the analyses, ~1 cm3 of the wet sample
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was collected from 2-cm core depth intervals in MWI sediments and 1-cm core
depth intervals from depths of 50 to 313 cm. Samples were first treated with
~25 mL hydrogen peroxide (6%), covered with aluminum foil, and heated at ~50 °C
for 24 h to oxidize organic matter. Next, each sample was washed gently over a 125-
μm sieve, and the retained fraction was collected into a 100 mm × 15 mm poly-
styrene petri dish. Charcoal particles >125 μm are likely to have been derived from
local, rather than distant, fires, thus representing the fire history in the immediate
vicinity of the core location73. Next, ~15 mL hydrogen peroxide (6%) was added to
the petri dish and the sample was covered with aluminum foil and allowed to dry
for 24–72 h at ~50 °C. After drying, macroscopic charcoal particles were counted
under a Leica S9i microscope at 25x magnification. All zonal averages are reported
with standard deviation values.

Data availability
Data for replicating the results of this study are available as supplementary files. All
geochemical data and radiocarbon dates have been uploaded to the NCEI NOAA
repository74 and can be found at https://www.ncei.noaa.gov/access/paleo-search/study/
37383.
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