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Human-induced deforestation and soil erosion were environmen-
tal stressors for the ancient Maya of Mesoamerica. Furthermore,
intense, periodic droughts during the Terminal Classic Period, ca.
Common Era 830 to 950, have been documented from lake sedi-
ment cores and speleothems. Today, lakes worldwide that are sur-
rounded by dense human settlement and intense riparian land use
often develop algae/cyanobacteria blooms that can compromise
water quality by depleting oxygen and producing toxins. Such
environmental impacts have rarely been explored in the context
of ancient Maya settlement. We measured nutrients, biomarkers
for cyanobacteria, and the cyanotoxin microcystin in a sediment
core from Lake Amatitlan, highland Guatemala, which spans the
last ~2,100 y. The lake is currently hypereutrophic and character-
ized by high cyanotoxin concentrations from persistent blooms of
the cyanobacterium Microcystis aeruginosa. Our paleolimnological
data show that harmful cyanobacteria blooms and cyanotoxin pro-
duction occurred during periods of ancient Maya occupation. High-
est prehistoric concentrations of cyanotoxins in the sediment
coincided with alterations of the water system in the Maya city of
Kaminaljuyu, and changes in nutrient stoichiometry and maximum
cyanobacteria abundance were coeval with times of greatest
ancient human populations in the watershed. These prehistoric
episodes of cyanobacteria proliferation and cyanotoxin production
rivaled modern conditions in the lake, with respect to both bloom
magnitude and toxicity. This suggests that pre-Columbian Maya
occupation of the Lake Amatitlan watershed negatively impacted
water potability. Prehistoric cultural eutrophication indicates that
human-driven nutrient enrichment of water bodies is not an exclu-
sively modern phenomenon and may well have been a stressor for
the ancient Maya.
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ense populations of algae and cyanobacteria, called harm-

ful algal blooms (HABs), are global environmental phe-
nomena that are increasing in frequency and magnitude (1, 2).
HABs negatively impact ecosystem processes and can lead to
water column hypoxia/anoxia, alter aquatic communities, and
reduce biodiversity (3, 4). Furthermore, some cyanobacteria
release toxins into the environment. Cyanotoxins are metabo-
lites that are capable of affecting the health of humans and
other animals through poisoning, oxidative stress, and bioaccu-
mulation (5, 6). Ecological drivers of HABs and cyanotoxin
production include climate change [i.e., warmer temperatures
(4, 7)] and cultural eutrophication [i.e., excessive urban or agri-
cultural nutrient inputs (1, 2, 8)]. Prevention and mitigation of
HABs and cyanotoxin production are of tremendous concern
and are receiving considerable attention (9-11). Few studies,
however, have investigated whether ancient human populations
caused or were affected by toxic algal blooms (12, 13). One
ancient society, known to have achieved high population
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densities and caused profound land cover changes, was the
Maya of Mesoamerica.

Maya culture first arose >3,000 y ago and experienced a flo-
rescence during the Classic Period, from ca. Common Era
(CE) 250 to 900 (14). Classic Maya cities of the Mesoamerican
lowlands were densely populated, and urban centers relied on
intensive agricultural practices, which were associated with
environmental impacts such as deforestation (15) and soil ero-
sion (16-18). In the past few decades, evidence of profound cli-
mate changes during the period of Maya occupation has
emerged, and ancient droughts in the Maya region were shown
to have been temporally correlated with times of sociopolitical
disintegration (19-24). Whereas these multiple environmental
stressors probably affected ancient Maya society, individually
and/or in concert, far less attention has been directed at explor-
ing ancient, human-mediated changes in water quality. A few
studies, however, have shown the importance of water charac-
teristics to the ancient Maya (25) and documented water qual-
ity changes in Yucatan and Belize during the Classic Period
(26, 27). A recent study that conducted 16S ribosomal rRNA
amplicon sequencing on sediments from reservoirs at the
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ancient Maya city of Tikal (Guatemala) showed that two cyano-
bacteria genera capable of producing toxins, Planktothrix and
Microcystis, were present at the site (28). Cyanotoxin measure-
ments, however, were not undertaken. Concentrations of pho-
tosynthetic pigments (29, 30) and cyanotoxins (31, 32) can,
however, be measured in lake sediments, making it possible to
infer the magnitude of past HABs and their toxin production
through time.

The Lake Amatitlan watershed in highland Guatemala (Fig.
1) hosted the pre-Columbian Maya city of Kaminaljuyu, a
major urban center during the Preclassic and Classic Periods,
with ancient population numbers that rivaled urban centers in
the Maya Lowlands (33). Whereas highland Maya areas have
received less attention than lowland sites, with respect to past
human demography, environmental degradation, and the Ter-
minal Classic “collapse,” the Valley of Guatemala was home to
dense Maya populations and subject to land use intensification,
extensive agriculture, and changes in water quantity, similar to
the lowlands (34-36). Today, Lake Amatitlan is hypereutrophic,
with persistent, dense HABs, low water clarity (Secchi depths
0.1 to 0.8 m) (37), and high concentrations of the cyanotoxin
microcystin, with mean values of 90 pg - L' (extracellular) and
1,931 pg - L' (intracellular) (38), the latter prone to settling
out of the water column and accumulating in the lake sedi-
ments. The World Health Organization provisional guideline
value for microcystin-LR concentration in inland waters is 1 pg
- L' (39). Lake Amatitlan hydrology is largely dominated by
inputs from the Villalobos River, which drains a substantial
portion of the Valley of Guatemala watershed (Fig. 1). Water is
also delivered to the lake by direct rainfall, overland drilling,
and discharge from small streams, but these hydrologic inputs
are small compared with inflow from the Villalobos River.

