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In the northern tropical Americas (Neotropics), notable hydrological variability has been documented in
multi-proxy paleoclimate records between ~600 and 1200 CE. This interval generally overlaps with the
Maya Terminal Classic Drought (TCD: ~770—1100 CE) and the Medieval Climate Anomaly (MCA: ~950
—1250 CE). There is, however, limited paleoclimate data that provide reliable estimates of terrestrial
thermal variability in southern Central America during this time. In this study, we present chironomid-
based temperature reconstructions, developed from sediment cores from two lakes: (1) Lago Morrenas
3C, a high-elevation glacial lake located on the crest of the Atlantic slope of the Cordillera Talamanca,
Costa Rica, and (2) Laguna Zoncho, a mid-elevation lake located on the Pacific slope in southern Costa
Rica. Distinctive shifts in the chironomid assemblages occurred at both sites between ~610 and 1230 CE.
These changes are inferred to reflect an ~600-year interval characterized by depressed mean annual
temperatures at Lago Morrenas 3C and dry conditions and lake level decline at Laguna Zoncho. Taken
together, the multi-proxy paleoclimate records from these two lakes, including stable carbon isotope
(3'3C) and charcoal data, suggest that middle elevations on the Pacific slope and high elevations on the
Atlantic slope of Costa Rica experienced sustained drought, and possible cooling coeval with the TCD-
MCA interval. The timing of hydroclimate variability in these records provides support for the hypoth-
esis that cooling and drought in the northern tropical Americas during the TCD and early MCA were
linked to thermal changes in the tropical North Atlantic.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

During the past two decades, a substantial and increasing
number of paleoclimate and paleoenvironmental studies have
documented the existence of notable climate variability during
medieval times, generally spanning from ~600 to 1200 CE (Mann
et al,, 2008, 2009; Graham et al,, 2011; Douglas et al., 2016). A
global synthesis of high-resolution paleoclimate records indicates
that the interval between ~950 and 1250 CE was characterized by
anomalously high surface air temperatures in the middle and high
latitudes of the Northern Hemisphere (Mann et al., 2008, 2009).
This interval, broadly known as the Medieval Climate Anomaly
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(MCA: ~950—1250 CE) (Mann et al., 2008, 2009), was likely marked
by extended and persistent La Nina-like conditions, with depressed
sea surface temperatures (SSTs) and reduced precipitation in the
eastern tropical Pacific (Seager et al., 2007; Graham et al., 2011).
In the Yucatan Peninsula, where many of the high-resolution
reconstructions of hydroclimate variability have been developed
for the northern tropical Americas, the MCA interval largely over-
laps with an event that is regionally known as the Maya Terminal
Classic Drought (TCD) (Hodell et al., 1995; Curtis et al., 1996; Hodell
et al., 2001, 2005; Rosenmeier et al., 2002; Webster et al., 2007;
Medina-Elizalde et al., 2010; Hodell et al., 2012; Kennett et al., 2012;
Wahl et al.,, 2013; Douglas et al., 2015). The TCD is characterized by a
series of moderate to severe drought episodes between ~770 and
1100 CE (Hodell et al.,, 2005). These droughts have long been
considered as a crucial trigger for the socioeconomic “collapse” of
Classic Maya civilization at ~1000 CE (Weiss and Bradley, 2001;
Kennett et al., 2012; Medina-Elizalde and Rohling, 2012; Douglas
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et al., 2016), although it is likely that the “collapse” of the Maya was
a complex process that involved a multitude of human-
environment interactions (Aimers and Hodell, 2011; Luzzadder-
Beach et al., 2012; Turner and Sabloff, 2012; Douglas et al., 2016).
Studies from elsewhere in the northern tropical Americas,
including southern Central America (Lachniet et al., 2004), north-
ern South America (Moy et al., 2002; Haug et al., 2003) and the
circum-Caribbean (Lane et al., 2011a and 2014), also document an
interval characterized by repeated drought episodes between ~770
and 1250 CE, broadly corresponding with the MCA. The hydrolog-
ical fluctuations that characterize the interval between ~770 and
1250 CE in the northern tropical Americas, however, appear to be
spatially and temporally variable. A paucity of high-resolution re-
cords documenting thermal variability during the TCD and MCA in
the northern tropical Americas limits our ability to decipher the
mechanism(s) that drove the anomalous hydroclimate variability in
this region between ~ 770 and 1250 CE.

Costa Rica, located in southern Central America, has been the
location of numerous paleoenvironmental studies and re-
constructions during recent decades. Paleoenvironmental research
in Costa Rica has focused on glacial history (Orvis and Horn, 2000;
Lachniet and Seltzer, 2002; Potter et al., 2019) and on documenting
changes in vegetation, fire regimes, hydrology, climate, and
anthropogenic activity during the late Quaternary (Horn and
Sanford, 1992; Horn, 1993; League and Horn, 2000; Clement and
Horn, 2001; Lachniet et al., 2004; Anchukaitis and Horn, 2005;
Kennedy and Horn, 2008; Lane et al., 2011a; Lane and Horn, 2013;
Taylor et al., 2013(a,b); 2015; Wu et al., 2017; Wu et al., 2019; Wu
and Porinchu, under review). Highly resolved records of late Ho-
locene paleoenvironmental change in Costa Rica, specifically
studies focused on reconstructing thermal variability, remain
limited. We recently developed a quantitative reconstruction of late
Holocene mean annual air temperature (MAAT) using sub-fossil
chironomid assemblages preserved in a sediment core recovered
from Laguna Zoncho, in southern Costa Rica (Wu et al., 2017).
During the TCD and the MCA, sub-fossil chironomid remains were
sparse or absent in the Laguna Zoncho sediment core, hindering the
development of a quantitative reconstruction of thermal conditions
during that interval (Wu et al., 2017). We attribute the rarity of
chironomid remains to greatly reduced lake levels between ~730
and 1110 CE, reflecting decreased effective moisture, potentially in
response to a regional manifestation of the TCD.

To address the lack of high-resolution thermal records spanning
the late Holocene in Costa Rica, we present a sub-decadal to multi-
decadal-scale thermal reconstruction extending back to ~300 CE for
this region. The reconstruction of thermal conditions was produced
by analyzing the subfossil chironomid remains preserved in a short
sediment core extracted from a high-elevation glacial lake, Lago
Morrenas 3C (MOR3C; Horn et al., 2005), in Chirripo National Park
(NP) in the Cordillera de Talamanca of south-central Costa Rica. The
chironomid-based thermal reconstruction from MOR3C, together
with reconstructions of fire regime and vegetation dynamics at the
same site (Wu and Porinchu, under review), are compared to the
multi-proxy reconstruction developed for Laguna Zoncho (Wu
et al., 2017), a mid-elevation lake located in the southern Pacific
region of Costa Rica, near the border with Panama. Our objective
was to characterize the variability of hydroclimate across a 2300-m
elevation gradient in southern Central America during the late
Holocene, with specific attention paid to the TCD-MCA interval.
Additionally, these records are compared with existing paleo-
climate and paleoenvironmental studies from the tropical Americas
to assess the linkages between proposed driver(s) of hydroclimate
variability and paleoenvironmental change in Costa Rica during the
TCD-MCA interval from 770 to 1250 CE.

