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Abstract

Lake Nicaragua, the largest lake in Central America, is a promising site for paleolimnological
study of past climate change, tectonic and volcanic activity, and pre-Columbian agriculture in the
region. It is near the northern limit of the Intertropical Convergence Zone (ITCZ), which brings
the rainy season to the tropics, so effects of decreasing precipitation due to southern migration of
the ITCZ through the Holocene should be observable. Because fault zones and an active volcano
lie within the lake, the long-term impact of tectonic and volcanic activity can also be examined.
Finally, the fertile volcanic soils near the lake may have encouraged early agriculture. We
analyzed diatoms, biogenic silica (BSi), total organic carbon (TOC), water content, volcanic
glass, and magnetic susceptibility in a sediment core from Lake Nicaragua with eleven
accelerator mass spectroscopy (AMS) radiocarbon dates, spanning ~5700 years. Sediment
accumulation rates decreased from the bottom to the top of the core, indicating a general drying
trend through the Holocene. An increase in eutrophic diatom abundance suggests that pre-
Columbian agriculture impacted the lake as early as ~5400 cal yr BP. Above a horizon of
coarser grains deposited sometime between ~5200-1600 cal yr BP, planktonic diatoms increased
and remained dominant to the top of the core, indicating that water depth permanently increased.
Although magnetic susceptibility peaked and water content dipped at the coarse horizon,
volcanic glass fragments did not increase, suggesting that the coarse horizon and subsequent
increase in water depth were caused by tectonic rather than by volcanic activity. Decreased

accumulation rates of BSi and TOC indicate that water became clearer when depth increased.



Introduction

Relatively little paleolimnological data from Nicaragua have been published compared to
elsewhere in Central America. Swain (1966) found diatoms and other potential indicators in the
sediments of Lakes Nicaragua and Managua, but did not examine paleoenvironmental
significance through time. Paleolimnological studies in Nicaragua have focused on the impact of
a prehistoric hurricane on a Caribbean coastal forest (Urquhart 2009) and on the impact of
humans versus climate on fire frequency during the past 1400 years (Avnery et al. 2011).

Paleoclimatological data from Nicaragua could inform us further on the history of
climatic processes in Central America. For example, the Intertropical Convergence Zone
(ITCZ), which is the convergence of northeast and southeast trade winds that brings summer
rains to Central America and northern South America, has shifted substantially since the last
glacial maximum. A trend toward increasingly drier climate in Central America through the
Holocene, accentuated by an extremely dry period between 4500-3000 cal yr BP, has been
attributed to southward migration of the average latitudinal position of the ITCZ (Haug et al.
2001; Mueller et al. 2009). Effects of southward ITCZ migration should be observable in
paleoclimatic records from Nicaragua, which is near the northern limit of the ITCZ during
Boreal summer.

Paleolimnological data from Nicaragua are also potentially informative about the spread
of agriculture through Central America (Sandweiss 2007). Ometepe Island in Lake Nicaragua
was settled by agriculturalists about 4000 years ago (Haberland 1986), but the beginning of

indigenous agriculture in Nicaragua is not known. Humans cleared the landscape to cultivate



maize as early as 7000 cal yr BP in lowland central Panama (Dickau et al. 2007) but as late as
3000 cal yr BP in parts of northern Guatemala (Mueller et al. 2009).

Tectonic and volcanic events should be considered when constructing paleolimnological
interpretations for Lake Nicaragua. For example, high sediment accumulation rates previously
attributed to pre-Columbian agriculture in central Mexico may have actually been caused by
tectonic activity (Israde-Alcéantara et al. 2005). Former shorelines surrounding Lake Managua in
Nicaragua indicate that the water level was previously 3 to 4 m higher, when large volcanic
eruptions dammed the lake outlet (Cowen et al. 2002). Because Nicaragua lies along the active
Central American volcanic front and has experienced numerous destructive earthquakes, it is an
excellent location to study the impact of volcanic and tectonic activity.

With a surface area of almost 8000 km?, Lake Nicaragua is the largest lake in Central
America and supplies much of Nicaragua’s water needs (Montenegro-Guillén 2003). To infer
the impact of climate change, pre-Columbian human disturbance, and tectonic and volcanic
activity, we analyzed a sediment core dated with eleven AMS radiocarbon dates spanning the
past ~5700 years. We analyzed diatoms, biogenic silica, total organic carbon (TOC), water

content, volcanic glass, and magnetic susceptibility in the core.