We conducted a paleolimnological study, using a sediment
core from Lake Amatitlan, to address two research questions:
1) did Lake Amatitldn experience HABs and cyanotoxin pro-
duction during the period of ancient Maya occupation? and 2)
if so, how closely did water quality degradation track docu-
mented human occupation in the catchment? We collected a
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550-cm sediment core in 2019 from a site in the lake where
cores for previous paleolimnological studies have been obtained
(36, 40). Core chronology was established using 10 accelerator
mass spectrometry radiocarbon (AMS '“C) dates and Bayesian
statistics, which showed that we had retrieved a ~2,100-y record
of continuous sediment accumulation that extends from the
Maya Late Preclassic Period to present. We measured concen-
trations of nutrients (organic carbon, total nitrogen, total phos-
phorus, and total sulfur), photosynthetic pigments, and cyano-
toxins (total microcystins) in samples throughout the core.

Results

The 550-cm-long core from Lake Amatitlan represents contin-
uous sediment accumulation from ca. 110 BCE to the collection
date in CE 2019. The Bayesian age-depth model combined five
AMS 'C samples from the core reported here with five sam-
ples from a core collected at a nearby location in 2012 (40)
(Table 1). Dates from the previously published core were pro-
jected onto the 2019 core by first aligning depths in the cores
that yielded identical dates and then matching magnetic suscep-
tibility peaks in the two profiles (SI Appendix, Fig. S1). The
Bayesian model, calculated using the BACON package in R
(41), assigned a date of ~110 BCE =+ 110 to the base of the
core and a date of CE 2015 + 5 to the core top, thus spanning
from the Maya Late Preclassic to present (SI Appendix, Fig.
S2).

The sediment core was divided into four stratigraphic zones,
using k-means cluster analysis on principal components 1 and 2
for all measured data, with the exception of the cyanobacteria
pigment echinenone (Fig. 2, SI Appendix, Fig. S3, and Table 2).
Zone I extends from the base of the core to CE 550 and repre-
sents a period of relatively lower trophic status (i.e., moderate
nutrient concentrations). Carbon, nitrogen, and sulfur concen-
trations are low compared with values in other core zones, but
phosphorus concentrations display intermediate levels (Table
2). Total primary producer abundance, represented by the con-
centration of the photosynthetic pigment beta carotene, was
lower than in any other zone (40.3 + 17.9 nmol - g~ ' org

90°30'0"W
1

14°30'0"N
1

0 25 5 10 15 20
km

14°30'0"N

| e Ly e 5, T, G, ) Oertcetap contrtor, e e 5 s communty |

T T
90°50'0"W 90°40'0"W

T
90°30'0"W

Fig. 1. Map of the Valley of Guatemala, showing the location of Lake Amatitlan. The blue area is the lake watershed, and the pink area is the modern
metropolitan area of Guatemala City. The brown box shows the location of the ancient Maya site of Kaminaljuyd, and the red dot in the lake indicates
the sediment coring site. Insert A shows the location of the Guatemala highlands in Central America. Inserts B, C, and D show cyanobacteria blooms in
the lake. Photographs used with permission from the National Geographic Society.
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Table 1.

Radiocarbon dates from the Lake Amatitlan core, used to construct the depth-age model with the BACON R package

Sample no. Depth in centimeters (ref. 40, depth) Age 14Cy BP* Cal date (BCE/CE, 2 sigma)'r
Core top 0 —69 CE 2019
WH-168107 109 120 + 15 CE 1808 to 1924
PLD-28983 309 (243) 845 + 15 CE 1161 to 1247
WH-168108 330 790 + 40 CE 1201 to 1283
PLD-28985 405 (289) 1,270 + 20 CE 682 to 771
WH-168109 405 1,270 + 20 CE 670 to 775
PLD-28986 411 (312) 1,445 + 20 CE 581 to 648
PLD-28987 420 (323) 1,495 + 20 CE 541 to 613
PLD-28988 441 (364) 1,605 + 20 CE 403 to 536
WH-168110 503 1,830 + 20 CE 153 to 250
UGA-45272 540 2,150 + 35 231 to 88 BCE

PLD samples are from Lohse et al. (40), and depth equivalents in our core were assigned by matching magnetic susceptibility profiles (S/ Appendix, Fig. S1).
Depths in the Lohse et al. (40) core are in parentheses. Abbreviations: BP, before present; Cal, calibration; PLD-XXXXX, 4c laboratory number for ref.

40 samples.
*Ages are in radiocarbon years before present.
TAges calibrated using CALIB 8.2 (60).