1.1. Study site

Lago Morrenas 3C (MOR3C) (9°29'44” N, 83°29'06” W; 3492 m
a.s.l; Horn et al, 2005) is a small (0.9ha) glacial lake with
maximum depth of 2 m, located in the Valle de las Morrenas in
Chirripé National Park (NP), Costa Rica (Fig. 1; Table 1). The bedrock
underlying Morrenas 3C consists of crystalline granitoid intrusives
of the Miocene-age Talamancan intrusive series (Orvis and Horn,
2000), with younger lavas and interbedded tuffs, agglomerates,
and tuffites making up the adjacent ridge of Cerro Laguna
(Wunsche al., 1999). Lago Morrenas 3C is surrounded by paramo
vegetation composed of diverse assemblages of evergreen shrubs,
grasses, and perennial herbs of largely Andean origin (Luteyn, 1999;
Kappelle and Horn, 2016). The paramo ecosystem in Chirripé NP
extends from 3300 to 3819 m a.s.l. and is dominated by the dwarf
bamboo Chusquea subtessellata, which covers up to 60% of the
paramo in Costa Rica (Kappelle, 1991; Kappelle and Horn, 2016).
While the dominant bamboo and most herbaceous plants in the
paramo are C3 plants, three species of Muhlenbergia, a native Cy4
grass, occur in the pdramo (Lane et al., 2011a), along with some
possible C4 sedges. M. flabellata, the most common species of
Mubhlenbergia, is abundant at the margin of Lago Morrenas 3C.
Muhlenbergia can tolerate low temperatures (Schwarz and
Redmann, 1988; Sage et al., 1999) and is widely distributed in
cold environments, including the boreal forest of Canada and in
alpine settings in the Rocky Mountains (Sage et al., 1999). Under
drier conditions, C3 herbaceous plants in the paramo could become
more C4-like in their carbon isotopic signatures, resulting in more
positive 3'3C values in soils and sediments when effective moisture
is low at the site (Diefendorf et al., 2010; Kohn, 2010).

Long-term meteorological data are not available for Chirripé NP,
but records from the Cerro Paramo station (3,466 m a.s.l.; 9°33'36”
N, 83°45'11”"W), which is located ~30 km west of Cerro Chirrip6 in
the Buenavista paramo, have been regarded as broadly represen-
tative (Horn, 1993). The mean annual air temperature (MAAT) and
mean annual precipitation at Cerro Paramo between 1971 and 2000
were 8.5°C and 2581 mm, respectively (Lane et al., 2011a). The
precipitation record from the Cerro Paramo station documents
distinct dry and wet seasons, with 89% of the precipitation falling
during the wet season, which occurs between May and November
(Kappelle and Horn, 2016). While this seasonal pattern also typifies
the Chirripé paramo, Kappelle and Horn (2016) recently estimated
that much of the Chirripé paramo may receive less precipitation,
perhaps only 1000—2000 mm annually. Monthly rainfall from
September 2015 to June 2017, measured using a weather sensor kit
installed at a height of 2 m at the Base Crestones shelter (3,400 m
a.s.l,, ~4.8 km SSW of Lago Morrenas 3C; Esquivel-Herndndez et al.,
2018), is consistent with an annual total in this range.

The Chirrip6 paramo straddles the crest of the Cordillera de
Talamanca, which constitutes the divide between the Atlantic and
Pacific slopes in southern Costa Rica. The paramo experiences dry
conditions during the boreal winter, similar to the precipitation
regime that characterizes the lower Pacific slope (Coen, 1983). The
dry and wet seasons on the Chirripé massif and Pacific slope of
Costa Rica are strongly influenced by the seasonal migration of the
Intertropical Convergence Zone (ITCZ) (Lane et al., 2011a), which
reaches its southernmost position during the boreal winter (Coen,
1983). Other important influences on the climate of the Chirripé
massif include the trade winds, the trade wind inversion, cold
continental air outbreaks, and Caribbean cyclones (Coen, 1983;
Waylen et al, 1996; Esquivel-Hernandez et al., 2018). Strong
convective activity over Cerro Chirripd is observed during the late
boreal summer when the ITCZ moves to its northernmost position
and there is an onshore flow of Pacific moisture (Maldonado et al.,
2018). During the boreal winter, convective activity weakens, and
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Fig. 1. A) Location of Lago Morrenas 3C and Laguna Zoncho, Costa Rica; B) Location of Lago Morrenas 3C, Chirripé National Park, Costa Rica (base maps originate from Orvis and
Horn, 2000 and cropped from Google Earth Image ©2018 CNES/Airbus and Image ©2018 DigitalGlobe, modified by Jiaying Wu); C) Aerial photo of Lago Morrenas 3C; and D) Aerial

photo of Laguna Zoncho.

Table 1

Geographic and limnological information for Lago Morrenas 3C and Laguna Zoncho, Costa Rica. Zoncho data are from Horn and Haberyan et al. (1995).

Lake Name Date Visited (yyyy.mm) Latitude N. Elevation Depth Length Width Area Temperature DO DO SPC Conductivity pH
Longitude W. m a.s.l. (m) (m) (m) (ha) (°C) (%) (mgl-1) (mScm-1) (uScm-1)

Lago Morrenas 3C 2014.07 9°29'44" 83°29'06” 3492 2.0 110 80 0.90 8.8 644 49 0.003 2.3 7.18

Lago Zoncho 1997.07 8°48'44”,82°57'38” 1190 2.6 105 62 055 24.6 7.1 16 7.4

the height of the northeast trade wind inversion decreases, often
falling below the elevation of the high peaks (Lane et al., 2011a).
Thus, whereas the Atlantic slope below the summit pdramo region
experiences high rainfall through the year because of the persistent
onshore flow of Caribbean moisture carried by the northeast trade
winds, with especially heavy precipitation at mid-elevations (Coen,
1983), the paramo on the upper Atlantic slope, where Morrenas 3C
is located, experiences lower rainfall during the boreal winter.
Moisture from the Caribbean may somewhat temper the dry season
for plants, by increasing humidity along the crest of the Cordillera
Talamanca relative to lower elevations on the Pacific slope. But
intervals of cloud-free weather associated with the northeast trade
wind inversion during the dry season can lower humidity suffi-
ciently to support fires (Horn, 1993; Horn and Kappelle, 2009).

