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Abstract

Since the late 1950s, scientists have used sediment cores from lakes on the Yucatan Peninsula to explore the complex interactions
among climate, environment, and ancient Maya culture. Early paleolimnological studies generally assumed that late Holocene
climate was invariable. Consequently, paleolimnologically inferred environmental changes that occurred during the past 3,000
years or so—for example, forest decline and soil erosion—were attributed wholly to anthropogenic activities such as land
clearance for agriculture and construction. Recent high-resolution, proxy-based paleoclimate records from continental and insular
sites around the Caribbean Sea contradict the assumption of late Holocene climate stability. Instead, these core data suggest that
regional drying began about 3,000 years ago and that the past three millennia were characterized by variable moisture availability.
Paleoclimate inferences from Lakes Chichancanab and Punta Laguna, northern Yucatan Peninsula, indicate that drought events
over the past 2,600 years were cyclical. These dry events, thought to have been driven by solar forcing, appear to have occurred
approximately every two centuries (about 208 years). The driest period of the late Holocene occurred hetw&@thand 1000,
coincident with the Classic Maya Collapse. We review the history of paleolimnological studies in the Maya Lowlands, discuss the
difficulty of differentiating climatic signals from anthropogenic signals in late Holocene lake sediment profiles, and assess current
understanding of past climate changes in the region based on regional lacustrine sediment studies.

Contemporary issues such as overexploitation of marine fisheriesputual interaction. It goes without saying that climate affects the
increasing acidity of precipitation, heavy-metal pollution, soil ero- physical and biological environment in many ways. The soils,
sion and degradation, and lake eutrophication have created a heigtitera, and fauna of a geographic region uninhabited by humans
ened awareness of human effects on the environment. Both naturtdrgely reflect climatic and geologic factors. We view climate,
and social scientists have long been fascinated by the complegnvironment, and human culture as being intimately linked
interactions between humans and the ecosystems they inhabit. AfFigure 1).
chaeologists have provided a historical perspective on this issue Many studies of Maya prehistory have tried to make sense of
by elucidating case studies of human effects on ancient environelimate—human—environment interactions in a low-elevation, trop-
ments (Redman 1999). Clearly, the effects of people on their surical context. Archaeologists have provided insights into environ-
roundings are only one way of viewing “human-environment” mental conditions that prevailed when the ancient Maya civilization
relationships. Advocates of “environmental determinism” viewedflourished. For instance, botanical and zoological remains from
the interaction “in reverse,” positing that the environment limits archaeological excavations have yielded information on plants and
human cultural development. This point of view has gone in andanimals exploited by the Maya and revealed details about pre-
out of favor, often for political reasons, but it is undeniable that Columbian subsistence economy (Miksicek 1983; Pohl 1985). Soil
environmental variables influence society in many ways. We sim-studies have been informative concerning ancient Maya agricul-
ply maintain that people and their surrounding environment mu-ural strategies (Beach 1998a, 1998b; Bloom et al. 1983; Olson
tually affect one another. 1981). In some cases, excavations shed light on regional climate
During the past few decades awareness has been growing thethanges during the past few millennia (Dahlin 1983; Folan et al.
humans have the capacity to alter global climate. As greenhous&983). Agronomic studies on the Yucatan Peninsula fueled de-
gases increase, greater attention has been directed toward undbates about how Late Classic Maya populations were sustained,
standing the effects of future global warming on society. It isand a number of edited volumes were dedicated to pre-Columbian
widely recognized that climate phenomena such as El Nifio eventagricultural subsistence strategies (see, e.g., Fedick 1996; Flan-
can have dramatic effects on agricultural harvests and nationalery 1982; Harrison and Turner 1978).
economies (see, e.g., Caviedes 2001). Concerns about future cli- Paleolimnological investigations have supplemented archaeo-
mate changes acknowledge that climate—human relations involviegical studies to help provide an environmental context in which
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tions. In both disciplines, the fragmentary records are interpreted
/_\ with a measure of uncertainty.
In this paper, we review paleolimnological investigations that
| CLIMATE | were undertaken in the Maya Lowlands, summarize the major
findings of these studies, and focus on the current state of knowl-
edge concerning interactions among climate, environment, and

ancient Maya culture that are based on analyses of lake-sediment
/ \ cores. One of our objectives is to bring to the attention of archae-
ologists the many paleolimnological studies that have been done
/_\ in the region. We suspect that some of this work has escaped the
. notice of the archaeological community because the results were

| ENVIRONMENT | published in specialized earth-science journals. We also point out
that the focus of paleolimnological work in the Maya region has
shifted several times in the past few decades. For instance, sedi-
ment records were sometimes employed to assess human effects
Figure . Conceptual graphic model illustrating the complex interactions on the environment, whereas at other times cores were used to
among climate, environment, and human culture. Arrows between each explore how climate changes may have influenced Classic Maya
compartment indicate two-way interactions. Paleolimnological studies on agriculture. That paradigm shift reflects, at least in part, the pre-
the Yucatan Pepinsula have e;xplored thgse interactiops, including hgman vailing issues in modern environmental science at the time the
effects on reg!onal vegetation and soils and the influence of climate studies were undertaken. Finally, we present recent advances in
change on societal development. . . . . o
understanding regional paleoclimate, discuss some limitations of
the paleolimnological approach (see Brenner et al. 2002), and
elaborate on several questions that must be addressed by future
Maya culture arose, flourished, and collapsed. Lake-sediment coreggsearch.
can be used to develop continuous, long-term, high-resolution
records of environmental change. These lacustrine deposits can
employed to infer regional historical ecology because they accul]-}‘%m‘Y PALEOLIMNOLOGICAL STUDIES IN THE
mulate in an ordered manner, deposit rapidly on lake bottomg\/lAYA LOWLANDS
(about 1 mm yr'), and contain physical, chemical, and biologi- Ursula M. Cowgill, G. Evelyn Hutchinson, A. A. Racek, Clyde E.
cal information about past conditions within lakes and in their Goulden, Ruth Patrick, and Matsuo Tsukada (Cowgill et al. 1966)
surrounding watersheds (Figure 2). published their pioneering paleolimnological work on two sedi-
Continuous cores from appropriate lakes can provide a suite aient cores collected in 1959 from Laguna de Petenxil (R36
information concerning paleoenvironmental conditions. For ex-W 89°50"), a small, shallow lake (area 0.55 kn?, maximum
ample, stratigraphic study of pollen grains in a sediment sequencagepth= 4.0 m) in Peten, Guatemala (Figure 3). The cores were
can reveal details about past changes in terrestrial plant commhort (2.2 m and 2.5 m), and the longest sequence had a basal age
nities. These changes may reflect climatic or human effects on thef 3,990 = 160 C-14 yearss.r. The profiles were studied for
regional vegetation. Diatoms are algae that leave identifiable silisediment chemistry, minerals, pollen, diatoms and other algae,
ceous remains in the sediments and can be used to infer past lakéant macrofossils, sponge spicules, and animal microfossils, pri-
trophic status, lakewater salinity, and pH. Sediment geochemistrynarily small crustacean remains of the group Cladocera. Although
is employed to infer historical nutrient input into aquatic ecosys-"hard-water-lake error” (Deevey and Stuiver 1964) compromised
tems, past dissolved-salt concentrations in lakewater, and pattertise accuracy of the core chronology, the record nevertheless pro-
of soil erosion from surrounding drainage basins. Stable isotopeided the first glimpse into the region’s historical ecology. The
analysis of aquatic shell material buried in lake deposits can ofteipollen stratigraphy in particular proved interesting and reflected
provide insights into past climate conditions. When long lake-substantial past vegetation changes in the area.
sediment sequences are dated reliably using radiocarbon, the tim- The Petenxil core was divided into three pollen zones and pos-
ing of past environmental changes can be estimated. sessed maizeZga) grains throughout. The oldest zone (G1) had
Contemporary processes that contribute to the formation antligh percentages of herbaceous pollen grains, especially grasses,
deposition of materials in modern sediments must be understoosuggesting that the ancient landscape was more open and less
to infer past environmental conditions. Paleolimnology is thus aforested than today. The middle zone, designated G2, was thought
uniformitarian science—that is, the present is the key to the pasto reflect the greatest amount of human agricultural activity. It
Sediment characteristics can be measured and used as proxidisplayed high relative abundanceArhbrosiatype pollen, a weed
(substitute variables) for inferring prehistoric environmental con-often associated with agricultural activity, as well as increased
ditions. Strong paleoenvironmental “reconstructions” require useresence of Gramineae (grasses) and a corresponding low pres-
of multiple lines of sedimentary evidence. They also demand thaence of Moraceae (high-forest) pollen. The topmost pollen zone
these multi-proxy studies yield coherent inferences (Binford et al(G3) had a high representation of forest taxa and displayed lower
1983; Frey 1969; Pennington 1981). In many respects, the appercentages of grains, indicative of agricultural disturbance. The
proaches used in paleolimnology and archaeology have much iauthors concluded that humans had turned a grassland into a high
common. Whereas archaeological excavations yield artifacts thdbrest, rather than the reverse, as occurred in other portions of the
enable inferences about past cultural development, paleolimnolworld. They also concluded that: (1) agriculture had been prac-
ogy utilizes physical, chemical, and biological information buried ticed in the area for more than 4,000 years; (2) there had been no
in lake sediments to gain insights into paleoenvironmental condisignificant climate change in the region during the past four mil-
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_- — lithology
y — % organic matter
v — % inorganic matter
s — sediment density
d — magnetic susceptibility
I — elemental concentrations
\ —nutrients (N, P)
\ - Si, Mg, Ca, K, etc.
\ — stable isotopes
\ — carbonates (0 0O-18, § C-13)
\ — organic matter (O N-15, § C-13)
\ — pollen
\ — animal microfossils
\ —diatoms
\ — mineralogy (gypsum, carbonate)
\\\ — organic geochemistry
\ — pigments