[organic matter]), suggesting relatively higher water clarity dur-
ing this period. Primary producer community structure was
dominated by diatoms, as indicated by abundance of the pig-
ment diatoxanthin, with lower concentrations of cyanobacteria,
recorded by the pigments canthaxanthin and echinenone. A
third cyanobacteria pigment, aphanizophyll, present in more
recent core zones, was absent during Zone I (Table 2). Cyano-
toxin concentrations were at moderate levels during Zone I,
with a spike of 84 ng - g~ ' org at CE 290.

Sediment core Zone II spanned from CE 550 to 1200 and
represents a period of increased lake trophic state, with high
nutrient concentrations and dominance of cyanobacteria. Pig-
ment data indicate that cyanobacteria replaced diatoms as the
dominant primary producers, with the highest average concen-
trations for the cyanobacteria pigment canthaxanthin (52.9 +
28.1 nmol - g ! org) and the total abundance indicator beta car-
otene (220 + 139.3 nmol - g~! org), relative to other prehistoric
Zones (I and III) (Table 2). Concentrations of echinenone, a
pigment that is often found in extremely high concentrations in
Microcystis spp (42), were greatest during Zone II, with an aver-
age of 93.9 + 79.6 nmol - g~ org, an order of magnitude higher
than in the other zones that contain prehistoric deposits (Zones
I and III). Average nutrient concentrations of organic carbon
and sulfur were highest in this zone and comparable to values

in modern-day sediments, with averages of 4.88 + 1.5% and
9.92 + 4.0 mg - g, respectively. Molar ratios of nutrients C/N
and N/P were both higher during Zone II than in any other
period, indicating that this time was characterized by a unique
combination of nutrient inputs and biogeochemical conditions.
Beta carotene concentrations displayed peaks of 746 and 520
nmol - g’1 org at CE 850 and 1050, respectively, similar to con-
centration peaks of 487 and 902 nmol - g~! org in the two top-
most, modern sediment samples. Despite high cyanobacteria
pigment concentrations, cyanotoxin concentrations remained at
relatively low levels during most of Zone II, except for a spike
of 65 ng - g~ ! org ca. CE 1050, which coincided with spikes in
beta carotene and cyanobacteria pigments.

Core Zone III spanned from CE 1200 to 1942, which
included European colonization that began in the mid-1500s.
Nitrogen, carbon, and sulfur concentrations in Zone III
returned to lower values, similar to those in Zone I, and a
decline in the concentrations of photosynthetic pigments indi-
cates a decrease in lake trophic state. Phosphorus, however,
increased during this zone, beginning around CE 1600. Primary
producer community structure included a return to diatom
dominance, with a mean diatoxanthin concentration of 66 +
49.2 nmol - g~' org, around twice the average values in Zones I
and II (Table 2). Cyanotoxin concentration increased to
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Fig. 2. Date (BCE/CE) versus paleolimnological variables in the Lake Amatitlan sediment core. Ages were assigned using Bayesian statistics and the Bacon
package in R (41). Cyanotoxin is total microcystins reported as ng toxin - g org". Pigments Canth (canthaxanthin), Aphani (aphanizophyll), Ech (echine-
none), Diato (diatoxanthin), and Beta-Car (beta carotene) are reported as nmol pigment - g org~'. Canthaxanthin, aphanizophyll, and echinenone are
biomarkers for cyanobacteria (29). Echinenone values presented only for sediments older than ca. CE 1940. Diatoxanthin is a biomarker for diatoms, and
beta carotene is a proxy for total primary producer abundance. Organic carbon and nitrogen are reported as percent of dry sediment mass, phosphorus
and sulfur are reported as mg - g’1 dry sediment. C/N and N/P are molar ratios calculated from mass concentrations. Sediment core Zones (I, Il, Ill, and V)
were determined by k-means cluster analysis on principal components 1 and 2 (S/ Appendix, Fig. S3).
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Table 2. Average concentrations and SDs, in parentheses, for each variable in the four sediment zones

Variable Unit Zone | Zone Il Zone llI Zone IV
Total microcystin ng g’1 org 28.74 (18) 21.3 (11) 51.1 (70.5) 101.1 (91)
Phosphorus mg g’ 0.44 (0.1) 0.41 (0.2) 0.60 (0.3) 1.17 (0.1)
Nitrogen % 0.17 (0.04) 0.36 (0.1) 0.28 (0.1) 0.63 (0.2)
Organic carbon % 1.96 (0.6) 4.88 (1.5) 2.67 (0.7) 4.81 (1.4)
Sulfur mg- g 2.29 (1.6) 9.92 (4.0) 4.39 (2.5) 12.0 (2.3)
C/N 13.74 (2.0) 15.67 (1.7) 11.49 (1.4) 8.95 (0.8)
N/P 8.97 (3.5) 21.52 (7.9) 11.02 (2.9) 12.01 (3.8)
Aphanizophyll* nmol - g~ org 0 4.4 (4.7) 1.6 (2.1) 12.2 (6.6)
Diatoxanthin nmol - g’1 org 38.7 (25.7) 33.1 (20.6) 66.0 (49.2) 245 (133)
Canthaxanthin* nmol - g~ org 9.7 (6.7) 52.9 (28.1) 13.7 (12.7) 105 (88)
Beta carotene nmol - g’1 org 40.3 (17.9) 220.0 (139.3) 77.9 (59.6) 323 (197)
Total cyanobacteria® nmol - g~ org 9.7 (6.7) 57.4 (30.3) 15.2 (14.1) 117 (93)
Echinenone nmol - g’1 org 4.9 (2.9) 93.9 (79.6) 6.4 (6.3)