2. Methods
2.1. Fieldwork

In July 2014, a 40.5-cm sediment core was recovered from the
center of Lago MOR3C using a DeGrand maxi-corer, which is a
modified gravity corer (Glew, 1991). The stratigraphy of MOR3C
core was described from the bottom to the top of the core in the

field before sectioning. Notable changes in color occurred with
depth. The sediment was characterized by a mixture of organic
matter and a low amount of algae/fecal pellet material between
40.5 cm and 35 cm, resulting in dark brown to black sediment in the
base portion of the core. An interval with a high concentration of
algae/fecal pellets, observed at 34 cm, resulted in yellow to light-
brown sediment. The sediment between 33 and 22 cm was light-
brown due to the continuous presence of relatively high amounts
of algae/fecal pellets. The amount of algae/fecal pellets rapidly
increased again at 20 cm, peaking at ~21 cm, resulting in sediment
colored yellow to light-brown. Algae/fecal pellets were still present,
but at a reduced concentration, between 21 cm and 17 cm, making
the sediment appear light-brown to brown in color. The sediment
between 17 cm and the surface (depth =0 cm) is characterized by
dark-brown to black organic material. The sediment was sectioned
at 0.25-cm intervals using a DeGrand vertical sediment extruder in
the field, stored in Whirl-pak™ bags, and transported back to the
Environmental Change Lab (ECL) in the Department of Geography
at the University of Georgia. Sediment samples were stored in a
refrigerator at 4°C in the ECL. Surface water temperature, pH,
conductivity and dissolved oxygen were measured during field-
work (Table 1).
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2.2. Chronology

Chronological control for the lake sediment core from MOR3C is
based on seven AMS radiocarbon dates obtained on charcoal frag-
ments. Radiocarbon analyses were conducted at the Center for
Applied Isotope Studies (CAIS) at the University of Georgia. The
radiocarbon dates were converted to calendar years using the
IntCal13 calibration curve (CALIB 7.10: calib.org/calib/calib.html;
Reimer et al., 2013), with the exception of the “modern” date
(pMC = 100.68%, error = 1.03) sampled between 5.75 and 7.5 cm
(Table 2). The relative areas of the + 2¢ age ranges and the corre-
sponding median probability ages from CALIB are reported for each
radiocarbon date. The age-depth model for the MOR3C core is
based on a probability sampling method implemented using Bacon
2.2 with a setting of thick =2 (Fig. 2; Blaauw and Christen, 2011).
The “modern” date was converted into C age using post-bomb
conversion with a code of “pMC.age ()” in Bacon. The median age
of —54 C yr BP with an error of +82 yr was used for the “modern”
date in the Bacon age-depth model (postbomb = 2). Two radio-
carbon dates (UGAMS#23001, UGAMS#28490; marked in bold in
Table 2) were excluded from the final Bacon age-depth model for
MORS3C (red dots with calibrated median age labeled in Fig. 2). The
date of 990 ™C yr + 25yr obtained on the charcoal sample at
10.4 cm is considered anomalously old. This sample likely persisted
on the landscape following a fire and was transported to the lake
centuries after the fire. The anomalously young date at 14.25 cm,
which was based on a sample of charcoal fragments extracted from
eight contiguous 0.25-cm intervals, had a low mass (~300 pg) and
was likely contaminated by young carbon. The sedimentation rate,
which was ~0.020 cm/yr between ~300 and 680 CE, increases to
0.026 cm/yr between 680 and 1040 CE. The sediment accumulation
rate, which nearly doubles (~0.049 cm/yr) between 1040 and 1190
CE, rapidly decreases to 0.019 cm/yr between 1190 and 1770 CE. An
increase in sedimentation rate to ~0.026 cm/yr characterizes the
interval between 1770 CE and the present.

2.3. Chironomids

Chironomids are sensitive to temperature (Porinchu and
McDonald, 2003), and the existence of a strong relationship be-
tween chironomid distribution and air and water temperature has
been documented at many sites in the Northern Hemisphere (e.g.

Table 2
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Fig. 2. Age-depth model developed using Bacon 2.2 for the MOR3C core. Two radio-
carbon ('C) dates based on charcoal at 10.25 cm and 13.25 cm (the calibrated ages are
marked in bold, Table 2.) were not incorporated in the age-depth model (see text for
additional details). (For interpretation of the references to color in this figure legend,
the reader is referred to the Web version of this article.)

Porinchu et al., 2010; Self et al., 2011; Fortin et al., 2015), including
Costa Rica (Wu et al., 2015). Subfossil chironomids preserved in lake
sediments recovered from Lago Morrenas 3C are used as a proxy to
reconstruct thermal conditions. Sub-fossil chironomids were pro-
cessed and analyzed following standard procedures (Walker, 2001).
A known volume of sediment (3—5 ml) was placed in a beaker with
50 ml of 5% KOH and heated at 50 °C for approximately 30 min. The
KOH treatment facilitates the break-up of colloidal matter. The
deflocculated sediment was washed through a 95-um mesh and
rinsed using distilled water. The material retained on the mesh was
back washed into a beaker. A dissection microscope at 50X and a
Bogorov plankton counting tray were used to separate the
chironomid head capsules from the sediment matrix. The chiron-
omid head capsules were permanently mounted on slides in

AMS radiocarbon dates from MOR3C (dates depicted in bold were not incorporated in the age-depth model; see text for additional details).

Lab code Core code Depth in core Material UncalibratedC age + 20 Age range Relative area Median Probability
(cm) (*4C yr BP) under distribution (CE or cal yr BP)
UGAMS#28489 MOR3C-PT 5.75-7.5 Charcoal modern - 1802—1938 CE 0.686 -
1689-1739 CE 0.252
1952—1956 CE 0.036
1742-1763 CE 0.026
UGAMS#23001 MOR3C-PT 10.25-10.5 Charcoal 990 25 991-1050 CE 0.676 1032 CE (918 cal yr BP)
1083-1126 CE 0.259
1136-1151 CE 0.064
UGAMS#28490 MOR3C-PT 13.25-15.25 Charcoal 60 25 1875—-1918 CE 0.566 1871 CE (79 cal yr BP)
1695-1726 CE 0.22
1813—-1838 CE 0.158
1842—-1853 CE 0.031
1868—1874 CE 0.015
1955—-1955 CE 0.01
UGAMS#21658 MOR3C-PT 17.25—-17.75 Charcoal 880 20 1150-1217 CE 0.773 1169 CE (781 calyr BP)
1049-1084 CE 0.192
1124-1136 CE 0.035
UGAMS#23002 MOR3C-PT 24-24.5 Charcoal 940 25 1030-1155 CE 1 1097 CE (853 calyr BP)
UGAMS#21659 MOR3C-PT 33-335 Charcoal 1330 20 652-695 CE 1 671 CE (1279 cal yr BP)
UGAMS#20643 MOR3C-PT 39.5—-40 Charcoal 1690 20 326-405 CE 0.926 361 CE (1589 cal yr BP)
260-279 CE 0.074
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Entellan® for identification. A minimum of 50 chironomid head
capsules was identified from each sample (Heiri and Lotter, 2001).
Taxonomic identification was conducted at 400X, typically to
genus, relying primarily on Wu et al. (2015) and larval keys for
Florida and North and South Carolina (Epler, 1995, 2001), with
Brooks et al. (2007), Cranston (2010), Eggermont et al. (2008), and
Spies et al. (2009) providing additional diagnostic information.
Chironomid percentage diagrams, plotted using C2 (Juggins, 2003),
were based on the relative abundance of all identifiable chironomid
remains. Sub-fossil chironomid remains were analyzed at sub-
decadal to multi-decadal resolution, with an average of ~10 yr/
sample. Constrained cluster analysis, implemented using the rioja
package in R, was used to derive zones for the sub-fossil chiron-
omid stratigraphy (Juggins, 2009; http://cran.r-project.org/
package=rioja). Rarefaction analysis was implemented to assess
variations in taxonomic richness (Birks and Line, 1992). Shifts in the
composition of the sub-fossil chironomid assemblages were
assessed using detrended canonical correspondence analysis
(DCCA), implemented using CANOCO version 4.0 (Ter Braak and
Smilauer, 2002).