Figure 2. (a) Cross-section of a lake showing the water column, underlying sediment deposits, and a coring platform on the water surface. Mid-lake
sediments accumulate in an ordered fashion at a fairly high rate (about I mm yr~'). Sediment cores contain an archive of environmental changes that
occurred within the lake and its surrounding watershed. (b) Enlarged view of a sediment core from the lake, illustrating the well-preserved stratigraphy.
Cores can be analyzed for proxy environmental variables, including lithology (organic/inorganic content), density, magnetic susceptibility, element
concentrations, stable isotopes, pollen, animal microfossils, diatoms, mineralogy, organic geochemistry, and pigments.

lennia, (3) there was no evidence for “disastrous” levels of anthro- Aguada Santa Ana Vieja (N142', W 8%45") is located about
pogenic soil erosion in the area; and (4) there was nothing t@5 km south of Lake Petenxil (Figure 3). A small (200-m diam-
suggest that population densities ever reached levels sufficient teter), shallow (1 m) water body, it lies in Peten’s savanna country
have caused serious environmental disturbance. but is partly surrounded by high forest. Two short cores were
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surrounded by grassland, with some indication of high forest ex-
a pansion near the top of the sequence (Cowgill and Hutchinson

Gulf of Mexico - 1966). By palynological correlation with the dated Petenxil core,

q s Atlantic O it was thought that the shift toward greater forest representation
LI antic Ocean : . . . .
7 o, began late in the first millennium.n. Some paleoenvironmental
) © conclusions based on study of the Petenxil and Santa Ana Vieja
° = @ = sediment sequences were erroneous, in part because the records

failed to reach older, “pre-disturbance” deposits, and because ra-
diocarbon dates were artificially old relative to their true radiocar-
bon ages. Nevertheless, these early studies demonstrated that
sediment cores from lakes in the Maya region lent themselves to
stratigraphic investigation.

Between 1965 and 1969, cores were collected from several
other waterbodies on the Yucatan Peninsula. Study sites included
Lake Peten-ltza (NT65’, W 8%50"), the largest lake in the re-
gion (about 100 krf), and Lake Chichancanab (NB®', W
88°45"), a sulfate-rich basin in the north-central part of the penin-
V sula (Figure 3). The undated, 3.7-m core from Peten-ltza was
collected in the southern basin of the lake, about .5 km east of the
island of Flores. Sedimented shells from five snail species were
used to evaluate temporal changes in the mollusc community (Cov-
ich 1976). Stratigraphic shifts in the relative abundance of proso-
branch Pyrgophorus Tryonia, Cochlioping versus pulmonate
(Biomphalara, Stenophysgsnails were thought to have been driven
by changes in nutrient availability and water-column oxygen con-
centration. Pulmonates have a competitive advantage in the pres-
ence of low oxygen because of their ability to use atmospheyic O
Alan P. Covich (1976) suggested that periods of high nutrient
loading and consequent low oxygen concentration resulted from
past and present agricultural activities in the watershed. He also
noted that other factors, such as removal of mollusc predators
(e.g., turtles) by humans, may have influenced the competitive
advantage of certain species, thereby altering the relative abun-

0 10 6 dances of various taxa. Covich (1978) even suggested that many
C L _km ﬂoﬁﬁ modern terrestrial and aquatic communities of the Maya Low-
5 lands represent cultural artifacts, having been modified by the
7 prolonged impact of agricultural activities. These early paleolim-
305 j nological studies focused on Maya effects on aquatic fauna and
17° = terrestrial vegetation and may have reflected the emerging con-
2 N cerns in the 1960s and 1970s about contemporary human effects
g on the environment.
1 90°W Cores were collected from Lake Chichancanab in 1968 and
| 1969 and used to infer past climate change based on shifts in the
ratio of two stable isotopes of oxygen, O-18 and O-16, in sedi-
Figure 3. ‘[a] Map.) of the circum—Caribl?ean region.showi‘ng the general mented snail shells (Covich and Stuiver 1974). The two oxygen
Lake Mi Haiti: 4 — Lake V: I, i Vi a: ! ation when they enter into physical, chemical, and biological pro-
ake Miragoane, Haiti; ake Valencia, Venezuela; (b) map of the Maya . . . .
cesses in the environment. This means that the relative abundances

Lowlands, showing the approximate geographic locations of lakes used to ) j
investigate regional paleoenvironmental conditions: I = San José Chul- of the two isotopes change when, for example, water is evaporated

Chaca,’ 2= Sayaud[; 3= Coba; 4 = Punta ]_aguna,' 5= Chichancanab; 6= from a lake or bicarbonate |d’1’|C037) is incorporated. into the
Laguna de Cocos; 7 = Central Peten Lakes (see c); 8 = savanna lakes Santa calcium carbonate (CaGshells of invertebrate organisms such
Ana Vieja, Chilonche, Chimaj, and Oquevix; 9 = Rio de la Pasion drainage as snails. These isotopic ratios can be measured by mass spectrom-
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basin lakes Tamarindito and Las Pozas; (c) enlargement showing the Cen- etry and employed to gain insights into paleoclimate conditions.
tral Peten Lake District water bodies: 1 = Petenxil; 2 = Quexil; 3 =  The isotope ratio is typically expressed in what is called standard
Salpeten; 4 = Macanche; 5 = Yaxha; 6 = Sacnab; 7 = Peten-Itza. delta notation§O-18), which represents the ratio of O-18 to O-16

in a sample of shell material relative to the oxygen isotope ratio in
a Vienna Peedee Belemnite (VPDB) standard:

collected in 1959. The studied core was only 23 cm long and o o (O-18/0-16) sample- (O-18/0-16) VPDB
cqnsisteq largely of stiff, indurated cl_ay. Uppgrmost deposits con- i (O-18/0-16) VPDB

tained slightly more water and organic material. The undated pol-

len record from the pond sediments showed it always to have been X 10%%0
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The value is an expression of the departure of the O-18/0-16 ratidHE CENTRAL PETEN HISTORICAL ECOLOGY
in the sample from that of the standard, expressed on a per-mAROJECT
(%o) basis.

Two principal factors govern the isotope ratk{)-18) of sed-  In the early 1970s, the Central Peten Historical Ecology Project
imented freshwater shells: (1) the lakewai€r-18 at the time the  (CPHEP) was initiated under the direction of Edward S. Deevey.
organism lived; and (2) the temperature at which shell carbonat&he project was explicitly multidisciplinary, involving the com-
was precipitated. Holocene temperature changes in the tropics aleéned efforts of archaeologists and paleolimnologists (Rice 1996).
thought to have been minimal. Assuming that tropical temperaDeevey envisioned the period of ancient Maya occupation in the
tures did not shift appreciably over the past 10,000 years or sdGuatemalan lowlands as a “grand experiment” in long-term use of
changes in lakewatéfO-18 during that period would have been a tropical karst environment (Deevey et al. 1979). Reflecting his
the primary determinant dfO-18 in freshwater shell carbonate. beliefthat one could “coax history to conduct experiments” (Deevey
Hydrologic factors, in turn, govern the O-18/0-16 ratio of lake- 1969), Deevey argued that the environmental consequences of
water. If the30-18 of water entering a tropical, “closed-basin” Maya agricultural and engineering activities were quantitatively
lake remained fairly constant throughout the Holocene, then pagtreserved in Peten lake sediments and could be revealed by pa-
changes in the lakewater oxygen isotope ratio must have beeeolimnological methods. The primary objective of the research
governed by shifts in the relationship between hydrologic inputsvas to assess human effects on the environment by correlating
(rainfall and runoff) and outputs (evaporation) (Fontes and Gonypaleoenvironmental and paleodemographic data (Rice 1978).
fiantini 1967; Gasse et al. 1990; Lister et al. 1991). During dry  The archaeological research design involved mapping and test-
periods—that is, when the evaporation/precipitation ratio (E/P) ipitting residential structures on transects established in six water-
high, O-18 is concentrated in lakewater because light€)-#6 is  sheds. This permitted “reconstruction” of temporal changes in
evaporated preferentially. During wetter times (low E/P), the lakeprehistoric Maya population density (Rice and Rice 1983, 1990).
water displays relatively lo0O-18. Throughout the Maya Low- The watersheds chosen for study surrounded six lakes, from west
lands today, lakewaters are relatively “heavy’—that is, they haveo east: Petenxil, Quexil, Salpeten, Macanche, Yaxha, and Sacnab
more positivedO-18 signatures compared with local rainfall, run- (Figure 3). Contrary to the conclusions in Cowgill et al. (1966),
off, and groundwater. This reflects the evaporative concentratiopopulation estimates based on systematic house mound surveys
of the heavier isotope (0-18) in lakes (Brenner et al. 2002; Coviclsuggested that by Late Classic times( 550—-850), densities had
and Stuiver 1974; Hodell et al. 1995). been high, in some cases 200-300 personsAkm