*Cyanobacteria pigments.
"Total cyanobacteria is the sum of aphanizophyll and canthaxanthin.

moderate levels, with spikes around 50 ng - g ' org at ca. CE  quantified in this zone (Table 2). Whereas Microcystis spp. dom-
1250, 1280, and 1320 but decreased to relatively low levels inate in Lake Amatitlan today (38) and would be represented
around CE 1350. The highest concentration of microcystin  in the sediment record by the pigment echinenone, other cya-
occurred around CE 1820, with values > 250 ng - g~ org. nobacteria taxa such as Oscillatoria spp. and Aphanizomenon
Sediment core Zone IV was deposited in the last ~80 y and  spp. are also abundant (43) and likely account for the high non-
documents the development of the hypereutrophic and toxin-  echinenone cyanobacteria pigments in Zone IV. Cyanotoxin
rich conditions that characterize the lake today. All nutrient levels were high throughout Zone IV, with an average concen-
concentrations increased from the base of the zone to present,  tration of 101.1 + 91 ng - g~! org. The maximum concentration
with the highest average concentrations for N (0.63 + 0.2%) of 278 ng - g ' org occurred around CE 2015.
and P (1.17 + 0.1 mg - g~') in this zone. Average photosyn- Multivariate statistics (PCA) show that Zones I and III were
thetic pigment concentrations in Zone IV were highest for all ~ similar with respect to measured sediment components and
pigments measured except echinenone, which could not be that Zone II and most recent Zone IV were similar
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(SI Appendix, Fig. S3). Principal components 1 (PC1) and 2
(PC2) explained 50 and 21% of the data, respectively. PC1 sep-
arated Zones I and III from Zones II and IV and indicated
higher nutrient concentrations and more eutrophic conditions
in the latter two zones. PC2 showed a separation in the ordina-
tion of Zones II and IV, with eigenvectors of organic carbon, N/
P, canthaxanthin, and beta carotene ordinating more with Zone
II, and eigenvectors of microcystins, diatoxanthin, and phos-
phorus (P) ordinating with Zone IV (SI Appendix, Table S1).
Whereas both Zones II and IV are inferred to have been times
of substantial HABs, the different eigenvectors associated with
each zone indicate that the drivers of eutrophication were
linked with multiple elements associated with terrestrial and
riverine inputs for Zone II and P inputs for Zone IV. The sepa-
ration also highlights the high cyanotoxin concentrations in
Zone 1V, which were lacking in Zone II.

Discussion

The paleolimnologically inferred trophic state history of Lake
Amatitlan extends from the Late Preclassic Period (ca. 110
BCE) to present and shows that the lake experienced eutrophic
conditions and cyanotoxin production during pre-Columbian
Maya occupation of the Valley of Guatemala. Whereas the
modern hypereutrophic condition of the lake is characterized
by both high cyanobacteria biomass and cyanotoxin production,
prehistoric dense cyanobacteria abundance did not coincide
with the periods of highest cyanotoxin concentration. Despite
asynchrony of these two sediment indicators of past eutrophy,
comparisons with concentration values in recent Amatitlan
sediments show that the ancient highland Maya experienced
HABs that were similar in intensity to those in the modern lake
and that ancient watershed inhabitants likely had to contend
with compromised water quality (Fig. 3), as did the ancient
Maya at some lowland sites during the Classic Period (25, 27).

Prehistoric Eutrophication and HABs. The base of the core dates
to ~110 BCE, during which time the lake hosted lower cyano-
bacteria abundance than at other times in the record. The earli-
est period includes the Late Preclassic to Early Classic transi-
tion and corresponds to the highland ceramic phases of
Providencia, Verbena, Arenal, and Santa Clara (Figs. 2 and 3).
Moderate nutrient input from the landscape occurred, as sug-
gested by relatively high C/N values and magnetic susceptibility
(Fig. 2 and SI Appendix, Fig. S1). This period lasted until about
CE 550 and coincided with shifting population numbers at
Kaminaljuyu (34, 35), which included increases in rural popula-
tions in the Valley of Guatemala [Fig. 2 (44)]. Relatively low
values of cyanobacteria pigments canthaxanthin and aphanizo-
phyll during this period appear at odds with the cyanotoxin val-
ues, suggesting that cyanobacteria taxa that were not recorded
in the pigment record may nevertheless have existed at that
time. This, however, is unlikely, given that concentrations of
echinenone, a dominant pigment in Microcystis spp (42), were
also low (Fig. 2 and Table 2). In addition, the high cyanotoxin
values coincided with relatively high diatom abundance, as indi-
cated by diatoxanthin concentrations (Fig. 2). Shifts in the
occurrence of diatoms and cyanotoxin production, together
with archaeologically derived demographic data, suggest that
limnological changes corresponded with alterations of urban
centers in the watershed.