Study site

Lake Nicaragua (also known as Lake Cocibolca) is 7,585 km? in area and occupies a large
portion of the southwest corner of the country (Fig. 1). Several fault zones lie within the graben
lake, which formed in a tectonic depression (Funk et al. 2009). Lake Nicaragua also lies along

the Central American volcanic front, which includes the active Concepcion Volcano on Ometepe



Island in the lake. The lake lies at 31.4 m altitude with an average water temperature of 29°C
(Ahlgren et al. 2000). The large fetch (160 km) allows the water column (mean depth 13 m) to
be mixed frequently by wind. The dry season is from December to April and the wet season
from May to November, with rainfall in the catchment averaging 1200 mm yr in the northwest
and 4000 mm yr”' in the southeast (Montenegro-Guillén 2003). Rainfall on the lake surface
accounts for 46.1%, river inflow for 30.8%, ground water for 22.5%, and seepage outflow from
nearby Lake Managua for 0.6% of the annual water budget (Montenegro-Guillén 2003). About
54% of water output is through the San Juan River, which empties into the Caribbean Sea, while
the remaining output is through evaporation from the lake surface. The surrounding catchment is
nearly three times the area of the lake, at 23,844 km? (Montenegro-Guillén 2003). Agriculture is
extensive in the catchment, which has highly fertile, volcanic soils. Lake water has a pH of 7.5,
Secchi depth averages 0.7 m, total phosphorus ranges from 20-80 ug L™, and total nitrogen
averages 681 pug L™ (Ahlgren et al. 2000). Phytoplankton biomass consists of 35% diatoms,
31% chlorophytes, 30% cyanobacteria, and 4% cryptophytes and dinoflagellates (Ahlgren et al.

2000).

Materials and methods

Core collection, magnetic susceptibility, and chronology

The 210-cm sediment core, designated LN97-14 LC, was collected on June 14, 1997 at a water

depth of 9 m, using a gravity corer, at 11°18.25’N and 85°8.5°W (Fig. 1). Before the core was

split, whole-core magnetic susceptibility was measured with a pass-through magnetometer, with



readings taken every 1 cm. The core was then split lengthwise, wrapped in plastic wrap, sealed
in a d-tube, and stored at about 4°C. Accelerator Mass Spectrometry (AMS) *C dating was done
on 11 bulk organic sediment samples (Table 1). Radiocarbon dates were corrected for 3'°C, after
which calibrated ages were calculated with CALIB 6.0 (http://calib.qub.ac.uk/calib/), using the
INCALOQ9 calibration dataset. If a straight line could be drawn between the 26 (95% probability)
ranges for a group of sediment samples, then the linear sedimentation rate (LSR) between the
samples was assumed to be constant and was calculated as the slope of that line. The midpoint

of the depth range of each bulk sediment sample was used as the depth when calculating LSR.

Sediment carbon, biogenic silica, and water content

Sediment carbon, biogenic silica, and water content were measured in subsamples taken every 10
cm. Total carbon and inorganic carbon were determined by coulometry, and total organic carbon
(TOC) was calculated by subtracting inorganic from total carbon content. Biogenic silica (BSi)
was determined with a wet chemical digestion technique adapted from DeMaster (1979).
Although this digestion method will also dissolve volcanic glass, sponge spicules, and phytoliths,
those types of siliceous material were less abundant than diatoms, so BSi primarily represents
diatom abundance. TOC and BSi are presented as % weight of the sediment and as mass
accumulation rates (MAR). MAR was calculated with the formula MAR = LSR * (1-®) * pgq,
where LSR = linear sedimentation rate, ® = porosity, and Pseq = dry sediment density. Water
content was determined by weighing the water-saturated sediment, freeze-drying, and weighing

the dried sediment.