Several kinds of aquatic organisms that inhabit inland waters, Detailed palynological and geochemical examination of long
including gastropods (snails), pelecypods (clams), ostracods (bsediment cores from several of the basins also contradicted the
valved crustaceans), and foraminifera, form shells of calcium careonclusions of the early study at Petenxil (Cowgill et al. 1966). An
bonate (CaCg@). Their shells preserve a record of the lakewaterapproximately 8,000-year pollen record from a shallow-water site
30-18 and hence the E/P ratio that prevailed when the animalg Lake Quexil demonstrated that tropical forest had dominated
were alive. On death, the shells are incorporated into the lak¢he area at least since the early Holocene (Deevey 1978; Deevey
sediments, thereby preserving a record that can be used to infet al. 1979; Vaughan et al. 1985; Wiseman 1985). A major decline
past climate change. Past shifts in available moisture (E/P) can he forest taxa began before 308®. The vegetation shift gener-
discerned by stratigraphic determinatiord@i-18 in carbonate of  ally coincided with early agricultural activities in the region (Rice
sedimented shell material by mass spectrometry. and Rice 1983, 1990; Rice et al. 1985) and with the climatic dry-

Covich and Minze Stuiver (1974) recovered a 12-m sedimening detected at Chichancanab by Covich and Stuiver (1974).
section from Lake Chichancanab that had a basal radiocarbon age Since the inception of the CPHEP, other studies have looked at
of 28,830+ 500 C-14 years.r. The bottan 3 m of mudshowed the regional vegetation history. A date on terrestrial wood from a
evidence of a sedimentation hiatus, but the uppetros1 re-  core taken in Lake Yojoa, Honduras, suggests that food procure-
flected continuous lacustrine deposition over the past 8,000 or sment in that area began as early as some 4,500 C-14 years
years. Seventeen measurements on Holocene-age snail shells(&ue 1987). Likewise, a reliably dated pollen sequence from Lake
the genu®yrgophorusyielded an average sample spacing of aboutPeten-Itza shows that forest reduction predates archaeological evi-
500 years. Long-term shifts in Holocene moisture availability weredence for sedentary human settlement in central Peten (Islebe et al.
nevertheless evident, and a “shallow—deep—shallow” or “dry—wet-1996). The pollen data also suggest that the appearance of modern
dry” pattern was inferred for the past eight millennia. According forest was not a consequence of Maya agricultural activities, as
to the core chronology, relatively positié®-18 values, indicat- had been suggested in Cowgill et al. (1966). On the contrary, it
ing drier conditions (high E/P), prevailed between the bottom-appears that the Maya converted tropical lowland forest into an
most Holocene deposits and about 5,500 C-14 years ago. Thereaft@gricultural, savanna-like landscape, probably during a period of
conditions were apparently wetter, as indicated by a decrease iregional climatic drying. The modern forest represents vegetation
80-18 values. Dry conditions appear to have returned during thehat “recovered,” following a reduction in anthropogenic stress
past two millennia. Although only three radiocarbon ages werg(i.e., slash-and-burn agriculture), some time after the Collapse in
obtained for the Holocene section of this Chichancanab core, anthe ninth centura.p.
sampling was done at broad intervals, the study nevertheless dem- The Holocene pollen stratigraphy of the Maya Lowlands has
onstrated the feasibility of using stable oxygen isotopes to discerbeen reproduced in other C-14—dated cores from Lake Quexil
past climate variability. It also revealed climate changes through{Vaughan et al. 1985), and in cores from Lakes Salpeten (Leyden
out the Holocene, including during the period of ancient Maya1987), Sacnab (Deevey et al. 1979; Vaughan et al. 1985), Macan-
occupation. The results hinted that Holocene climate variabilityche (Vaughan et al. 1985), and Peten-ltza (Curtis et al. 1998;
may have influenced geographic distributions of plants and aniislebe et al. 1996). Similar paleovegetation patterns are recorded
mals on the Yucatan Peninsula and may have even played a role in pollen diagrams from other lakes in the Maya Lowlands, in-
Maya cultural development. cluding among others, Laguna de Cocos, in horthern Belize (Hansen
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1990), and Lake Coba, in the moist part of the northeastern Yucatively high concentrations of organic matter (30—60%), but are
tan Peninsula (Leyden et al. 1998). At Laguna Tamarindito, in theoverlaid by a thick, inorganic layer composed mostly of montmo-
Rio de la Pasion area, a 235-cm core representing a near-compleionite clays. This fine-grained deposit has been referred to as
record of Holocene sedimentation (Dunning, Beach, and Rue 1997Maya clay” and is itself overlaid by more recent, organic-rich
Dunning, Rue, Beach, Covich, and Traverse 1997) displayed aediments. The onset of clay deposition appears to have begun
pollen record that differed somewhat from those of the Centralbout 3,000 years.p. (Brenner 1994; Rosenmeier, Hodell, Bren-
Peten Lakes District. Along the Pasion drainage, deforestatiomer, Curtis, Martin, Anselmetti, Ariztegui, and Guilderson 2002).
began in the Preclassic-B0008.p.), when early settlers cleared This deposit is believed to reflect severe soil erosion that resulted
vegetation along waterways, but population density declined suffrom widespread, human-mediated deforestation (Binford 1983;
ficiently in the Early Classic periods(p. 250-550) to enable re- Binford etal. 1987; Brenner 1994; Deevey and Rice 1980; Deevey
growth of mature forest. Intensive land clearance resumed in thet al. 1979; Vaughan et al. 1985). It may also be partly a conse-
Late Classic perioda(p. 550—-850), and the pollen profile con- quence of regional drying (Covich and Stuiver 1974; Hodell et al.
tains evidence of renewed land clearance. 1995; Curtis, Hodell, and Brenner 1996; Curtis, Brenner, and Hodell
2001). In any event, when vegetation disappeared from steep hill-
LATE GLACIAL CONDITIONS IN THE MAYA sides in Peten, nutrient-rich surface _soils were exposed and be-
LOWLANDS came vulnerable to d_ownslope colluwa_ll transport.
High rates of erosion from uplands in Peten probably resulted
By the late 1970s, the scope of paleolimnological research in Petein long-term soil-nutrient depletion. Mollisols (calcimorphic ren-
had expanded to include exploration of environmental conditiongizinas) are the common soil type on Peten hillsides. These thin
during the late Glacial period. No lacustrine records from the re{typically <1 m) mineral soils develop over friable, calcium
gion were yet available to provide insight into late Pleistocenecarbonate-rich material callsé&scabPhosphorus (P) profiles from
vegetation or climate. In 1977 and 1978, a Kullenberg-type gravity-soil pits (Figure 4) show that this essential plant nutrient is most
piston corer was deployed in deep water at Lakes Quexil, Salpeconcentrated in uppermost soil layers and declines in concentra-
ten, and Macanche. Near-complete Holocene sections were taketign with increasing depth (Brenner 1983a). Hence, P exported
but longer cores could not be collected partly because of a thickfrom hill slopes in colluvium ended up in landscape depressions,
nearly impenetrable layer of clay on the lake bottoms. includingrejolladas bajos and lakes. Accelerated sequestering of
In 1980, a professional drilling company, Daho Pozos, wasP on the bottom of lakes was a function of increasing population
contracted to take sediment profiles from the three basins using density and land use (Brenner 1983a, 1983b; Deevey and Rice
split-spoon corer. Lake Quexil yielded the longest sequence. 11980; Deevey et al. 1979). There is evidence that the ancient Maya
conjunction with a previously obtained Kullenberg core, a 19.6-mwere aware of this problem. During the Late Classic period, ter-
record was obtained, representing about 36,000 years of sedimergcing of uplands in the Rio de la Pasion drainage reduced soil
accumulation (Brenner 1994; Leyden et al. 1993, 1994). It re-erosion significantly (Dunning, Beach, and Rue 1997).
mains the longest lacustrine sediment record yet retrieved from a High rates of phosphorus transfer from temperate watersheds
site in the Maya Lowlands. The pollen record from that sequencéo lakes generally results in eutrophication—that is, nutrient en-
showed that tropical forest taxa did not exist in the region duringrichment of lake waters and consequent increases in lacustrine
the cold, dry late Glacial period. Leyden et al. (1993) estimate thaproductivity. Massive siltation, however, accompanied P input to
between 24,000 and 12,000 C-14 yeans, temperatures were Peten basins. High silt loads probably adsorbed nutrients, inhib-
about 6.5-8C cooler than at present. Pleistocene-age depositited light penetration through the water column, reduced aquatic
were dominated by inorganic matter, including carbonates, gypprimary production, and interfered with the filter feeding appara-
sum, and silicate clays. This sediment type suggested relativelfus of aquatic invertebrates (Deevey 1985). Long-term transfer of
dry conditions. About 10,500 years ago, lake levels rose, sedisoil and associated nutrients from land to water may have had a
ments became more organic, and tropical forest colonized the areggative effect on Maya populations by reducing both terrestrial
as a consequence of the onset of warmer, wetter climate condérop yields and aquatic protein production.
tions (Deevey et al. 1983; Leyden 1984; Leyden et al. 1993, 1994;
Brenner 1994; Huang et al. 2001). It had generally been assum
that modern Peten forests represented “age-old” tropical vegete"lcllg-bs-r'MAYA REFORESTATION
tion. The long Quexil core revealed that relatively mesic forestSometime after the Classic-period Collapse, Peten forests regrew.
existed in the area for only 6,000—7,000 years before it was cleare@ihe factors that led to vegetation regrowth in Peten, as well as the
by early farmers for slash-and-burn agriculture, perhaps coinciexact timing of reforestation, require further study. Afforestation
dent with the onset of regional drying. The Pleistocene—Holocenavas originally thought to have been a purely anthropogenic phe-
transition, however, illustrates the strong control that climate alonenomenon, coinciding with the Classic Collapse (ca.9@0). Hard-
exerted over vegetation on the Yucatan Peninsula some 10,500ater-lake error (Deevey and Stuiver 1964), however, has made it
years ago, prior to significant human intrusion. difficult to establish the exact timing of forest recovery. Lacustrine
pollenrecords have typically been dated by radiocarbon analysis of
MAYA-PERIOD SOIL EROSION AND NUTRIENT or_gﬁpiclzdrlllqatt%r in t|)u”:1|a|ke sediment, w_hicr; mayhbe contaminalted
DEPLETION \|N|t old” carbon. In the limestone terrain of northern Guatt_ama a,
ocal country rock is slowly dissolved by slightly acidic rainfall.
Sedimentological and geochemical studies of Peten lake cores elBicarbonate ions from the ancient bedrock are delivered to lakes in
cidated the impact of protracted deforestation on regional soilsunoff and groundwater. Cretaceous-age limestone in the water-
during the period of Maya occupation. Holocene sediment sesheds possesses no radiocarbon and the bicarbonate of input waters
quences from small lakes in central Peten have similar lithologids thus depleted in C-14. Dissolved bicarbonate reaching the lake
stratigraphies (Figure 4). Early Holocene deposits contain relaean be used as a photosynthetic carbon source by algae and higher
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Figure 4. (a) Cross-section of the sediment lens in Lake Salpeten, Guatemala, based on a north-south seismic line (see inset b).
Holocene deposits from Peten lakes typically contain three lithologic zones: (1) a pre-Maya, organic-rich sediment; (2) a thick,
clay-rich deposit (known as Maya clay) that is thought to be an erosional artifact of watershed deforestation; and (3) an overlying
post-Maya organic-rich layer, accumulated following the Maya Collapse and regional reforestation; (b) outline map of Lake Salpeten
showing the position of the north—south seismic line on which the bathymetry and sediment cross-section are based and the
approximate locations of soil pits used to evaluate stratigraphic distribution of total phosphorus in watershed soils; (c) total
phosphorus profiles from 11 soil pits around Lake Salpeten (see b), illustrating that this necessary plant nutrient displays highest
abundance in surface soils and is prone to loss via erosion and colluviation when watershed vegetation is cleared.
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aquatic plants. These primary producers may then be exploited b@arrett-Jones (1985) and J. Platt Bradbury, Richard M. Forester, W.
aquatic herbivores, which are in turn consumed by carnivores. BeAnthony Bryant, and Alan P. Covich (1990), human effects on for-
cause the dissolved inorganic carbon used for aquatic plant phot@sts in the Maya Lowlands were severe and easily can be confused
synthesis was not in equilibrium with the atmosphere, radiocarboin the pollen record with the effects of climate change. It is there-
dates on lacustrine-derived organic matter can be artificially old—fore impossible to disentangle anthropogenic and climatic signals
that is, older than their true radiocarbon age. using pollen from Peten lake cores. Improvements in mass spec-