Zone I also corresponds to an interval of higher concentra-
tions of Zea pollen, derived from local agriculture (36), and to
the time of drying of Lake Miraflores at the urban site of
Kaminaljuyu (34, 36), which could have altered nutrient inputs
and the form of organic matter that entered Lake Amatitlan. In
addition, hydrological changes could have occurred in the
watershed, as canals that had been used to move water from
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Lake Miraflores to other areas in the Valley of Guatemala fell
out of use around the same time (36). Although it has not been
confirmed that the change in water management was drought-
related, a shift in agricultural practices is believed to have
occurred and may well have caused the subsequent nutrient
regime changes and accounted for the cyanotoxin occurrence.

Sediment core Zone II extends from ca. CE 550 to 1200, a
time when Lake Amatitlan experienced an increase in cyano-
bacteria abundance, as shown by higher concentrations of pig-
ments canthaxanthin, aphanizophyll, and echinenone (Fig. 2),
which are diagnostic for cyanobacteria (29). With the exception
of echinenone, however, these pigments are low in microcystin-
producing species, which could explain the low microcystin con-
centration during this period. This zone spans the Late Classic
to early Postclassic Periods and includes the Terminal Classic
“collapse,” documented at many Lowland Maya archaeological
sites (14). Studies of sediment cores from Lake Chichancanab
(19, 20) and cave speleothems from elsewhere on the low-
elevation Yucatan Peninsula (21) provided evidence of a series
of extreme droughts during this period. Highland areas, and
specifically the Valley of Guatemala, however, are not known to
have experienced droughts at that time. Pollen data show
increases in taxa such as Quercus and Pinus during this period,
which suggest it was a time of forest recovery (36). Agricultural
practices changed during this period, and there was a decline in
the urban population of Kaminaljuyu, in the northern part of
the watershed (34), while the rural population increased (44).
Volcanic soils in the region are fertile, suggesting they are capa-
ble of producing continuous high crop yields despite extensive
land alteration (45). Watershed inputs are evident from
increases in C/N and nutrient concentrations, which suggest
substantial input of material from the Lake Amatitlan water-
shed via the Villalobos River, in agreement with previous pale-
olimnological inferences (36).

High concentrations of all cyanobacteria pigments and the
total abundance pigment beta carotene in sediment core Zone
II indicate that recent, ongoing cultural eutrophication in Lake
Amatitldn (Zone IV) is not unique in the lake’s trophic state
history (Fig. 2 and Table 2). Because photosynthetic pigments
degrade through time, it is likely that pigment concentrations in
sediments of Zone II, at the time of deposition, were greater
than what we measured (46). We conclude that HABs during
the Late Classic and early Postclassic Periods were of a magni-
tude similar to the extreme HABs in the lake today. The period
of high cyanobacteria pigment abundance corresponds to lower
diatom pigment concentration and higher C, N, P, and N/P
(Figs. 2 and 3). Nutrient influx was likely associated with mate-
rial inputs from the surrounding landscape and delivered by the
Villalobos River and triggered HABs in the lake.

Sediment core Zone III followed the prehistoric eutrophic
period and was characterized by a decrease in cyanobacteria
abundance, a decrease in overall phytoplankton abundance, an
increase in diatom abundance, and declines in organic carbon
and N/P in the sediment. This period, which extended from CE
1200 until the 1900s, coincided with declining Maya population
in the Valley of Guatemala (44) and decreases in terrestrial
inputs, as revealed by lower C/N and nutrient (N and P) con-
centrations (Fig. 2) linking these nutrient inputs with the period
of European conquest in the area (14). Phosphorus, however,
began to increase around CE 1600 and continued to increase
throughout the zone. Grains of Quercus and Pinus still domi-
nated the pollen spectra, indicating forest vegetation was wide-
spread in the watershed (36). HABs were not as intense as
those recorded in Zone II, as revealed by lower cyanobacteria
pigment concentrations, but cyanotoxin abundance was rela-
tively high compared with Zones I and II. Likewise, Zone III
experienced the only prehistoric increase in the ratio of chloro-
phyll to pheophytin concentrations, which suggests improved
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conditions for pigment preservation and supports the notion
that low pigment concentrations in the zone are indicative of
improved water quality (ST Appendix, Fig. S4).

Sediment core Zone IV encompasses the period of recent
HABSs that continue to affect Lake Amatitlan today. High cya-
nobacteria abundance and microcystin values in the modern
lake are attributed to excessive nutrient inputs that originate
from the metropolitan area of Guatemala City and are deliv-
ered by the Villalobos River. Whereas sediments from earlier
eutrophic periods in Lake Amatitlan’s history also contained
high concentrations of cyanobacteria pigments and nutrients
(Zone 1I), Zone IV sediments stand out in the Lake Ama-
titlan paleolimnological record in also having very high cyano-
toxin concentrations. Occurrence of high cyanotoxin values in
near-surface deposits (Fig. 3) is not surprising, as recent lim-
nological studies have documented intense HABs in Lake
Amatitlan (37, 38).