Diatoms and volcanic glass

Diatoms were analyzed in subsamples taken in 1-cm increments at every 5 cm throughout most
of the core. Subsamples were freeze dried and organic matter was digested by heating in
concentrated nitric acid and potassium dichromate. After repeated dilutions with distilled water
to remove the acid, the solutions were dried onto glass coverslips in Battarbee trays (Battarbee
1973). The coverslips were mounted on glass microscope slides with Naphrax (refractive index
of 1.7). Diatoms were identified to the lowest possible taxonomic level at 1000x with a Leica
DMR microscope using Patrick and Reimer (1966, 1975), Kilham (1990), Stoermer and
Andresen (1990), Krammer and Lange-Bertalot (1991-1997), Gasse et al. (2002) and Michels-
Estrada (2003) as taxonomical references. Images of unidentified but common taxa were taken
with a Leo model 435 VP scanning electron microscope. Five hundred diatom valves were
identified and counted on a microscope slide from each subsample. Taxa that were >1% of
diatom valves in at least one core section were analyzed with detrended correspondence analysis
(DCA), detrending by segments, using Canoco for Windows version 4.02 (Jongman et al. 1995).
DCA was used rather than correspondence analysis (CA) due to an arch effect with CA.

Taxa were placed into planktonic, benthic, and eutrophic categories based upon
ecological information in references. Taxa were designated as primarily planktonic or benthic
according to Rimet and Bouchez (2012) and Round (1990). Aulacoseira ambigua (Grun.)
Simon., Aulacoseira granulata (Ehr.) Simon., Belonastrum berolinensis (Lemm.) Round &
Maid., Discotella stelligera (Cleve & Grun.) Houk & Klee, Navicula cryptotenella Lange-Bert.,

and Stephanodiscus minutulus (Kiitz.) Cleve & Moller were designated as eutrophic due to



characterization as eutrophic or highly eutrophic by van Dam et al. (1994) or Potapova and
Charles (2007).

Volcanic glass fragments were counted in 200 fields of view on diatom slides from seven
depth increments (2-3 cm, 37-38 cm, 67-68 cm, 144-115 cm, 129-130 cm, 159-160 cm, and 209-
210 cm), using a Carl Zeiss petrographic polarizing microscope at 1000x magnification.
Volcanic glass was identified by angular or vesicular shape, movement of the Becke line, and
lack of interference colors in cross-polarized light (Enache and Cumming 2006). Three size
categories of fragments were counted: 5-10 pm, 10-20 pm, and 20-30 pm. Fragments <5 pm

were not counted and fragments >30 pm were not observed.

Results

Lithology and chronology

The entire core consists of a uniform, greenish-gray diatomaceous mud, with the exception of a
slightly coarser horizon at ~68 cm. The coarse horizon is narrow (< 1 mm) but visible to the
naked eye, appearing slightly darker than the rest of the core. Microscopic examination revealed
that the coarse horizon consists of a slightly coarser diatomaceous mud. The grains were within
the fine to medium sand size range and were a subangular to angular mix of quartz, feldspar,
other silicate materials, and volcaniclastic grains. No sharp bedding contacts were observed.
The radiocarbon date at 204 cm, near the base of the 210-cm core, revealed that the core
spans ~5700 cal yr BP (Table 1). Although radiocarbon dates increased downcore, a period of

extremely slow sediment accumulation between 57-68 cm appears to represent a hiatus in the



record. The hiatus occurs directly above the coarse horizon at 68 cm depth and represents the
interval between ~1600-5200 cal yr BP. With the exception of the depth interval of the hiatus,
linear sedimentation rates increased downcore. The linear sedimentation rate was 0.037 cm yr™!
in the upper 33 cm of the core, 0.070 cm yr™' between 33 and 58 cm, and 0.27 cm yr™' between

67 and 204 cm (Fig. 2).

Diatoms

Throughout the core, diatoms were well-preserved and abundant, averaging 1.3 x 10 frustules
mg™ dry sediment. The majority of taxa were Aulacoseira or small Fragilariaceae (Fig. 4).
Aulacoseira taxa included 4. agassizii var. malayensis (Hust.) Simon, A. ambigua, and A.
granulata. Unidentified Aulacoseira taxa were A. cf. nyassensis (O. Miill.) Simon and 4. “sp. C”
(Fig. 5). Small Fragilariaceae taxa included Pseudostaurosira brevistriata (Grun.) Will. &
Round, Staurosira construens Ehr., S. construens var. subsalina (Hust.) Andres., Stoerm., &
Kries, Staurosira mercedes Lange-Bert. & Rumr. and Staurosirella pinnata (Ehr.) Will. &
Round. D. stelligera, S. minutulus, and N. cryptotenella were also common. Additional species
occurred at lower abundances, such as Nitzschia bacillum Hust. and Synedra delicatissima W.
Sm.