Three cores from Lake Quexil were used to date organic-ricitrometry since the early work of Covich and Stuiver (1974) provide
bulk sediments that immediately overlie the “Maya clay.” Radio- an alternative approach for investigating past climate changes such
carbon ages for the lithologic contact varied from 730 to 1,500as shifts in moisture availability. Close-inten&D-18 measure-
C-14 yearss.r. among the sections (Leyden et al. 1994), and thements on carbonate shells from lake-sediment cores have the po-
dates were rejected as unreliable. Aguada Chilonche, in the Petdantial to provide high-resolution records of past relations between
savannas, yielded a pollen-analyzed sequence with a post—Collapseaporation and precipitation. Whereas pollenis generally well pre-
radiocarbon date on terrestrial wood. The pollen record suggestserved in lake mud, not all lakes possess the carbonate microfossils
that reforestation began after 38555 C-14 yearss.p.—that is,  orother characteristics that make them appropriate for isotopic stud-
that forest regrowth postdated European arrival and that contenmes. Waterbodies that are best suited for doing paleoclimate recon-
porary Peten forests are very young (Brenner et al. 1990). Thstructions based d&0-18 of carbonate microfossils share common
Chilonche pollen record is replicated at nearby lakes Chimaj andjualities (Brenner et al. 2002). They typically lack overland out-
Oquevix (Brenner et al. 1990). The wood date from Chiloncheflows and lose water principally to evaporation. Their water level
hints that reforestation was postponed until after European con(stage) changes quickly in response to shifts in the evaporation/
tact, implying that, despite the demographic decline associatechinfall ratio, and these lakes gain or lose a significant proportion of
with the Classic Collapse, Postclassic Maya populations were suftheir total water volume as a consequence of alterations in the hy-
ficiently large at some central Peten localities (Rice and Ricedrologic budget. Ideally, their watersheds should not have been sub-
1983, 1990) to clear secondary vegetation routinely. Complicatingected to massive human disturbances (e.g., deforestation), which
the issue, the Chilonche record contains evidence that forest ex:an alter their hydrology. Lake waters must have relatively high con-
pansion several centuries ago may have been partly a responsedentrations of carbonate and bicarbonate to promote invertebrate
wetter climate. A core from Petapilla Swamp, near the archaeoshell formation. Shell remains of these organisms (ostracods, snails,
logical site of Copan (Honduras), shows that reforestation oc€lams, foraminifera) must be abundant and well preserved in the
curred after 750 C-14 yeassp., suggesting that early Postclassic continuously accruing lake sediments. Sediment cores should also
populations continued to occupy the area. Here, too, there is son@ntain remains of terrestrial organic matter throughout to provide
indication that increased moisture played a role in revegetationa reliable radiocarbon chronology.
The swamp expanded after 750 C-14 yemrs, as indicated by In 1985, a 7.5-m core was retrieved from Lake Miragoane in
rising percentages of hydrophytes (Rue 1987). southern Haiti (N 184’, W 73°05"). The section was collected