Paleolimnology of Cyanotoxins in Lake Amatitlan. Analysis of cya-
notoxins in lake sediments is still being developed as a paleo-
limnological tool, but several studies have applied such meas-
urements successfully to sediment records that span the last
~150 y (31, 47), and another study interpreted the cyanotoxin
record over the last ~4,700 y (32). Microcystins are water solu-
ble and are delivered to lake sediment as intracellular compo-
nents of cyanobacteria cells (5, 6, 8, 47), and studies of postde-
positional cyanotoxin transformations are ongoing (47).
Asynchronicity between cyanobacteria pigment abundance and
cyanotoxin concentration in Zones I, II, and III of the Lake
Amatitlan core could have resulted from several factors: 1)
shifts in cyanobacteria community structure, 2) changes in envi-
ronmental conditions that trigger microcystin production, 3)
alteration of conditions that govern rates of degradation of pig-
ments and cyanotoxins, and 4) postdepositional mobility of
water-soluble toxins, in contrast to the fixed stratigraphic posi-
tion of water-insoluble pigments. Nevertheless, concentrations
of total microcystins throughout the Lake Amatitlan core pro-
vide evidence that cyanotoxins were present in the water col-
umn during the period of ancient Maya settlement in the Valley
of Guatemala.

During Zone I, cyanotoxin concentrations were as high or
higher than at any other time, with the exception of Zone IV
(i.e., the last ~80 y). Cyanotoxin concentration in sediment
Zone I increased between CE 180 and 400 (Fig. 2). Whereas
greater cyanobacteria abundance does not necessarily trigger
more cyanotoxin production (6), shifts in the element stoichi-
ometry in the sediments, such as the decrease in N/P and
increase in C/N, suggest a change in biogeochemical processes
and increases in organic matter recalcitrance during that time
interval. In Zone II, association of relatively high cyanobacteria
pigments and low cyanotoxins was not entirely unexpected and
is consistent with what has been seen in some lakes undergoing
recent cultural eutrophication. In contrast to modern,
microcystin-rich HABs in Lake Amatitlan, however, cyanotoxin
concentrations in Zone II remained relatively low. One peak in
microcystin concentration, however, occurred ca. CE 1050 and
corresponds to spikes in cyanobacteria pigments echinenone
and aphanizophyll and declines in organic C and N/P (Fig. 2).
This isolated event also corresponds to a volcanic tephra
deposit (40), which may have supplied the necessary elements
to initiate cyanotoxin production in the lake. Although the eco-
logical factors that cause cyanotoxin production are still
debated (6), rapid changes in nutrient inputs and stoichiometric
ratios have been proposed as triggers (6, 8, 48). Zone III had a
similar ordination with Zone I in the PCA. The period of high
cyanotoxin concentration in Zone III corresponded to lower N/
P, again suggesting that a shift in lake water chemistry was asso-
ciated with toxin production (SI Appendix, Fig. S3). Cyanotoxin
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concentrations decreased to low levels about CE 1380 and
maintained such concentrations until ca. CE 1800, when the
modern hypereutrophic period began.

Water Quality and the Prehistoric Maya. The pigment and cyano-
toxin data from Lake Amatitldn contribute to the growing evi-
dence that suggests that the prehistoric Maya faced declines in
water quality (25-28, 49). Paleolimnological investigations in
the Maya Lowlands found evidence for declines in water quality
[e.g., in the reservoirs that served the major center of Tikal in
Guatemala (28) the Three Rivers Region of Belize (25), and a
smaller settlement near Lake Sayaucil, Mexico (49)]. Lentz et al.
(28) identified genetic markers for two cyanobacteria genera
and inferred that a consequent decrease in water quality, in
concert with drought conditions during the Terminal Classic,
negatively impacted Maya inhabitants of Tikal. Whereas there
is no evidence that drought conditions affected the highland
Maya during the Late or Terminal Classic, eutrophic conditions
in Lake Amatitlan at that time may have been a stressor for the
ancient residents of the Valley of Guatemala. Luzzadder-Beach
and Beach (25) showed that changes in water chemistry limited
agricultural and domestic water use in prehistoric Maya con-
texts. Changes in trophic state of lowland Lake Sayaucil were
inferred from diatoms in a sediment core and coincided with
initial settlement during the Preclassic Period (49). Elsewhere
in the Maya Lowlands, ancient eutrophication of Lake Coba
was linked to human land alterations and soil erosion (49), as
has been the case for recent changes in the nutrient status of
many water bodies worldwide (50, 51). Recent eutrophication
in Lake Petén-Itza has been documented (52), but massive sil-
tation in ancient times probably prevented the biological conse-
quences of nutrient enrichment (53). Whereas cyanobacteria
abundance in Lake Amatitlin occurred during periods of
increased nutrient input, cyanotoxin production coincided with
shifts in nutrient stoichiometry (N/P) and, perhaps, as yet
unidentified drivers.

HABs in the reservoirs at Tikal and diatom-inferred eutro-
phication in Lake Sayaucil likely impacted the potability of
water for people who lived near those sites. Use of Lake Ama-
titlan by the ancient occupants of the Valley of Guatemala is
not well-studied. Lake Amatitlan lies at the south end of the
watershed, whereas the Maya city of Kaminaljuyu was located
farther north in the watershed, 16 km north of the lake. There
is evidence that smaller hamlets were established throughout
the Valley during periods when the population of Kaminaljuyu
declined (54, 55), times that coincided with the prehistoric
eutrophic period (Zone II, Fig. 3). Furthermore, archaeological
investigations along the shore of Lake Amatitlan uncovered
sites that were occupied beginning in the Preclassic. The largest
settlement consisted of several mounds and a ballcourt con-
structed during the Classic Period, which suggests permanent
settlement, rather than construction solely for ceremonial pur-
poses (56). This larger settlement coincided with the early
eutrophic period in Lake Amatitlan, as inferred from our core,
and indicates the Maya influenced the lake during the prehis-
toric HAB episode. Furthermore, early accounts of Spanish
conquistadors indicate that areas around Lake Amatitlan were
densely settled during the mid-16th century (57).