Detrended Correspondence Analysis (DCA) of the diatom data separated the core into
three zones (Fig. 3). Axis 1 of the DCA separated zone A from the rest of the core and
represented 48% of the total variation in the diatom data, indicating that zone A differed greatly
from other zones. Zone A included all samples above the coarse horizon and hiatus, from 0-58

cm (modern to ~1600 cal yr BP). Zone A also included the sample at 62-63 cm from within the



hiatus, when sediment accumulation was extremely slow, but the sample was slightly apart from
other samples in zone A and approached the position of zone B (Fig. 3). The uppermost three
samples from 2-13 cm also plotted slightly apart from the rest of zone A.

Planktonic taxa increased but eutrophic taxa decreased in abundance in zone A (Fig. 4).
Planktonic taxa were common in zones B and C, averaging 57.0% of all diatoms, but became
dominant in zone A, averaging 92.0% of all diatoms. Although the eutrophic D. stelligera and S.
minutulus increased in abundance, the overall abundance of eutrophic diatoms was lower in zone
A than in any other zone. The species composition of Aulacoseira also changed in zone A, with
A. ambigua and A. granulata decreasing in abundance (Fig. 4). Abundance of 4. ambigua
increased again in the uppermost samples of zone A.

Zones B and C were separated by axis 2 of the DCA, which represented an additional 8%
of the total variation in the diatom data (Fig. 3). Zone B included all samples between 67—-140
cm (~5160-5400 cal yr BP) and zone C included all samples between 144-210 cm (~5400-5690
cal yr BP). The overall abundance of eutrophic diatoms increased from an average of 42.6% in
zone C to 46.4% in zone B, largely due to increased abundances of D. stelligera and N.

cryptotenella (Fig. 4). Nitzschia cf. modesta Hust. (Fig. 5) also increased in zone B.

Geochemical, magnetic, and volcanic proxies

Magnetic susceptibility and water content were relatively constant throughout the core, with the
exception of the coarse horizon at ~68 cm at the top of zone B (Fig. 6). At the coarse horizon,
magnetic susceptibility increased to over 500 SI, more than 5-fold higher than the average of 92

SI throughout the rest of the core. Water content dipped to 70%, while remaining >80%



throughout the rest of the core. The spike in magnetic susceptibility and dip in water content did
not indicate a tephra layer. Volcanic glass fragments were common at each depth analyzed but
not more abundant in the coarse horizon (Fig. 6).

Mass accumulation rates of TOC and biogenic silica also changed at the coarse horizon
(Fig. 6). Mass accumulation rates in zones B and C averaged 3.0 and 13.6 mg cm™ yr™' for TOC
and biogenic silica, respectively. Above the coarse horizon, in zone A, the average accumulation
rates of TOC and biogenic silica decreased nearly 10-fold, to 0.4 and 1.3 mg cm™ yr™,

respectively. Inorganic carbon was extremely low (<0.15%) throughout the entire core.

Discussion

The diatom community in zone C at the bottom of the core suggests a well-mixed, eutrophic
lake. Codominance by Aulacoseira and small Fragilariaceae is common in polymictic
subtropical or tropical lakes (Stoermer et al. 1992; Bradbury 2000; Haberyan and Horn 2005).
Aulacoseira thrive with frequent mixing, which resuspends these heavily silicified diatoms into
the water column (Kilham 1990). Small Fragilariaceae also thrive when sediments are
frequently disturbed, probably because they are pioneer species (Stoermer et al. 1992). Mixing
also brings nutrients from bottom sediments into the water column, favoring eutrophic species.
Although zone C was relatively eutrophic, the further increase in eutrophic diatoms in
zone B suggests that pre-Columbian agriculture affected the lake as early as ~5400 cal yr BP.
The two eutrophic taxa that increased the most in zone B, D. stelligera and N. cryptotenella,
were identified as highly eutrophic by Potapova and Charles (2007), with N or P indicator values

in the upper 25%. Nitzschia cf. modesta also increased in abundance, and the vast majority of