Frederick M. Wiseman (1985) used cores collected in 1975 fronwith the objective of inferring Holocene environmental changes at
Lake Quexil to argue that reforestation in Peten commenced shortlsin insular Caribbean site that had not been subjected to intense
after the Classic Collapse. He also pointed out that faunal remainBuman effects during the pre-Columbian era. One of the few deep
from Postclassic archaeological contexts do not reflect an open, saatural waterbodies in the Caribbean, Lake Miragoane yielded a
vanna landscape; rather, they are dominated by animal taxa frorh0,500-year or so record of climate and vegetation change (Bren-
forested environments. He noted that acceptance of “post-contacer et al. 1994; Curtis and Hodell 1993; Curtis et al. 2001; Higuera-
reforestation” places the pollen zones with the greatest amount ddundy et al. 1999; Hodell et al. 1991). Several years after collection,
maize grains and other disturbance indicators in the Postclassic piie core was sectioned at 1-cm intervals for oxygen isotope and
riod. This would suggest, erroneously, that there had been little hutrace metal (Ca, Sr, Mg) analysis of ostracod shells, with the goal
man impact on the environment during Preclassic and Classic timesf providing a high-resolution record of E/P shifts. Each 1-cm
Pollen data from a core collected in Lake Peten-Itza in 1993 bolstesample represented, on average, about 14 years of sediment accu-
the argument for rapid reforestation following the collapse (Islebemulation. Thed0O-18 and trace-metal records showed that condi-
et al. 1996; Curtis et al. 1998). The sequence has four wood antlons were dry in the oldest part of the section but became
charcoal ages spanning the periad. 410-1890 and shows that increasingly moist between about 10,000 and 7,000 C-14 years
reforestation began immediately after the ninth century B.P. Moist conditions persisted until about 3,200 C-14 years

Based on study of sediment record that spans about 4,000 yeanghen a drying trend began. The past three millennia in the Mira-
from Laguna Las Pozas, in the Rio de la Pasion drainage, Kevin goane record display evidence of high-frequency change®ith8
Johnston, Andrew J. Breckenridge, and Barbara C. S. Hansen (200¢alues. The isotope record from Haiti was in general similar to
suggest that early Postclassic populations colonized and defoovich and Stuiver’s (1974) findings at Lake Chichancanab on the
ested remote areas that had been relatively undisturbed duringucatan Peninsula, though their early study lacked the sampling
Classic times. Following the ninth-century Collapse, the patterrresolution to distinguish the short-term fluctuations that are dis-
of reforestation in the Maya Lowlands may have varied in spacecernible in the Miragoane profile. Nevertheless, both records sug-
and time. Further studies will be required to establish why, whengested that cool, dry conditions in the latest Pleistocene and earliest
and how quickly the landscape changed during the past millenniuntolocene gave way to warmer, moister conditions, followed by
general drying during the past three millennia. It is worth noting
HOLOCENE CLIMATE VARIABILITY IN THE MAYA (hat the emergence of Maya agreiture on the Yucatan Peninsula
LOWLANDS AND CIRCUM-CARIBBEAN g | y ene drying. _