The paleolimnological record from Lake Amatitldn provides
evidence of HABs and cyanotoxin production during the period
of ancient Maya occupation in the Valley of Guatemala.
Whereas climate fluctuations, deforestation, and soil erosion
were shown to have been environmental stressors for prehis-
toric Maya populations, the sediment record from highland
Lake Amatitlan, deposits in lowland reservoirs at Tikal (28),
and decreases in water quality in the Yucatan Peninsula (27)
and Three Rivers region of Belize (25) provide evidence that
human-mediated degradation of water quality may have been
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an additional, and, perhaps widespread, stressor for the ancient
Maya. Development of techniques that enable inference of past
HABs and cyanotoxin production from sediment cores (30, 31)
opened opportunities to further investigate whether degraded
water quality can be added to the list of established societal
stressors for the Classic Maya and other ancient societies.

Materials and Methods

Study Site and Core Collection. Lake Amatitlan lies in a volcanic basin in the
highlands of Guatemala, south of Guatemala City. The lake is at ~1,186 m
above sea level, has a surface area of 15.2 km? and a maximum depth of ~33
m. It receives hydrologic input from precipitation (1,166 mm - yr”) and from
the Villalobos River, which drains the 313 km? watershed of metropolitan
Guatemala City (36, 37). The recent hypereutrophic state of the lake was first
documented in the 1950s by Deevey (58), when total phosphorus concentra-
tion in surface waters was 60 pg - L' but which increased to 440 ug - L' by
the 1980s (36). Secchi disk ranges from 0.1 to 0.8 m, and pH is ~9.3 (37).

A 550-cm-long sediment core was collected in the northwest end of the
lake at a water depth of ~12 m, about 160 m from the shoreline. The core site
is near the location where sediment cores that yielded radiocarbon-dated
records had been collected earlier (36, 40). The 76-cm-long mud-water inter-
face core section was obtained using a piston corer designed to collect undis-
turbed samples of unconsolidated uppermost sediments (59). Beginning at 50
cm, a modified Livingstone corer was used to collect five subsequent 1-m sec-
tions. The mud-water interface core was extruded vertically in the field, sec-
tioned at 4-cm intervals, and stored in labeled Whirl-pak bags. The deeper,
consolidated 1-m sediment sections were kept in their labeled polycarbonate
core barrels, and all sediments were transported to the Land Use and Environ-
mental Change Institute at the University of Florida. The lower intact sections
were measured for gamma ray density and magnetic susceptibility on a Geo-
Tek Multi-Sensor core logger (MSCL), after which they were cut lengthwise
and digitally imaged using the MSCL, which had also been used for analysis of
cores taken previously from Lake Amatitlan. Split core sections (50 to 550 cm)
were sampled at 5-cm intervals and, along with the mud-water interface core
samples, subjected to paleolimnological analyses.

AMS 'C Dating and the Age-Depth Model. Five charcoal samples were col-
lected throughout the core for AMS '*C dating (Table 1). Sediment was
sieved through 1-mm mesh to remove fine particles and retained mate-
rial was examined under a dissecting microscope at 40x to collect char-
coal fragments. The deepest sample (540 cm) was analyzed at the Center
for Applied Isotope Studies at the University of Georgia (https://cais.uga.
edu/), and the remaining four samples were sent to the National Ocean
Sciences Accelerator Mass Spectrometry Laboratory at the Woods Hole
Oceanographic Institute (https://www.whoi.edu/site/nosams/). AMS '4C
dates were calibrated using the CALIB 8.20 program (60). Five additional
dates, from a sediment core taken earlier at a nearby location (40), were
projected onto depths in our core. That was achieved using identical
radiocarbon dates for depths in the two cores, 1,270 + 20 at 405 cm in our
core and 289 cm in the Lohse et al. (40) core and then matching magnetic
susceptibility peaks in the two profiles (S Appendix, Fig. S1). The 10 dates
came from depths that ranged from 109 to 540 cm and were used in the
Bayesian dating model BACON in R studio (41).

Elemental, Photosynthetic Pigment, and Cyanotoxin Analysis. Organic matter
was measured by weight loss on ignition at 550 °C in a muffle furnace for 2 h.
Organic C and N were measured using a Costech Carbon-Hydrogen-Nitrogen
Elemental Analyzer, following pretreatment with HCl fumigation in a desicca-
tor to remove carbonates (61). Phosphorus and sulfur were measured on an
ARL 3560AES inductively coupled plasma following 15N HNOs digestion for 90
min in a heated block (62).