Nitzschia species indicate eutrophic water (van Dam et al. 1994; Potapova and Charles 2007).
Eutrophic algae have increased in response to pre-Columbian agriculture in other
paleolimnological studies. The eutrophic alga Botryococcus became common when pollen,
geochemical, and magnetic data indicated that agriculture began at ~3800 cal yr BP near Hoya
San Nicolas in central Mexico (Park et al. 2010). Similarly, eutrophic diatoms increased in Lago
de Patzcuaro in central Mexico when agriculture-related soil erosion intensified at ~1800 cal yr
BP (Bradbury 2000).

Other aspects of the highly eutrophic taxa D. stelligera and N. cryptotenella are
consistent with the hypothesis that agriculture-related landscape disturbance increased in zone B.
D. stelligera increases after initial logging in a catchment, though it can decline again if
deforestation or anthropogenic nutrient enrichment becomes severe (Koster et al. 2005). M.
cryptotenella indicates moderate to high conductivity, which can result from landscape
disturbance (Potapova and Charles 2003).

The inferred increase in eutrophication and landscape disturbance at ~5400 cal yr BP
(95% probability range of 5310-5573 cal yr BP) is at about the same time that pre-Columbian
agriculture intensified in many other areas of Central America. Forests were burned for Zea
maize cultivation beginning ~5500 cal yr BP in Pacific Guatemala (Neff et al. 2006). Maize
pollen first appeared at ~5400 cal yr BP in sediment cores from Belize and Honduras (Pohl et al.
1996, Rue et al. 2002). Pollen from weedy plants associated with agriculture began to increase
at ~5000 cal yr BP in El Salvador (Dull 2004). Pollen from maize and disturbance taxa began to
increase at ~4600 cal yr BP in the Mirador Basin of northern Guatemala (Wahl et al. 2006),
although maize pollen did not appear until after 3000 cal yr BP elsewhere in northern Guatemala

(Mueller et al. 2009).



In Lake Nicaragua, the inferred impacts of pre-Columbian agriculture at ~5400 cal yr BP
are relatively moderate. Although the abundance of eutrophic diatoms increased, a large-scale
change in diatom composition did not occur. Accumulation of sediment, TOC, and biogenic
silica also did not increase measurably. Similarly, the impact of pre-Columbian agriculture was
subtle in a Costa Rican lake. Instead of increasing total phosphorus, pre-Columbian agriculture
changed the proportion of the mineral, organic, and occluded forms of phosphorus in lake
sediments (Filippelli et al. 2010). Although the impact of early agriculture may have been
diluted in a large lake such as Lake Nicaragua, the change in diatom composition shows that the
base of the food chain was still affected. A change at the base of the food chain has larger
implications due to the potential to affect higher trophic levels such as fish and turtles, which
archaeological excavations show were an important food source for pre-Columbian populations
along the shores of Lake Nicaragua (Haberland 1986).

More recent impacts are suggested by the slight separation of the uppermost samples
between 2-13 cm from the rest of zone A. The eutrophic 4. ambigua increased, but eutrophic
diatoms as a whole did not increase and no patterns in the geochemical data were evident.
Therefore, further research is necessary to determine the character and extent of recent impacts.

Unlike many other lakes, in which strong impacts of pre-Columbian agriculture masked
signals of climate change, the moderate impacts to Lake Nicaragua allowed a signal of drying
climate to be apparent. Decreasing sediment accumulation rates in zone A compared to the
lower zones suggests that precipitation and runoff decreased in the late Holocene. Similarly,
decreased precipitation and runoff through the Holocene was inferred in the Cariaco Basin off
the northern coast of South America, hypothesized to be due to southward migration of the

Intertropical Convergence Zone (ITCZ) (Haug et al. 2001). The ITCZ, which has a yearly north-



south migration that causes the characteristic wet and dry seasons in the tropics, also appears to
adjust its average latitudinal position on a scale of thousands of years. Evidence of drying
climate in Nicaragua, which is near the northern limit of the ITCZ, supports the argument that
southward migration of the ITCZ from the mid to late Holocene caused widespread drying of the
northern hemisphere tropics (Mueller et al. 2009).