t has been postulated that orbitally forced changes in solar

Pollen analysis has often been used to evaluate past climate changessolation drove long-term climate trends in Haiti (Hodell, Curtis,
As noted by Hague H. Vaughan, Edward S. Deevey, and Sam Elones, Higuera-Gundy, Brenner, Binford, and Dorsey 1991; Hodell,
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Brenner, and Curtis 2000). Changes in the Earth’'s precession&@ea (Curtis et al. 2001; Hodell et al. 2000). The principal objec-
cycle, in conjunction with modern climatological studies in the tive was to employ stable oxygen isotopes to infer past changes in
circum-Caribbean (Hastenrath 1984), help explain the Holocenenoisture availability. The hope was that climate-driven isotope
pattern of moisture availability inferred from the Miragoane core.changes in lakewater—and, hence, sedimented microfossils—
Today, unusually wet years in the Caribbean are characterized byould be immune to the vagaries of human influences that pre-
extreme northward migration of the Intertropical Convergenceclude climatic interpretation of late Holocene pollen records in the
Zone (ITCZ) during the summer rainy season. The ITCZ movesMaya region. Lakes were chosen for coring based on the likeli-
far to the south during the dry, Northern Hemisphere winter. Earlyhood of their containing long, continuous sediment records, re-
Holocene wet conditions were caused by a consistently enhancquete with carbonate shell material. Lakes Chichancanab (Hodell
annual cycle—that is, greater seasonality. Based on the Earth8urtis, and Brenner et al. 1995; Hodell, Brenner, Curtis, and Guil-
precessional cycle, the greatest seasonality would have occurretrson 2001) and Peten-Itza (Curtis et al. 1998), on the Yucatan
around 8,000 C-14 yearsp., when the Earth, during its annual Peninsula (Figure 2), were selected because the two water bodies
revolution, passed closest to the sun during the Northern Hemihad been shown to meet these criteria (Covich 1976; Covich and
sphere summer (summer perihelion). The difference between sun®tuiver 1974). Lake Punta Laguna (N°28’, W 87°30") (Curtis
mer and winter insolation remained high into the mid-Holoceneet al. 1996) lies about 18 km north of Coba (Figure 3) and was
but has been diminishing ever since. Reduced intensity of thehosen based on the high shell content of its shallow-water sedi-
annual cycle may account for the drying trend that commencednents, which had been sampled during an earlier reconnaissance
about 3,000 years ago. survey. Lake Valencia, Venezuela (Curtis et al. 1999), was se-
Several studies at other circum-Caribbean sites suggest th&tcted to represent the southernmost site (N@Q W 67°52") in
the Miragoane findings (Hodell et al. 1991) reflect regional Hol- the suite of sampling localities, based on previous studies in the
ocene climate dynamics. For instance, a laminated marine corkasin (see, e.g., Binford 1982; Bradbury et al. 1981).
from the anoxic Cariaco Basin, north of Venezuela, contains a A 4.9-m core was collected from Lake Chichanacanab in 1993
high-resolution proxy record of rainfall and river discharge for the (Hodell et al. 1995). The core bottomed on terrestrial soil (a pa-
past 14,000 C-14 years (Haug et al. 2001). Titanium (Ti) concenieosol), but its uppermost 4.2 m are composed of lake sediment.
trations in the sediments reflect the amount of waterborne terrigThe base of the lacustrine portion of the sequence is anchored in
enous material transported from the coastal environment. In théme by three AMS radiocarbon dates on charred grass remains at
early Holocene part of the core, deposited from about 10,400 t@21 cm. They yielded virtually identical ages (7,4660, 7,560+
5,400 calendar yeansp., Ti concentrations are high, indicating 35, 7,600+ 60 C-14 years.p.). The core was sectioned at 1-cm
abundant rainfall and runoff. Ti content begins to drop about 5,400ntervals, each of which, on average, represented about 18 years
calendar years.p., and there is high variability in the record dur- of sediment deposition. Oxygen isotope profiles were developed
ing the interval 3,800 to 2,800 years ago. The last 3,000 years afising both aragonite snail shell®yrgophorus coronatysand
the record reflect some of the driest conditions since the Youngecalcite ostracod shel€fpria ophthalmiceandCyprinotuscf. sa-
Dryas. Long-term Holocene rainfall changes inferred from thelinus). The 80-18 profiles were supplemented by measurements
Cariaco Basin core are thought to be a consequence of shifts in thaf sulfur (gypsum) content in the sediments. Lake Chichancanab
latitudinal position of the Atlantic Intertropical Convergence Zone is currently at saturation with respect to gypsum (CaSg2H,0),
(Haug et al. 2001). which precipitates on the lake bottom during drought periods when
The Miragoane record (Hodell et al. 1991) renewed interest inE/P is high, lake stage is low, and gypsum solubility is exceeded.
pursuing paleoclimate reconstructions at sites in the Maya LowThe presence of a benthic foraminifékmmonia beccarjialso
lands. Lakes San Jose Chulchaca, Sayaucil, and Coba lie on @aerved as an indicator of past conditions. The organism can toler-
east—west transect across the northern Yucatan Peninsula (Figte a wide range of temperatures (102&pand salinities (7-67 g
ure 3). Cores from the basins were examined for geochemistryt, ~1), but reproduces only at salt concentrations between 13 and
pollen, diatoms, and stable isotopes (Brenner et al. 2000; Leyde#0 g L~* (Bradshaw 1957).
et al. 1996; Whitmore et al. 1996). None of the cores was ideally In the early part of the Chichancanab record (about 7,600—
suited for isotopic study because the sequences failed to contain 000 C-14 years.p.), the presence of foraminifera and high con-
carbonate microfossils throughout. Nevertheless, the fairly comeentrations of gypsum in the sediment indicate low water level
plete Coba record (Whitmore et al. 1996) displayed a Holocenand high salinity. Inferred dry climate conditions (high E/P) are
E/P reconstruction that was similar in many respects to both theorroborated by the relatively positivi®-18 values of ostracod
paleoclimate inferences from the Lake Miragoane core (Curtisand gastropod shells. By 7,000 C-14 yeasns, gypsum deposi-
et al. 2001; Hodell et al. 1991) and those based on the earlytion had largely ceased, having been replaced by carbonate sedi-
“skeletal” isotope record from Chichancanab (Covich and Stuivermentation.Ammonia beccariidisappeared from the lake, and
1974). Basal radiocarbon dates on the Coba and San Jose Chulxygen isotope values had declined by about 3%., indicating a
chaca cores also indicated that the lakes initially filled about 8,00@ramatic decline in E/P. Wetter conditions prevailed for about
years ago, consistent with the timing of filling at Lake Chichan- four millennia. About 3,000 C-14 yeansp., just as sedentary
canab (Covich and Stuiver 1974) and with the inundation of shalMaya agriculture was being established on the peninsula, Lake
low areas in Lake Quexil (Vaughan et al. 1985). Similar to the Chichancanab began to deposit gypsum again, 3@ 8 values
situation at Miragoane and in Florida (Watts 1969), shallow lakesincreased. This drying trend continued for nearly two millennia.
at low-elevation sites on the northern Yucatan Peninsula first filledThe highesO-18 values and gypsum concentrations since early
with water in the early Holocene in response to both sea-level ris¢iolocene filling were recorded at a depth of 65 cm, dated to
and increased rainfall. 1,140= 35 C-14 years.r., based on analysis of a terrestrial seed.
Encouraged by the results from Lake Miragoane, a project wa3 he Zr range on the calibrated age of the seed shows that it dates
initiated in 1993 to investigate high-resolution Holocene climateto betweem.p. 780 and 990, suggesting that this Late Holocene
variability at several continental locations around the Caribbeararid phase coincided generally with the Classic Collapse. Follow-
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ing this extremely dry period, there was an abrupt shift to wetteraround 5,000 C-14 yeagsp. The pollen record from the core is at
conditions, as documented by a pronounced reduction in sulfatedds with the climatic intepretation based on isotope values. Me-
precipitation and a decline in oxygen isotope values. sic forest dominates during the earliest Holocene whén18
Although investigation of the 1993 Chichancanab core wasvalues suggest high E/P—that is, dry conditions. This discrep-
originally undertaken to examine long-term, high-resolution Hol- ancy between the two climate proxies might be explained by the
ocene climate variability in the circum-Caribbean, it quickly be- fact that this very large lake lost a relatively greater proportion of
came apparent that the core contained paleoenvironmentdtis annual water budget to evaporation during the early stages of
information relevant to Maya prehistory. Interpretation of the its long filling process. More likely, it reflects long-term shifts in
isotopic record suggested that the driest time of the past 7,000egetation density in the watershed that ultimately controlled
years occurred during the last two centuries of the first millen-drainage-basin hydrology (Rosenmeier, Hodell, Brenner, Curtis,
nium a.p., and that drought might have played a role in the Martin, Anselmetti, Ariztegui, and Guilderson 2002). Dense early
Terminal Classic Maya cultural demise (Hodell et al. 1995). ThisHolocene vegetation would have intercepted much of the rainfall
marked a clear paradigm shift in the application of paleolimno-in the watershed, and evapo-transpiration, along with soil water
logical methods, because lacustrine sediment records were nostorage, probably limited water runoff to the lake.
being used to explore possible climatic effects on Maya culture  Over the past 5,000 C-14 years or so, the isotope record from
(Brenner et al. 2001). Lake Peten-Itza displays little variatiort( %0) and no discernible
Paleoclimate interpretations from Chichancanab were corrobtrend. The data may be interpreted in two ways. The fairly con-
orated by results from Punta Laguna (Figure 3). A 6.3-m sectiorstant30O-18 values could reflect unchanging E/P conditions dur-
from Punta Laguna represented only about 3,500 years of seding the past five millennia. Alternatively, due to the extremely
ment deposition, but the high sediment accumulation rate at thé&arge volume of the basin, isotope ratios in the lake water may not
coring site meant that 1-cm sampling intervals yielded relativelyhave changed appreciably, even if climate shifts did occur. Once
high temporal resolution. Over the length of the section, the meatthe lake filled with water, annual evaporative losses from the lake
sedimentation rate was about .18 cm per year—that is, each cmvould have represented only a tiny fraction of the total water in
sample represented, on average, about six years of accumulatiaihe basin. Even dramatic shifts in water level may not have altered
What the record lacked in deposits of pre-Maya age, it made uphe isotopic signature of the lake appreciably. Findings at Peten-
for in its high-resolution picture of conditions during and after the Itza suggest that smaller water bodies are probably better candi-
Maya florescence (Curtis et al. 1996). Discrete oxygen isotopiaates for study. They are more sensitive climate indicators because
records for the Punta Laguna section were developed based dhey respond by gaining or losing a larger proportion of their
analysis of ostracodQytheridella ilosvay) and gastropodRyr- volume as a consequence of E/P changes.
gophorus coronatusshells. The two records display high strati- Lake Salpeten was re-cored in 1997 (Rosenmeier, Hodell, Bren-
graphicdO-18 variability but are highly coherent with one another. ner, Curtis, and Guilderson 2002; Rosenmeier, Hodell, Brenner,
Paleoclimatic interpretation of the isotope stratigraphies suggestSurtis, Martin, Anselmetti, Ariztegui, and Guilderson 2002) in an
that mean conditions during the Classic and early Postclassic p@ffort to produce a high-resolution E/P record for Peten. New
riods (arounda.n. 250-1050) were somewhat drier than the time profiles supplemented information from the deepwater Salpeten
periods before and after. Inferences suggested that the driest pedere collected in 1980. Similar to findings in Lake Peten-Itza, the
ods culminated aroundp. 590, 860, 990, and 1050. There is also 80-18 and pollen data yielded contradictory results. Relatively
a Postclassic dry episode that terminates araund1390. The  enriched O-18 values in the early Holocene, which would suggest
dry period in the middle of the ninth centusyp. is thought to be  relatively dry conditions, occurred simultaneously with pollen evi-
contemporaneous with the Late Classic drought detected in thdence for high, moist forest presence. Palynologically docu-
Chichancanab core. Similar to the situation at Chichancanab, inented forest removal was associated with ratheldowl 8 values
appears that conditions became moister—at least, for a time—between about 3,500 and 1,800 C-14 yearsThe apparent dis-
following the extreme dry episode of the Late Classic period. Thecrepancy between proxy indicators of moisture availability is prob-
high-resolution Punta Laguna record strongly suggests that E/Bbly a consequence of the fact that watershed hydrology was
fluctuated on a submillennial scale. Alternating wet and dry epi-dramatically altered by human-mediated deforestation. Despite pol-
sodes may not have been detectable to an individual Maya farmden evidence for relatively wet conditions in the early Holocene
during his lifetime, but these climatic fluctuations probably influ- (see, e.g., Deevey 1978; Islebe et al. 1996; Leyden 1984, 1987,
enced agricultural yields on longer time scales. Leyden etal. 1993, 1994; Vaughan et al. 1985), the well-established,
Oxygen-isotope records from Lakes Chichancanab and Puntdense forest probably promoted high rates of evapo-transpiration
Laguna paint a fairly coherent picture of shifts in moisture avail-and soil moisture storage. Consequently, surface and groundwater
ability on the northern Yucatan Peninsula over the past 3,500 yearflow to the lake would have been minimal. When humans began to
Attempts to extend the isotope approach to the wetter central Petarlear vegetation in the drainage basin, evapo-transpiration and
region have been equivocal. The 1993 core collected from Lakeoil water storage both declined. Consequently, there was greater
Peten-Itza contains about a 9,000-C-14-year record of continuousinoff of isotopically “light” water to the lake. High lake stage
sediment accumulation (Curtis et al. 1998). Three discrete, highduring the period of Maya occupation is confirmed by radiocar-
resolutiondO-18 profiles were developed based on two snail taxabon dates on aquatic snail shells found in soil profiles (i.e., ex-
(Cochliopinasp. andPyrgophorussp.) and ostracods, the latter a posed lake sediments) that lie between 1 and 7.5 m above the
combined record usin@ytheridella ilosvayandCandonasp. The  present lake surface. Ages on shell samples from three soil pro-
isotope record differs in some aspects from the Chichancanab séifes are in stratigraphic order, and many date to the period be-
guence. Isotope values remain fairly positive between about 9,008veen 10008.c. and A.p. 1000 (Rosenmeier, Hodell, Brenner,
and 6,800 C-14 years.p. and decrease over a longer period of Curtis, and Guilderson 2002; Rosenmeier, Hodell, Brenner, Cur-
time, reaching a new equilibrium relatively late in the Holocene,tis, Martin, Anselmetti, Ariztegui, and Guilderson 2002).
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If human-mediated deforestation altered the hydrology of theintervals, they are not all of the same magnitude. Both Chichan-
Salpeten watershed, then paleoclimatic interpretation G@é8 canab and Punta Laguna contain evidence of very strong droughts
record is confounded. The Salpeten findings cast doubt on thduring the Terminal Classic period. Some of the other inferred dry
feasibility of using stable oxygen isotopes to reconstruct past clievents appear to have been associated with periods of Maya social
matic conditions in the Peten region. Several geographic factorseorganization, such as the Preclassic Abandonment, suggesting a
conspire to complicate the interpretationd®-18 data from the cultural response to climate change.
southern Maya Lowlands. Rainfall is higher in the south, forests  Significant power in the Chichancanab and Punta Laguna
are dense and of greater stature, and there is significant topgecords at intervals other than 208 years suggests that solar inten-
graphic relief. Abundant high vegetation has a profound effect orsity is not the only factor driving dry spells on the Yucatan Pen-
local hydrology, and its removal can influence lacustrine oxygeninsula. Furthermore, the mechanisms by which small changes in
isotopic signatures. It is unlikely thaD-18 of lakes on the north-  solar output translate into regional climatic drying in the Maya
ern part of the Yucatan Peninsula would have been affected asowlands are poorly understood. These minute differences in so-
significantly by human settlement. Those water bodies lie in drierJar intensity require amplification via atmospheric and oceanic
flatter terrain and are surrounded by lower-stature forests. Furtheprocesses (Hodell et al. 2001). Shifts in the ultraviolet (UV) part
more, there is as yet no evidence for widespread urbanizatioof the light spectrum may affect ozone production and tempera-
around Chichancanab or Punta Laguna. Future efforts to explorures in the stratosphere. Cosmic-ray intensity may influence cloud
late Holocene climate changes in the Peten will require identifi-formation and rainfall. Climate modeling suggests that changing
cation of watersheds that experienced minimal human disturbancgolar output may affect global mean temperature, humidity, con-
during the period of Maya occupation. This may prove difficult, vection, and Hadley circulation in the tropics. Given the pro-
because dense human populations probably exploited all areas mounced geographic variation in rainfall over the Yucatan Peninsula,
the southern Lowlands near potable water sources. from the extremely arid northwestt600 mm yr 1) to the more
humid south-central region (2,500 mm~4), any disruption of
Hadley circulation or convective activity would be expected to