3. Results

A total of 14 chironomid taxa were identified in 62 samples in
the MOR3C core (Fig. 3). All of the taxa present in MOR3C are found
in a modern training set developed using 51 lakes, including
MOR3C, in Costa Rica that ranged from 10 to 3520 m a.s.l. (Wu et al.,
2015). The sub-fossil chironomid remains, which were well pre-
served, were present in concentrations between 2.7 and 81 head
capsules/ml. The rarefied taxon richness of the chironomid as-
semblages ranged between 3.0 and 5.9 over the last 1700 years. The
greatest change in rarefied taxon richness occurred between ~1250
and 1500 CE, with limited change in richness observed between
~750 and 900 CE. The chironomid stratigraphy is divided into three
statistically significant zones (MOR3C—I to MOR3C-III). The
chironomid assemblage in the MOR3C core is dominated by four
taxa: Paratanytarsus, Tanytarsus type LU, Procladius, and
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Psectrocladius; these four taxa account for 84.6—100% of all the
chironomids in the sediment samples in the MOR3C core.

In MOR3C—I (~300—610 CE; 40.5—34.125 cm) the chironomid
assemblage is dominated by three taxa, Paratanytarsus, Tanytarsus
type LU, and Procladius. Paratanytarsus makes up approximately
half of the identifiable chironomids in this zone, reaching a core
maximum of 65% at ~560 CE. Tanytarsus type LU and Procladius are
~20% and 15% of the chironomid assemblage, respectively. Psec-
trocladius is also present throughout this zone, albeit with a rela-
tively low abundance, averaging ~5% of the identifiable remains.
Two additional chironomid taxa that are intermittently present,
Cricotopus/Orthocladius and Limnophyes, increase in relative abun-
dance toward the end of MOR3C—I. Head capsule concentration
fluctuates notably in MOR3C—I, ranging from 15 to 66.8 head
capsules/ml (average =36.9 head capsules/ml). The DCCA scores
indicate that the rate of faunal turnover gradually increases
through this zone, with rarefied taxon richness range experiencing
limited variability (4.1-5.7).

MOR3C-II (610—1230 CE; 34.1—-16.25 cm) is characterized by a
large increase in the relative abundance of Psectrocladius and Pro-
cladius and an accompanying reduction in the relative abundance
of Paratanytarsus and Tanytarsus type LU. Psectrocladius and Pro-
cladius compose ~25% and 45% of the chironomid assemblages in
MOR3C-II, respectively. The relative abundance of Paratanytarsus
and Tanytarsus type LU decreases to ~20% in this zone. Seven
additional taxa, Polypedilum N type, Micropsectra contracta type,
Smittia/Pseudosmittia, Cricotopus/Orthocladius, Corynoneura/Thie-
nemanniella, Synorthocladius, and Unknown ii are present in
MORS3C-II, albeit at low levels. Of these taxa, only Cricotopus/
Orthocladius, is present consistently through this zone. Head
capsule concentration varies from 10.6 to 81 head capsules/ml
(average =27.1 head capsules/ml) in this zone. DCCA scores in-
crease at the beginning of MOR3C-II, indicating an increase in
faunal turnover starting at ~610 CE; they stay generally high during
the remainder of this zone. Rarefied taxon richness shows a range
(4.0—-5.5) in MOR3C-II similar to that in MOR3C—I, with the most
stable interval observed between ~750 and 900 cal yr BP.

Orthocladiinae — Tanypodinae
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Notable turnover in the chironomid assemblages is detected at
the onset of MOR3C-III (1230 CE-present; 16.25—0 cm). The relative
abundance of Psectrocladius abruptly decreases at ~1230 CE, and
Paratanytarsus shows a large increase, followed by an increase in
Tanytarsus type LU at ~1400 CE. The relative abundance of Psec-
trocladius drops from ~25% in MOR3C-II to ~1% in MOR3C-III. Par-
atanytarsus and Tanytarsus type LU increase, comprising ~30% and
20% of the chironomid assemblage in MOR3C-III. The relative
abundances of both taxa, however, begin decreasing after ~1600 CE.
The amount of Procladius, which gradually decreases after the
termination of MOR3C-II, begins to progressively increase from
~40% to 60% of the identifiable chironomid remains in the upper-
most portion of the core. The increase in Procladius coincides with a
decrease in Paratanytarsus and Tanytarsus type LU. Chironomus
appears for the first time in this zone. Smittia/Pseudosmittia, Cri-
cotopus/Orthocladius, Thienemannella/Corynoneura, Synorthocladius,
and Unknown ii, present in MOR3C-II, remain present in MOR3C-III,
although the relative abundance of Cricotopus/Orthocladius is
greatly reduced. Head capsule concentration is lower than in
MOR3C—I and MOR3C-II, with an average of 15.6 head capsules/ml
and a maximum of 55 head capsules/ml, observed at ~1450 CE. The
DCCA documents notable compositional turnover at ~1230 CE, with
the remainder of MOR3C-III characterized by limited turnover.
Rarefied taxon richness in MOR3C-III varies significantly, between
3.0 and 5.9, with the highest variability occurring between ~1250
and 1500 CE.

4. Discussion
4.1. Chironomid-based thermal reconstruction at Lago Morrenas 3C

The chironomid assemblage in MOR3C—I (300—610 CE) is
dominated by three taxa, Paratanytarsus, Tanytarsus type LU, and
Procladius (Fig. 3). The modern training set (Wu et al., 2015) does
not provide a sufficient number of modern analogues to enable a
quantitative reconstruction of MAAT, and as a result, we interpreted
the chironomid paleoecology qualitatively. In Costa Rica, Para-
tanytarsus and Tanytarsus type LU are restricted to low- and mid-
elevation lakes characterized by moderate to high MAAT and con-
ductivity (Wu et al., 2015). The MAAT optima for Paratanytarsus and
Tanytarsus type LU are 22.3 °C and 22.4 °C, respectively, which are
amongst the highest MAAT optima of all the taxa in the training set
(Wu et al, 2015). Procladius is considered an indicator of cold
conditions, with a MAAT optimum of 14.9°C (Wu et al., 2015).
Psectrocladius, which is also associated with a very low MAAT op-
timum (10.4°C; Wu et al,, 2015), is present at low abundance in
MOR3C—I. The dominance of thermophilous chironomid taxa in
MOR3C—I suggests that the interval between ~300 and 610 CE was
characterized by relatively high temperatures.