Despite the drying climate, the diatom record clearly indicates that water depth increased
above the coarse horizon and remained relatively deep to the present day. Planktonic diatoms
became dominant in zone A, reflecting an increase in water depth that reduced the amount of
light reaching the benthos, limiting benthic photosynthesis (Moos et al. 2005). In addition, A4.
ambigua and A. granulata, which are found at shallower depths in tropical African lakes,
decreased in abundance (Kilham 1990). Although planktonics can become dominant in an
assemblage without an increase in water depth if water clarity decreases, all of our evidence
points towards water actually having become clearer in zone A. The percentage of eutrophic
diatoms was lower in zone A than in any other zone. Mass accumulation rates of TOC and
biogenic silica also decreased greatly, indicating decreased autogenic productivity. In addition,
lower sediment accumulation rates suggest less suspended sediment in the water column.

The coarse horizon is not a distinct tephra layer. Volcanic glass fragments were not more
abundant at the coarse horizon, but common throughout the core. Volcanic ash frequently erupts
from the active Concepcion Volcano on Ometepe Island within the lake, and volcaniclastic
sediments within the catchment continuously erode into the lake (Swain 1966). Instead, the
coarse horizon represents a subtle increase in abundance of sand, silt and tephra that indicates a
high-energy depositional event. The coarser grain size appears to have caused the spike in

magnetic susceptibility and dip in water content at the coarse horizon. Magnetic susceptibility



increases with grain size in sediments of primarily igneous origin (Dearing 1999). For example,
magnetic susceptibility increased 4-fold in a coarse layer deposited by a tsunami off the coast of
Portugal (Abrantes et al. 2005). Coarser, sandy deposits also have lower water content than
clays, because smaller particles fill gaps between larger sand grains, decreasing the pore-to-
solids ratio.

A likely cause of the coarse horizon and overlying hiatus is tectonic activity. Lake
Nicaragua is in a very tectonically active region, close to the Mid-America convergence zone.
Several fault zones occur within the lake (Funk et al. 2009), including the San Ramoén Fault Zone
near our coring site (Fig. 1). Tectonic activity can trigger large waves, or “tsunamis,” within
lakes that scour the lake bottom and leave a coarse deposit (Smoot et al. 2000; Israde-Alcantara
et al. 2005; Freundt et al. 2007). After coarser particles winnow out and seiche activity dampens,
finer grained material that had been eroded and mixed redeposits. As a result, the sediment
directly overlying the coarse deposit would have apparently younger radiocarbon age, as occurs
in our core directly above the coarse horizon at 68 cm.

The erosional event that caused the hiatus cannot be dated precisely because it may have
compromised radiocarbon dates of bulk organic matter. The lowermost sample of zone A (62-63
cm) and the uppermost sample of zone B (67-68 cm) approach one another on the DCA graph,
suggesting mixing within the hiatus between zones A and B (Fig. 3). The hiatus-causing
erosional event did occur sometime between 5300-1600 cal yr BP and probably just prior to
1600 cal yr BP.

Water depth does not respond to changes in precipitation in an open lake such as Lake
Nicaragua. Instead, the increase in water depth has to reflect a change in basin morphology that

appears to be related to the coarse horizon and hiatus between zones A and B. The suspected



cause of the coarse horizon and hiatus, tectonic activity, can drastically alter lake morphology.
For example, tectonic activity that caused a tsunami within Owens Lake in California also
dropped one edge of the lake bottom (Smoot et al. 2000). Although volcanic activity is
suspected to have triggered a prehistoric tsunami within Lake Nicaragua (Freundt et al. 2007),
the relatively low number of volcanic glass fragments indicates that the coarse horizon in our
core was not due to a volcanic eruption. Weather events such as a hurricane or large storm could
also leave a coarse deposit, but are unlikely to cause long-term changes in lake depth. The
possibility that tectonic activity deepened Lake Nicaragua supports the argument that geologic
events must be considered when interpreting paleolimnological records of lake level change,

especially in tectonically and volcanically active Mesoamerica (Israde-Alcantara et al. 2005).