LATE HOLOCENE CLIMATE FORCING IN THE alter regional rainfall.

MAYA LOWLANDS
The Earth’s precessional cycle helps explain long-term, millennial-
scale changes in moisture availability around the Caribbean tha%UMMARY AND FUTURE PROSPECTS
are recorded in sediments from sites such as lakes Miragoane afhleolimnological studies of sediment cores from the Maya Low-
Chichancanab, and in the Cariaco Basin, north of Venezueldands have begun to shed light on environmental changes in the
Higher-frequency climate shifts of the past 3,000 years, howeverYucatan Peninsula since the late Glacial epoch. A long, 36,000-
may be of greater interest to Maya scholars. Several possible forgrear sequence from Lake Quexil provided insight into late Pleis-
ing factors might account for these centennial changes in E/P. On@cene climate and vegetation in the region. Prior to about 10,500
potential cause may be cyclical variations in solar intensity (HodellC-14 yearss.p., tropical forest was absent. Instead, savanna-like
et al. 2001). vegetation prevailed under conditions that were cooler and drier
In May 2000, a 1.9-m core was collected in 11 m of water fromthan those of today. Tropical forest invaded the Peten area in the
Lake Chichancanab. The section represents about 2,600 years @rly Holocene in response to warmer, wetter conditions. Shallow
sediment accumulation. Similar to that of the 1993 core, the profakes on the northern Yucatan Peninsula began to fill with water
file contained gypsum bands that reflect periods of low lake levelabout 8,000 C-14 yeaksp. as a consequence of increased rainfall.
and, hence, dry climate. Abundant terrestrial organic matter (seed§illing of some depressions may also have been influenced by
charcoal, wood) enabled AMS C-14 dating of 12 depths in therising sea level that increased the level of the overlying freshwater
recent core, providing a high-resolution chronology for the timelens. Climatic amelioration in the early Holocene may have been
period covering Maya occupation. Gypsum is present throughoudriven by orbital forcing. Early Holocene summer perihelion in
the record, and its abundance was estimated by continuous metire Northern Hemisphere tropics brought highly seasonal, moister
surement of density (gamma-ray attenuation) along the length ofonditions to the Yucatan Peninsula. Moist conditions enabled
the section. Power spectra of the density record showed signifisynthesis of tropical forest about 10,500 C-14 yearsthat pre-
cant peaks (95% confidence interval) at intervals of 208, 100, andailed for some 7,000 years. The environmental changes that oc-
50 years (Hodell et al. 2001). The 208-year cycle dominates theurred on the Yucatan Peninsula during the late Glacial and early
density record. This time span is nearly identical to the knownHolocene were driven by climate shifts. Human population den-
206-year cycle of cosmogenic nuclide production (C-14 and Besities were probably too small during the first half of the Holocene
10). High production of these naturally occurring radionuclides isepoch to have had any significant impact on regional vegetation
associated with periods of low solar activity. Gypsum precipita-and soils.
tion in Lake Chichancanab is exactly out of phase with C-14 pro- Pollen profiles from lake sediment cores in the Maya Low-
duction, suggesting that droughts occurred during periods of highands record the disappearance of tropical forest beginning more
solar activity. LikewisepO-18 data from the 1993 Punta Laguna than 3,000 C-14 years.p. Forest loss generally coincided with
core show droughts occurring at 208-year intervals, out of phaséhe expansion of Early and Middle Preclassic Maya populations
with cosmogenic nuclide production and coincident with gypsumthroughout the Yucatan Peninsula. With the exception of the early
deposition at Chichancanab. These dry events were probably revork by Cowgill, Hutchinson, Racek, Goulden, Patrick, and
gional in extent, as the approximately 200-year cycle is also reTsukada (1966), late Holocene forest decline, detected in pollen
corded in mineral magnetic parameters from marine cores collectespectra from the area, has been interpreted as reflecting human-
in the northeastern Caribbean, near Puerto Rico (Nyberg et amediated land clearance. This point of view was expressed explic-
2001). Although droughts in Yucatan appear to occur at regulaitly in the statement, “Climatic changes during and since Maya
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time were unimportant, and the major environmental perturbamate? In any event, one consequence of deforestation was rapid
tions arose from human settlement and technology” (Deevey et akrosional loss of soils from Peten hillsides. This erosion is ex-
1980). Recent paleoclimate investigations on the Yucatan Perpressed in Peten lake-sediment stratigraphies as a thick unit of
insula and elsewhere around the Caribbean Sea call for recorlay-rich material intercalated between highly organic sediments
sideration of this conclusion. Paleoclimate inferences fromof pre—Maya and post—Maya age. Nutrient-rich surface soils were
low-elevation lake sites in the Yucatan Peninsula (Hodell, Curtismost prone to colluviation, and one consequence of long-term
and Brenner 1995; Hodell, Brenner, Curtis, and Guilderson 2001)topsoil loss may have been reduced soil fertility.
Haiti (Curtis and Hodell 1993; Hodell et al. 1991), and northern ~ The exact timing and cause of late Holocene reforestation in
Venezuela (Bradbury et al. 1981; Curtis et al. 1999), as well aPeten remains uncertain. The sediment record from Lake Chilonche,
from marine cores off the Venezuelan coast (Haug et al. 2001)in the Peten savannas, suggests that reforestation was a post—
suggest that climatic drying began about 3,000 years ago. CorkEuropean-contact phenomenon (Brenner et al. 1990), but other
temporaneous, late Holocene drying at several distant sites sugecords indicate that vegetation began to regrow in Peten imme-
gests that this climatic trend occurred on a regional scale. diately after the Classic Collapse (Wiseman 1985). Recent evi-
Although the Maya undoubtedly played a role in late Holocenedence from Laguna las Pozas in the Rio de la Pasion drainage
forest reduction, it is conceivable that climatic drying also influ- suggests that early Postclassic Maya “refugee” populations defor-
enced the pollen record. A climatic effect may be superimposed oested the area for the first time as latesas 900—1,200 (Johnston
the anthropogenic signal in the pollen record (Figure 5). This beget al. 2001). To complicate matters, there is some evidence that
a question: How much of the late Holocene forest reduction in theeforestation may have been associated with wetter conditions,
Maya Lowlands, particularly in Peten, is a human artifact, andsuggesting a climatic contribution to the reforestation process (Bren-
how much was climatically driven? A related question is: Could ner et al. 1990; Rue 1987). Determining the onset, rate, and geo-
widespread human land clearance have affected the regional clgraphic heterogeneity of forest regrowth will require further study.
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Figure 5. Generalized results of paleolimnological and archaeological investigations in the Maya Lowlands, showing relative changes
in vegetation, climate, human population density, and soil erosion during the Holocene (modified from Binford et al. 1987). Growth
of sedentary human populations beginning more than 3,000 years ago is associated with climate drying, making it difficult to
differentiate climatic from human effects on the environment. Depopulation in the ninth century A.D. is thought to be associated
with a protracted drought, inferred from sediment cores taken in the northern Yucatan Peninsula lakes Chichancanab and Punta
Laguna.
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To nail down the timing of reforestation, it will be necessary to do matter found in sediments can now be dated, and these yield more
high-resolution pollen counting or isotopic analysis of n-alkanesreliable results because they are not contaminated with “old” car-
on cores with reliable, close-interval chronologies. This will entail bon. They also enable assessment of the magnitude of hard-water-
high-density AMS radiocarbon dating of terrestrial organic matterlake error associated with dates on carbonate remains from the
over the time span of interest. To evaluate the causes of reforesame stratigraphic levels and have been used to “correct” other
tation, it will be necessary to explore in greater detail the climatecarbonate-based ages (Curtis et al. 1996; Hodell et al. 1995).
fluctuations of the past few millennia. Another complication with core chronology stems from the
High-resolution, isotope-based paleoclimate reconstructiongact that the timing of late Holocene climatic events such as droughts
from Lakes Chichancanab (Hodell, Curtis, and Brenner 1995js often determined by interpolation between two dated depths in
Hodell, Brenner, Curtis, and Guilderson 2001) and Punta Laguna core. Typically, the age of an undated horizon is estimated as-
(Curtis et al. 1996) pose further interesting challenges for palesuming that the sedimentation rate between two dated depths was
olimnologists and archaeologists. The sediment records implicateonstant, or by using an age-depth model fitted to the entire core
climate change in the Classic Collapse, and although this “droughdr a section of the core. The problem arises when appropriate
hypothesis” has been argued at length by R. B. Gill (2000), nudatable material simply does not exist at the depth at which the
merous questions remain. One challenge has been the accuraiénate change was inferred. The best solution to this difficulty is
dating of climatic events or other environmental shifts recorded irto obtain close-interval dates whenever possible.
lake cores from the Maya region and their subsequent temporal Even when dates are obtainable from depth horizons that indi-
correlation with cultural changes. To some degree, the advent afate climatic or environmental shifts—for example, the Late Clas-
AMS C-14 dating has helped overcome some problems associatesic drought event in the 1993 Chichancanab core (Hodell et al.
with hard-water-lake error. Very small bits of terrestrial organic 1995)—several sources of error can affect calibrated C-14 dates.
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Figure 6. (a) Conceptual model of hydrologic changes in Lake Chichancanab, northern Yucatan Peninsula, showing the effects of
different evaporation/precipitation ratios (E/Ps) on lake stage, lake-water salinity, and lake-water 8O-I8; (b) conceptual model of
hydrologic changes for Lake Salpeten, Peten, Guatemala, showing how human-mediated deforestation may affect lake stage,
lake-water salinity, and lake-water 8O-18. In the anthropogenically deforested Lake Salpeten watershed, high lake stage is a
consequence of high runoff of isotopically light rainwater and low water-storage capacity in basin soils. Similar to the situation for
pollen, both climatic and human effects can influence the proxy variable (§O-18 in sedimented carbonate) that is used to infer past
environmental conditions. Consequently, in some regions (e.g., Peten), interpretation of paleoclimate records based on 3O-I8 in