The notable increase in the relative abundance of Psectrocladius
and Procladius, along with the concurrent decrease in Para-
tanytarsus and Tanytarsus type LU, starting at ~610 CE in MOR3C-II,
is inferred to represent the onset of an interval of lower tempera-
tures. Today, Psectrocladius and Procladius are most abundant in
cold, high-elevation habitats, and largely restricted to the glacial
lakes located in the Chirripé paramo (>3400m a.s.l.), with an
average MAAT of 7.7 °C (Wu et al., 2015). Psectrocladius inhabits the
littoral zone and is often associated with aquatic macrophytes
(Brooks et al., 2007). Procladius is very abundant (>60%) in the
glacial lakes of different depths (0.3—22 m) that have been sampled
in Chirripé NP (Wu et al., 2015). Six additional taxa associated with
cold, high-elevation lakes and low MAAT in the Costa Rican modern
training set, are also found in MOR3C-II (Wu et al., 2015): Smittia/
Pseudosmittia, Corynoneura/Thienemanniella, Unknown ii, Cricoto-
pus/Orthocladius, and Synorthocladius. Cricotopus/Orthocladius and

Synorthocladius are most common in the littoral zone of lakes, with
Cricotopus|Orthocladius favoring macrophytes (Cranston, 2010).
Smittia/Pseudosmittia is primarily associated with terrestrial/semi-
terrestrial habitats (Spies et al, 2009) and Unknown ii is only
found in relatively shallow lakes (<3 m) (Wu et al.,, 2015). The high
relative abundance and diversity of cold-indicator chironomid taxa,
together with the notable decrease in thermophilous taxa, is
inferred to reflect depressed MAAT between ~610 and 1230 CE
(MORS3C-II). The presence of taxa associated with shallow lakes, the
littoral zone, and macrophytes, including terrestrial/semi-
terrestrial taxa, implies the occurrence of lower lake levels, with a
possible expansion of aquatic macrophytes during this interval.
Taken together, MOR3C-II appears to represent a cold and relatively
dry interval, with the maximum lake level decline occurring be-
tween ~700 and 1100 CE.

The recovery in the relative abundance of the thermophilous
taxa Paratanytarsus and Tanytarsus type LU, and the decrease in the
cold-indicator taxa Procladius and Psectrocladius, are inferred to
reflect the onset of relatively warmer conditions beginning at
~1230 CE and peaking between 1520 and 1630 CE. The increase in
Procladius beginning at ~1600 CE marks a gradual shift to cooler
conditions. The decrease and/or absence of many of the littoral and
terrestrial/semi-terrestrial chironomid taxa between 1230 and
~1850 CE, including Psectrocladius, which decreases abruptly at
~1230 CE, suggests that effective moisture increased at Lago Mor-
renas 3C during this interval, resulting in higher lake level, greater
water volume, and decreased littoral habitat.

4.2. Late Holocene hydroclimate variability across an elevation
gradient in Costa Rica

Patterns of climate and environmental change over the past two
millennia at Lago Morrenas 3C resemble some aspects of the record
from Laguna Zoncho (Fig. 1AD), a mid-elevation lake located near
the southern border of Costa Rica (Fig. 4AB). The chironomid
assemblage in MOR3C indicates that the interval between 300 and
610 CE is characterized by relatively high temperature. The
chironomid-inferred MAAT at Laguna Zoncho between 50 BCE and
610 CE is 0.4 °C above the late Holocene average (21.3 °C) (Fig. 4B;
Wu et al., 2017). Thus, both sites experienced relatively warm
conditions during this interval. Hydrological and fire regimes,
however, differ at the two sites, in part because of their differing
histories of human occupation. Lago Morrenas 3C, a remote lake in
an area never settled by humans, is characterized by moderate 3'3C
values, extremely low charcoal influx and no large fire events
(Fig. 4A; Wu and Porinchu, 2007). During this same interval, Laguna
Zoncho was characterized by a low abundance of a benthic diatom
endemic to Laguna Zoncho, Aulacoseira sp. 3, implying the existence
of a relatively shallow, possibly turbid aquatic environment
(Haberyan and Horn, 2005), and gradually increasing 3'>C values,
reflecting the expansion of maize (Zea mays subsp. mays) along
with other C4 grasses and herbs associated with prehistoric agri-
culture in the watershed (Clement and Horn, 2001; Lane et al.,
2004). The increasing 5'3C values could also in part signal a shift
toward drier conditions, which can also favor C4 herbs and can shift
the fractionation of Cs plants toward more positive 3'3C values
(Diefendorf et al., 2010; Kohn, 2010). The elevated charcoal amount
observed during this time at Laguna Zoncho is likely related to
anthropogenic activities, perhaps both forest clearance and the
maintenance of agricultural fields.

Notable and similar changes in climate and environmental
conditions are evident at both Lago Morrenas 3C and Laguna
Zoncho between 610 and 1230 CE (Fig. 4; Wu et al,, 2017). In the
Morrenas 3C catchment, increased 3'3C values observed between
700 and 1100 CE are interpreted to indicate the expansion of the Cy4
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grass Muhlenbergia, in response to cool, dry conditions at the time.
As mentioned, greater 3'3C values can also reflect the response of Cs
plants to drier conditions (Diefendorf et al., 2010; Kohn, 2010). The
relatively high abundance of the semi-terrestrial/terrestrial taxa
Smittia/Pseudosmittia and Unknown ii, suggests that lake level
decline was greatest at ~1000 CE at Lago Morrenas 3C. Severe fires
inferred from charcoal influx documented at ~650 CE and 1150 CE,
which broadly bracket the TCD-MCA interval, also occur during this
cool, dry period (Wu and Porinchu, under review). The timing of the
shift in the chironomid assemblage corresponds to the presence of
high concetrations of algae/fecal pellets in the core, a possible
signal of lower lake levels (M. Bush, personal communication). The
presence of high amounts of algal/fecal pellets throughout MOR3C-
II, suggests the existence of a shallow lake and likely, drier condi-
tions. At Laguna Zoncho, the chironomid-inferred thermal recon-
struction (Wu et al., 2017) indicates that MAAT decreased by ~1.9 °C
relative to the late Holocene average between ~550 CE and ~650 CE.
We lack quantitative chironomid-based estimates of MAAT at
Laguna Zoncho for the interval from 730 to 1100 CE (denoted by
faint grey lines within a red box in Fig. 4B) because of the near
absence of chironomid head capsules during this interval. This lack
of sub-fossil chironomid remains, together with the limited abun-
dance of Aulacoseira sp. 3 and other aspects of the diatom

assemblage (Haberyan and Horn, 2005), suggest notably lower lake
level and a greatly reduced pool of standing water from 730 to 1110
CE, reflecting reduced effective moisture (Wu et al., 2017).