Conclusions

Our multiproxy analysis of the longest paleolimnological record published thus far from Lake
Nicaragua provides insights into the potential impact of pre-Columbian agriculture, climate
change, and tectonic activity. The increase in eutrophic diatoms suggests that effects of
agriculture were evident at ~5400 cal yr BP, about the same time that agriculture intensified
throughout many areas of Central America. Because the inferred impacts of agriculture were
relatively moderate in this large lake, a signal of drying climate could be detected, supporting the
argument that southern migration of the ITCZ through the Holocene caused widespread drying in
the northern hemisphere tropics (Mueller et al. 2009). Despite the drying climate, lake depth
permanently increased sometime after ~5200 cal yr BP and probably just prior to ~1600 cal yr

BP, apparently due to a change in basin morphology caused by tectonic activity. The possibility



that tectonic activity increased lake depth highlights the need to consider geologic events when

interpreting paleolimnological records of lake level change.
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Table 1 AMS Radiocarbon dates of bulk sediment samples

Lab number* Depth (cm) %0 8°C  '°C year BP** Cal. year BP°  Range
OS 15665 4 -23.07 >Modern N/A N/A
Beta 212598 11-14 -23.1 740 +40 684 569 — 735
Beta 212597 21-24 -22.3 1040 + 40 955 804 — 1057
Beta 167866 32-33 -21.8 1290 + 40 1229 1093 — 1297
Beta 167867 57-58 -20.3 1680 + 40 1588 1446 — 1704
Beta 167868 62-63 -19.5 2660 + 40 2774 2739 — 2849
Beta 155704 67-68 -18.0 4500 + 40 5163 4980 — 5305
Beta 155705 102-103 -19.0 4700 + 40 5413 5319 — 5580
Beta 155706 139-140 -18.9 4660 + 40 5403 5310 -5573
Beta 155707 174-175 -18.0 4830 + 40 5545 5473 — 5647
OS 15670 204 -18.77 4960 + 45 5689 5598 — 5877

*OS=Woods Hole Oceanographic Institution; Beta=Beta Analytic, Inc.

** Corrected for 8'°C
" median probability
™ 26 range (95% probability) of calibrated year BP



Figure 1. Coring site on bathymetric map of Lake Nicaragua (modified from Funk et al. 2009).
Each contour line represents 1 m. The main fault zones in the lake are the Jesus Maria fault zone
(JMFZ), the San Ramoén fault zone (SRFZ), and the Morrito fault zone (MFZ). Inset: Location

of Lake Nicaragua relative to Central America and northern South America.
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Figure 2. AMS radiocarbon dates of bulk sediment samples vs. depth. Black circles indicate
median probability of calibrated dates and error bars indicate 2 ranges. Linear sedimentation
rates (cm yr'') are also provided.

O _ 1 | 1 | 1 | 1 | 1 | 1 i

10 - 0.037 cmyr-' MW
20 A HH
30 - Zone A i
40 - 0.070 cmyr-t /
50 - /
60 | Coarse deposit/ hiatus i
70| ===
80 | i
90 - /
|
100 9| e Zone B
110 A |
I
120 - i 0.27 cm yr -1
130 A |
140 | et
150 A !
160 4| |
17091 4 Zone C
1804
190 4 |
200 1| 4
210 - —— T T T ! ' !

| | | | |
6000 5000 4000 3000 2000 1000 0
Cal yr BP

Core Depth (cm)




Figure 3. Detrended correspondence analysis of diatom data. Samples with similar taxa
composition lie close to one another on the ordination graph, while less similar samples are
farther apart.
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Figure 4. Relative abundances of diatom taxa that were >1% of all diatoms in at least one core
section. The x-axis scale of each individual taxon begins with 0%. Eutrophic taxa have an
asterisk after the taxon name. Total percentages of all planktonic taxa and all eutrophic taxa are
also provided. Zones (as determined by detrended correspondence analysis of diatom data) and
median calibrated radiocarbon dates are indicated.
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Figure 5. Scanning electron microscope images of unidentified diatom taxa. A. Aulacoseira
“sp. C.” B. Closer view of areolae of Aulacoseira “sp. C.” C. Aulacoseira cf. nyassensis. D.
Closer view of areolae of Aulacoseira cf. nyassensis. E. Nitzschia cf. modesta.




Figure 6. Stratigraphy of magnetic susceptibility, water content, total organic carbon (TOC),

biogenic silica, and volcanic glass fragments.
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