sedimented shell material may be confounded by human activities.




154 Brenner et al.

Errors in radiocarbon dates reflect the statistical errors associated With the advent of new technology, alternative approaches to
with measurement. The 95% confidence intervals on calibratednferring past climate conditions are now possible. This may
ages (&) often encompass large time spans, reflecting the precibroaden the list of “candidate” study lakes. For instance, using gas
sion of calibration programs. It is wise to keep in mind that errorchromatographic (GC) methods, it is possible to isolate organic
terms associated with dates reflect precision rather than accuracyompounds of terrestrial origin from those of aquatic origin in
Even the calibrated 95% confidence interval on a radiocarbon datbulk lacustrine organic matter (Huang et al. 2001; Sauer et al.
may not encompass the true age of the dated material. TemporaD01). This enables mass spectrometric (MS) measurement of
linkage of lake-sediment records and cultural processes is furthasotope ratios (e.g., D/H and C-13/C-12) in organic materials of
complicated by the fact that archaeological artifacts also havénown provenience. These measures permit study of the isotopic
errors associated with their ages. Some of these difficulties magomposition of past rainfall, shifts in the dominance afv@rsus
be overcome by improvements in technology. For instance, th€, vegetation on landscapes, and evaluation of the isotopic com-
ability to isolate terrigenous organic material from bulk lake sed-position of paleo-lake waters. It will also help avoid the difficulty
iments may enable more reliable, close-interval dating of depositsf hard-water-lake error by making it possible to AMS C-14 date
from depths at or close to horizons where environmental changesrganic matter that comes from definitively terrestrial sources.
are detected. The ubiquity of organic matter in lake sediments will make this
Further paleolimnological study will be required to evaluate the GC-MS approach a valuable new tool in paleoclimatology.
geographic extent of the inferred Late Classic dry period. Not all  Archaeological evidence should exist for the occurrence of
lakes possess sedimentrecords thatlend themselves to isotopic stusvere prehistoric droughts. For instance, Nicholas P. Dunning
using oxygen isotope ratios in carbonate microfossils. The situaf1992) noted the widespread useatfultunes(underground cis-
tion is further confounded in the Central Peten Lake District by theterns) in the Puuc region and suggested that a severe drought or a
fact that the Maya altered the watershed hydrology by deforestingeries of droughts could have precipitated the abandonment of the
drainage basins surrounding potential study lakes (Figure 6). Tharea. Greater use of water vesseisgjas) may also reflect inse-
bestcandidates for study are lakes in watersheds that were not denselyrity about dry-season water resources. One might speculate that,
settled and that lie in level terrain. Perhaps the large lakes lja ands droughts became more severe, there was greater reliance on
Oquevix in the Peten savannas south of Flores meet these criterigeric-adapted agricultural plants. During periods of low rainfall,
They must, however, also contain continuous sedimentrecords thauman populations probably expanded into seasonally inundated
are rich in carbonate microfossils. Aremaining task is the “transla-bajo areas that had dried. In any event, the inferred Late Classic-
tion” of stratigraphic shifts i®O-18 into quantitative reductionsin  period drought can be viewed as an environmental stress to which
rainfall. It is possible that modeling efforts will enable us to esti- there were probably cultural responses. These cultural responses
mate past shifts in long-term, mean annual rainfall, but we still maymay well be detectable in the archaeological record.
never know whether the reductions in precipitation came at critical
times in the annual agricultural cycle.

RESUMEN

Desde la década de los 1950s, algunos paleolimnélogos han utilizado néiante los 2,600 afios pasados, hubo una serie de sequias que ocurrieron con
cleos de sedimentos lacustres colectados en la peninsula de Yucatan parea periodicidad regular de aproximadamente 208 afios. Estos eventos de
aumentar nuestro conocimiento de las complejas interacciones entre elima seco pudieron haber sido inducido por cambios en la intensidad
paleoclima, el medioambiente, y la antigua cultura maya. Las primerasolar, porque coinciden con ciclos de baja produccion de radionuclidos
interpretaciones de estos perfiles de sedimentos asumieron que las con@@Be-10, C-14) en la atmésfera. Segun varios registros obtenidos en el
ciones climaticas del Holoceno tardio eran invariables. Por eso, los camorte de la Peninsula de Yucatan, la época mas seca del Holoceno tardio
bios paleoambientales inferidos para los 3,000 afios pasados, como ¢eurri6 hacia el siglo nueve d.C., y coincidié con el ocaso de la civiliza-
perdida de vegetacion y erosion de suelos, fueron atribuidos totalmente@én maya. Nosotros sugerimos que este cambio climatico brusco y pro-
las actividades humanas—por ejemplo, deforestacién para la agriculturalpngado pudo haber afectado de manera sustancial la produccién agricola
construccion. Recientemente, varios registros paleoambientales de alta rest la region, generando consecuencias graves para la sociedad alli estable-
olucién, obtenidos no solo en la region maya, sino en otros sitios alrededarida. En este trabajo discutimos los métodos paleolimnoldgicos que se
del mar Caribe, contradicen la idea de estabilidad climatica durante ehplican actualmente para la reconstruccion del paleoambiente en la region
Holoceno en esta region neotropical. Al contrario, empezando hace unasaya y revisamos los numerosos estudios paleoambientales realizados en
3,000 afios, los registros paleolimnolégicos indican una tendencia hacia area. Ademas, discutimos los varios indicadores de paleoambiente que
condiciones mas secas y una reduccion en el contraste estacional. Taencontramos en los sedimentos y elucidamos la dificultad de distinguir
bién, los datos muestran evidencias de fluctuaciones significativas en lantre sefiales climaticas y antrépicas en sedimentos depositados en la region
relacion entre evaporacion y precipitacion. Por ejemplo, inferencias paledurante los trés milenios pasados. Al fin, evaluamos el entendimiento de
ocliméticas basadas en estudio de nucleos de los lagos Chichancanaltgmbios climaticos en la region Maya desde el termino del Pleistoceno
Punta Laguna, en el norte de la peninsula de Yucatan, sugieron que dtardio.
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