Over the past ~720 years, similar patterns of climate and envi-
ronmental change are observed at both Lago Morrenas 3C and
Laguna Zoncho (Fig. 4AB). The chironomid stratigraphy from
MOR3C-III suggests that the climate was characterized by
temperate to warm conditions between 1230 and ~1630 CE, based
on the reduced abundance of Procladius and Psectrocladius, cold
climate indicators, and elevated amounts of Paratanytarsus and
Tanytarsus type LU, warm climate indicators. The absence or rela-
tively low abundance of littoral and terrestrial/semi-terrestrial
chironomids between 1230 and ~1850 CE likely reflect the influ-
ence of increasing effective moisture and lake level. The near
absence of wildfires during this ~600-yr period supports the
chironomid-based inference of wetter conditions, i.e. fuel was too
wet to burn. At Laguna Zoncho, chironomid-inferred MAAT in-
dicates an interval of moderate MAAT between ~1200 and 1550 CE,
followed by an extended interval of below average MAAT beginning
at ~1550 CE. The increase in the benthic diatom Aulacoseira sp. 3,
which begins at 1550 CE, and other changes in diatom percentages,
likely reflect the onset of an interval characterized by higher lake
level, driven by increased effective moisture (Haberyan and Horn,
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2005; Wu et al., 2017). The increased abundance of tree and shrub
pollen and reduced charcoal after ~1550 CE appears to largely
reflect population decline and forest regeneration following the
Spanish Conquest, but could also reflect a shift toward higher
effective moisture. The drop in MAAT that is inferred at Laguna
Zoncho and Morrenas 3C between ~1600 CE and the present pro-
vides evidence of the manifestation of the Little Ice Age (LIA) in
southern Central America. During the LIA interval, effective mois-
ture likely dropped at Lago Morrenas 3C, inferred from relatively
high abundance of terrestrial/semiterrestrial and littoral chiron-
omid taxa, more positive 83C values, and higher charcoal influx.
However, effective moisture may have increased at Laguna Zoncho,
reflected in the abundance of tree/shrub pollen and Aulacoseira sp.
3 (benthic diatom type; Haberyan and Horn, 2005).

The basin characteristics and geographic locations of these two
lakes may explain their sensitivity to climate and environmental
change during the late Holocene. Laguna Zoncho and Lago Morre-
nas 3C are both small (area <1 ha), shallow lakes (depth <3 m;
Table 1; Fig. 1). There is a strong correspondence in thermal con-
ditions in the mid- and high-elevation regions of Costa Rica for the
period between ~300 and 610 CE, which was characterized by
relatively high temperatures; for the period between ~1230 and
1600 CE, which was characterized by moderate temperatures; and
for the interval after ~1600 CE, which was characterized by the
onset of cooling (horizontal color bands in Fig. 4AB). In addition, the
multi-proxy paleoclimate records developed for both lakes
generate a relatively consistent picture of hydroclimate variability
during the TCD and the early portion of the MCA. The composition
of the chironomid community and the 8'3C values provide evidence
for a reduction in effective moisture and low lake level between
~700 and 1100 CE at Lago Morrenas 3C, which corresponds to the
timing of lake level decline at Laguna Zoncho (Wu et al., 2017). The
reduction in effective moisture that characterized the interval
spanned by the TCD and the MCA at Laguna Zoncho appears to be
more severe than the hydroclimate change observed at Lago Mor-
renas 3C. Although the dry season at Laguna Zoncho (Taylor et al.,
2013a) appears to be equally pronounced at Cerro missing accent
(Esquivel- Hernandez et al., 2018) in terms of precipitation amount
and duration of the dry season, elevated evaporation resulting from
higher MAAT at lower elevation along the Pacific slope may account
for the lake level decline observed at Laguna Zoncho during the
TCD-MCA interval. Additionally, the intermittent presence of rela-
tively high cloud cover during the dry season at Lago Morrenas 3C,
depending on the height of the northeast trade wind inversion and
other atmospheric conditions, could have reduced the evaporation
rate at the site by depressing the average monthly maximum
temperature (Coen, 1983).

4.3. Hydroclimate change in the northern tropical Americas during
Medieval times

Many proxy-based reconstructions of late Holocene hydro-
climate show evidence of environmental changes driven by climate
fluctuations during Medieval times, generally between ~500 and
1500 CE in the northern tropical Americas (Curtis et al., 1996; Haug
et al,, 2003; Lachniet et al., 2004; Hodell et al., 2005; Lane et al,,
2011a; Kennett et al., 2012; Douglas et al., 2016; see Table 3 for
more details). Earlier research, focusing on reconstructing vegeta-
tion dynamics and the fire history of the paramo in Chirripé NP
from the sediments of Lago Chirripé and Lago Morrenas 1, docu-
mented fires throughout the Holocene and the occurrence of severe
drought, lower lake levels, and increased wildfires at ~850 CE and
550 BCE (Horn and Sanford, 1992; Horn, 1993; League and Horn,
2000). The more recent interval corresponds to the time of the
most positive 313C values in the MOR3C core, which is inferred to

reflect an expansion of the C4 grass Muhlenbergia flabellata, under
cooler and drier conditions. Studies of 8'3Cc27—c33 and 8D25.33 of n-
alkanes from Lago Morrenas 1, however, suggested that the Valle de
las Morrenas was characterized by mesic conditions between ~550
and 1150 CE (Lane et al,, 2011a; Lane and Horn, 2013). Between
~1090 and 1310 CE, Taylor et al. (2013a) also identified a notable
decline in agricultural activities in southern Costa Rica, predating
the arrival of the Spanish by approximately 200 years, which is
inferred to reflect the influence of regional drought on agriculture.

Bhattacharya et al. (2017) synthesized the results of published
paleoenvironmental studies and provided robust evidence for se-
vere drying in Mesoamerica between ~800 and 1200 CE. The sites
included are mainly located northern Nicaragua, Mexico (i.e., the
cultural region of Mesoamerica) and in the Caribbean and tropical
Atlantic, with the sites experiencing severe droughts clustered in
northern Central America and Mexico. Most of those studies, which
used speleothems, lake, and marine sediments, and climate proxies
including stable isotopes, sediment geochemistry, biomarkers, and
flora and faunal remains, focused on exploring the relationship
between hydroclimate variability and cultural phases of the Maya
civilization during the TCD and MCA. Additional sites with detailed
paleoclimate and paleoenvironmental records from southern
Central America and elsewhere in tropical America are identified in
Table 3.

A synthesis of the spatio-temporal pattern of hydroclimate
variability for the interval between 500 and 1500 CE, incorporating
the sites in Table 3, is presented in Fig. 5. Notable drought occurs
between 500 and 1300 CE in central and southern Mexico, Belize,
Guatemala, Nicaragua, Costa Rica, Panama and the western
Dominican Republic. The precise timing of drought and environ-
mental change that occurred at the turn of the last millennium is
temporally variable in the tropical Americas. Yet, most of the study
sites in the northern tropical Americas experienced a drought in-
terval centered between ~750 and 1200 CE (Fig. 5B). The dry in-
terval identified in Costa Rica between 700 and 1100 CE coincides
well with dry conditions at Punta Laguna in Mexico (Curtis et al.,
1996), Lake Chichancanab in Mexico (Hodell et al., 2005), and Yok
Balum Cave in Belize (Kennett et al., 2012), and overlaps with dry
conditions between 430 and ca. 1000 CE in the western Dominican
Republic (Lane et al., 2009, 2011b). Hydroclimate conditions during
this interval are, however, spatially heterogeneous within the
broader region, with western Cuba (Fensterer et al, 2012),
Barbados (Ouellette, 2013), Venezuela (Haug et al.,, 2003) and
Panama (Lachniet et al., 2004) characterized by wetter conditions,
or alternating wet/dry cycles (Venezuela, Haug et al., 2003; Pan-
ama, Lachniet et al., 2004). In addition to the observed changes in
hydroclimate, notable changes in SSTs and terrestrial MAATs are
also documented during this interval. A decrease in SSTs is
observed in the western and southeastern Caribbean from 900 to
1200 CE (Site 12 in Fig. 5; Sorey, 2014) and from 800 to 1200 CE (Site
22 in Fig. 5; Tedesco and Thunell, 2003.