Chlorophylls and carotenoids were measured using a high-performance lig-
uid chromatography (HPLC) system following the methods of Leavitt and
Hodgson (29) and Waters et al. (30). Photosynthetic pigments were measured
within 90 d of collection and include all pigments used in this study (alloxan-
thin, aphanizophyll, beta carotene, canthanxanthin, chlorophyll a, diatoxan-
thin, echinenone, fucoxanthin, lutein+zeaxanthin, and pheophytin a). Primary
producer groups associated with each pigment can be found in Leavitt and
Hodgson (29). Briefly, dried sediment samples were extracted with a solvent
mixture of acetone, methanol, and water (80:15:5 by volume), which contains
an internal standard (Sudan II; Sigma Chemical Corp.). Extraction was done for
16 to 24 hiin a —20 °C freezer. Samples were injected into a Shimadzu HPLC sys-
tem following the mobile phase and time sequence of Leavitt and Hodgson
(29). Chlorophylls and carotenoids were separated by passing through a
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Phenomenex Luna C18 column and measured using a photodiode array detec-
tor coupled with a fluorescence detector. Pigments were identified using
retention times and pigment-specific spectra of known standards (DHI Lab
Products). Pigment concentrations are expressed as nmol pigment - g~ organic
matter (loss on ignition) and were calculated by comparing peak areas against
standards of known concentration. The cyanobacteria pigment echinenone
was not analyzed in uppermost sediments (Zone IV) of the core because of
interference from an unidentified chlorophyll-like pigment peak that over-
lapped with the echinenone peak. We therefore report echinenone concentra-
tions only for core Zones |, Il, and Il

Cyanotoxins as total microcystins were measured on samples throughout
the core using the total microcystin/nodularin ADDA enzyme-linked immuno-
assay (ELISA) kit by Eurofins, purchased from Fisher Scientific (https:/Avww.
fishersci.com/us/en/home.html). This method was chosen because of its ability
to identify all 84 microcystin congeners that can exist in aquatic environments.
Presence of microcystins was verified by HPLC, following the methods of Purdie
et al. (63). Total microcystins were extracted from dried sediment samples fol-
lowing the combined extraction methods of Zastepa et al. (31) and Eurofins
(https://abraxis.eurofins-technologies.com/homey/). Briefly, sediment samples
were extracted with a solvent mixture of 75% methanol and 25% water,
along with 0.05% trifluoracetic acid. The mixture was sonicated for 20 min,
then centrifuged, after which the supernatant was removed. This step was
repeated, and the combined supernatant was evaporated in a heated water
bath under a stream of nitrogen gas for ~60 min until the total sample vol-
ume was about 1.5 mL. A total of 6 mL HPLC-grade water was added to each
sample, which was sonicated for 0.5 min to dissolve all contents. This mixture
was cleaned using solid-phase extraction, eluted with 90% acetonitrile solu-
tion, and evaporated to dryness in a heated water bath under a stream of
nitrogen. Samples were dissolved in 2 mL HPLC-grade water, sonicated to
dissolve all solid contents, and passed through a 0.2-um syringe filter prior to
analysis. Total microcystins were reported as ng toxin - g~ organic matter.

All data for this study are available at the Auburn University Scholarly
Repository, AUrora (https://aurora.auburn.edu). Sediment sections analyzed
for microcystins were incorporated into a single dataset, and PCA was per-
formed on variables (total microcystins, P, N, organic C, /N, N/P, aphanizo-
phyll, diatoxanthin, canthaxanthin, beta carotene, and lutein + zeaxanthin)
to determine ordination of similar sediment types. PCA was performed using
SAS JMP package 7.1. Sediment core Zones (|, Il, lll, and V) were determined
used k-means cluster analysis on the principal components.

Evaluation of Human Effects on Lakes. Because concentrations of cyanobacte-
ria pigments and cyanotoxins are very high in recent sediments (Fig. 2), these
variables were replotted on abbreviated scales to highlight stratigraphic fluctu-
ations in these biomarkers during the period of prehistoric Maya occupation
(Fig. 3). To place our sediment core in archaeological context, biomarker strat-
igraphies were compared with periods of Maya prehistory [i.e., the Preclassic,
Classic, and Postclassic, established by Coe and Houston (14)] and to highland
archaeological phases, defined using pottery styles at Kaminaljuyd (34-36).
The dates for the ceramic phases were based on an updated Bayesian dating
model (35). Likewise, our core data were compared to previous paleolimnolog-
ical work (36) and population reconstructions from archaeological findings in
the Valley of Guatemala (44). Environmental change in and around Lake
Amatitlan was inferred from diatoms, pollen, and nutrient concentrations in a
sediment core collected in 2000 at a nearby location (36). Whereas variables
associated with nutrient inputs from land use appear to agree between the
two cores, indicators of eutrophication [i.e., diatom counts in the Velez et al.
(36) record and cyanobacteria pigments in our study] show some discrepancies.
Population in the Valley of Guatemala was inferred from archaeological inves-
tigation of rural sites, and a chronology was developed using the obsidian dat-
ing technique (44). Dates assigned to population changes were corrected from
the original publication, using the new chronology of Arroyo et al. (35).

Data Availability. Excel spread sheets data have been deposited in AUrora at
the Auburn University Scholarly Repository (https:/aurora.auburn.edu/handle/
11200/50011) (64).
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