4.4. Drivers of hydroclimate change in Costa Rica during the TCD
and MCA

The TCD-MCA interval (~770—1250 CE) was characterized by a
spatially heterogeneous expression of hydroclimate change,
although it is generally associated with warmer conditions in the
mid-to-high latitudes in the Northern Hemisphere (Hughes and
Diaz, 1994; Mann et al., 2008). Fluctuations in global climate at
~1000 CE are believed to reflect the influence of enhanced solar
activity and reduced volcanic activity (Mann et al., 2005, 2009;
Haltia-Hovi et al., 2007; Cook et al., 2010). The forcing of regional
climate during the TCD-MCA interval is still not fully understood,
with the cause(s) of the observed hydroclimate anomalies in the
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Paleoenvironmental reconstructions of hydroclimate variability during TCD/MCA phase in the tropical Americas. Sites are numbered according to latitude with sites corre-
spondingly numbered in Fig. 5.

Site No.

Site Location

Proxy

TCD/MCA expression 500
—1200 CE

Sources

10

11

12

15

16

17

Dos Anas Cave, northwestern
Cuba

Punta Laguna, Mexico

Tecoh cave, northwest Yucatan
Peninsula

Lake Chinchancanab, Mexico

The Sierra de Manantlan
Biosphere
Reserve, west-central Mexico
Lake Aljojuca in Central Mexico

Laguna Castilla, Dominican

Republic

Laguna Felipe, Dominican
Republic

Lake Salpeten, Guatemala Lake
Chinchancanab, Mexico

Belize Central Shelf Lagoon

Lake Salpetén, Guatemala

Blue hole, western Caribbean
Sea near Belize

Laguna Yaloch (Holmul region),
Guatemala

Macal Chasm Cave, Belize

Juxtlahuaca Cave, Mexico

Juxtlahuaca Cave, Mexico

Yok Balum Cave, southern
Belize

Yok Balum Cave, southern
Belize

3'%0 in stalagmite

3'80 of the ostracod and
gastropod shells in lake
sediments

3'%0 in stalagmite

Bulk density, red and blue color
reflection in lake sediments

Pollen

Elemental geochemistry and
3'80 from authigenic calcite

Long-chain (>Cy5) n-alkane 3D,
3'80 in ostracods, pollen,
mineral influx in lake
sediments
3'80 in ostracods and 8'>C in
lacustrine biogenic carbonates

Plant wax carbon isotopes in
lake sediments

Particle size and elements
(e.g.Ti, K, Ti/Al) in lacustrine
(lagoon and channel) sediments

380 on valves of the ostracod,
Inorganic carbon in lake
sediments
3'°N in marine sediments

Magnetic susceptibility, 3'3C, C
%, N%, pollen, charcoal

reflectance, color,

luminescence, and 3'>C and
3'%0 in stalagmites

3'80 in JX-6 stalagmites
3'%0 in JX-6 and JX-7

stalagmites

3'3C in stalagmites

3'80 in stalagmite

Wetter condition between 950
and 1050 CE is observed, and
lower SSTs in the North Atlantic
possibly lead to a southward
shift of ITCZ
Relatively dry climate was
found from ~280 to 1080 CE
Multiple significant dry events
identified at ~600 CE, 860 CE
Rainfall greatly reduced, eight
severe droughts occurred btw
800—950 CE with an even
servere one 640—680 CE
A series of dry events
concentred in periods of 770
—870 CE, and 920—1100 CE
Dry interval observed between
750 and 1100 CE

A lont-term drought observed
from 500 to 1150 CE may have
caused abandonment of
Cantona and population
collapse in Cantona
Increased aridity found during
TCD (~750—1100 CE)

Wetter MCA detected from
1000 to 1300 CE based on
absence of carbonate material
and mineral-rich clay indicates
a northward migration of ITCZ
Aridrity between ~800 and
1200 CE forced extensive
agriculture to shift to intensive,
waterconservative maize
cultivation
Unusually low Ti counts and Ti/
Al inferred low precipitation
btw 800 and 900 CE. High Ti, Ti/
Al between 900 and 1350 CE
inferred more rainfall and wet
condition
Severe aridity identified
between 800 and 900 CE

Intensified upwelling btw 900
and 1200 CE, corresponded
strengthening trade wind
(Positive NAO)
Evidence for anomalously dry
conditions found from ~680 to
910 CE
A series of droughts
concentrated from 700 to 1135
CE

Dry condition peaked during
period of 600—900 CE and
megadrought observed at 770
CE
Intense dry condition observed
from 700 to 850 CE, Five short-
lived dry events during period
of 930—1300 CE
Notably dry from 850 to 950 CE
and 1000 to 1150 CE but with
negative NAO observed (short-
lived climate shifts related to
NH volcanic eruptions)
Drying trend between 660 and
1000 CE triggered collapse of

Fensterer et al. (2012)

Curtis et al. (1996)

Medina-Elizalde et al. (2010)

Hodell et al. (2005)

Figueroa-Rangel et al. (2008)

Bhattacharya et al. (2015)

Lane et al. (2009, 2014)

Lane et al. (2011b)

Douglas et al. (2015)

Agar Cetin (2014)

Rosenmeier et al. (2002)

Sorey (2014)

Wahl et al. (2013)

Webster et al. (2007)

Lachniet et al. (2012)

Lachniet et al. (2017)

Ridley (2014)

Kennet et al. (2012)
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Table 3 (continued )

19 Harrison's Cave, Barbados 3180 in speleothem

20 Lago El Gancho, Nicaragua 3'80 in ostracods

21 Cariaco Basin, Venezuela Ti% in marine core sediments
22 Cariaco Basin, Venezuela 3'80 in ostracods

23 Lago Morrenas 1 core 2, Costa Microscopic charcoal and

RicaLago Chirripo, Costa Rica pollen

24 Lago Morrenas 1 core 1, Costa 3D of long-chain alkane in bulk
Rica sediment

25 Lago Morrenas 1 core 1, Costa 3'3C of long-chain alkane in
Rica bulk sediment

26 Lago Morrenas 3C and Lago Charcoal and geochemical (C%,

Ditkebi, Costa Rica N%, 3'13C, 8'°C)

27 Lago Morrenas 3C Subfossil chironomids

28 Chilibrillo Cave, Canal Zone, 380 in stalagmite
Panama

29 Laguna Zoncho, Costa Rica Chironomids-based

temperature inference model

polities, followed by population
collapse during an extended
drought between 1020 and
1100 CE.

Wet condition observed
between 850 and 1150 CE
Wetter condition between 950
and 1250 CE inferred from low
3'80, indicating a La Nina-like
condition in the tropical Pacific
An extended regional dry
period is found with more
punctuated intense multi-year
droughts at approximately 810,
860, and 910 CE
Strong upwelling caused SST
cooling observed between 800
and 1200 yr BP
Charcoal peak identified at
1100 CE and abundant isoetes
pollen at approximately 900 CE,
suggesting dry condition
Low dD inferred reduce in E/P
ratio arround 1000 CE,
suggesting wetter climate
C4 plants may lightly shrink
approximately between from
800 to 1200 CE, indicating
wetter condition
Low lake level observed from
~750 to 1100 CE, intense
drought may occur between
850 and 1100 CE, severe local
fires found during periods of
550—750 CE and 1050—1200 CE
Cold phase detected from ~610
to 1230 CE
Weakenend monsoon observed
from 1100 to 1200 CE, andfrom
750 to 950 CE, with even drier
period during 550—650 CE
Extremely low head capsules
recovery between 730 and
1110 CElike indicating low
effective moisture in the lake

Ouellette thesis (2013)

Stansell et al. (2013)

Haug et al. (2003)

Tedesco and Thundell (2003)

Horn (1993); Horn and Sanford (1992)

Lane and Horn (2013)

Lane et al. (2011a)

Wu and Porinchu, under review

This study

Lachniet et al. (2004)

Wau et al. (2017)

northern tropical Americas between ~500 and 1500 CE a source of
debate (Jones et al., 1999; Gosse et al., 2004; Diaz et al., 2011). The
general trends highlighted in global-scale syntheses (Mann et al.,
2009) often mask the heterogeneous response of the climate sys-
tem at finer spatial scales (Giorgi and Avissar, 1997), and conse-
quently, global studies may be insufficient for documenting the
response of the climate system to various forcings at regional
scales. Improving our understanding of regional climate dynamics,
as well as recognizing the importance of spatial variability of
hydroclimate change in controlling regional patterns, will signifi-
cantly improve our ability to model regional response to future
climate forcings (Cubasch et al., 2001; Giorgi et al., 2001; Radi¢
et al., 2014). Comparison of the late Holocene proxy records of
hydroclimate change from Costa Rica developed in this study, to
existing records, provides the opportunity to assess the various
mechanisms that have been invoked to account for climate and
environmental change in Mesoamerica between ~500 and 1500 CE.

Enfield and Alfaro (1999) and Giannini et al. (2000) proposed a
link between variations in the strength of Atlantic Meridional
Overturning Circulation (AMOC) and hydroclimate variability in
Central America and the Caribbean. A decrease in the density of
North Atlantic surface waters, in response to increased ice-rafting

debris, such as during Bond events (Fig. 6f), would reduce the
strength of AMOC because of increased freshwater input at the loci
of North Atlantic Deep Water (NADW) formation (Bond et al., 1997;
Bianchi and McCave, 1999; Keigwin and Boyle, 2000). A reduction
in the strength of AMOC would result in reduced northward
transport of warm tropical water in the Atlantic, facilitate the
development of an anomalously warm pool in the Caribbean, and
change the sea temperature gradient in the Atlantic (Bond et al.,
1997, 2001; Bianchi and McCave, 1999; Keigwin and Boyle, 2000).
The consequent increase in the SST gradient would result in the
mean summer position of the ITCZ migrating southward, resulting
in drought in the northern tropical Americas and Caribbean
(Enfield and Alfaro, 1999; Giannini et al., 2000). Important ice
drifting events in the North Atlantic, however, appear to have
limited overlap with the dry interval (~700—1100 CE) identified in
Costa Rica and elsewhere in the northern tropical Americas, and
occurred during an interval of anomalously low SSTs in the Carib-
bean (Table 3 and Fig. 5; site 22: Tedesco and Thunell, 2003; site 12:
Sorey, 2014). This suggests that ice rafting episodes were not
directly responsible for the extended droughts observed in the
northern tropical Americas between ~700 and 1100 CE.

The existence of an inter-oceanic temperature gradient between
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the eastern tropical Pacific and the tropical Atlantic has also been
invoked to explain the observed hydroclimate variability between
~600 and 1200 CE in the northern tropical Americas (Enfield and
Alfaro, 1999; Giannini et al., 2000; Taylor et al., 2002; Wahl et al.,
2014). Meteorological data indicate that summer precipitation in
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the Caribbean and Central America decreases when the tropical
Atlantic is anomalously cool and the eastern tropical Pacific is
anomalously warm (Enfield and Alfaro, 1999; Giannini et al., 2000).
Douglas et al. (2015, 2016) and Lachniet et al. (2017) hypothesized
that an SST gradient between the Atlantic and the Pacific basins,
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associated with El Nino-like conditions, could result in the hydro-
climate anomalies observed in Mesoamerica during the TCD and
MCA. Proxy-based reconstructions of late Holocene ENSO activity
in the Galapagos Islands (Fig. 6g; Conroy et al., 2008) and Ecuador
(Fig. 6h; Moy et al., 2002), however, do not provide support for
more frequent El Nino events (warm anomalies) in the eastern
tropical Pacific during the TCD-MCA interval. In addition, climate
model simulations using paleoclimate proxy data suggest the ex-
istence of La Nina-like conditions characterized by depressed SSTs
in the eastern tropical Pacific between ~950 and 1250 CE (Seager
et al, 2007; Mann et al., 2008, 2009). At present, the limited
number of high-resolution SST reconstructions for the eastern
tropical Pacific precludes a thorough test of the hypothesis that
droughts between ~600 and 1200 CE in Mesoamerica were driven
by a temperature gradient between the eastern tropical Pacific and
the tropical North Atlantic.

Recently, Bhattacharya et al. (2017) identified a mechanism that
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can account for the spatio-temporal pattern of widespread drought
observed in the northern tropical Americas and anomalous cooling
in the tropical North Atlantic between ~600 and 1200 CE.
Bhattacharya et al. (2017) identified two intervals characterized by
a statistically significant probability of widespread drought in the
northern tropical Americas: 400—600 CE and 800—1200 CE. Gen-
eral circulation model (GCM) simulations highlight the influence of
SSTs in the tropical North Atlantic on the spatial pattern of hydro-
climate variability in the northern tropical Americas during these
two intervals. Anomalously low SSTs in the tropical North Atlantic
lead to decreased evaporation and reduced boundary layer mois-
ture over the Caribbean, with stronger northeast trade winds
further contributing to cooling as a result of positive wind-
evaporation-SST feedback (Xie and Carton, 2004). Stronger north-
east winds, together with reduced boundary layer moisture, would
facilitate elevated moisture divergence, with moisture transport
increasing towards the northern Gulf of Mexico, but decreasing in

Cold
Laguna Zoncho, CostaRica [ 18
(Wu et al., 2017) | 20
Chironomid
- 22 -based
L 24 MAAT (C)
Warm
Cold/Dry
F-18
I _22 Lago Morrenas 3C
Lago Morrenas 3C, Costa Rica [~ 13 (o
(Wu et al., under review) L 24 d~c (A' VPDB)

Warm/Wet

Fire severity

r e High
r 30 DKB Charcoal
Lago Ditkebi, Costa Rica r 20 Influx
(Wu and Porinchu, under review) | 10 (>125 m-n)
F (#cm?lyr)
-0 Low

El Junco Lake, Galapagose El Nino events

(Conroy et al., 2008) - 30 More
" 20 Sand
L 40 content
(%)
Less

NE trade wind strength

-3 .
[ 3 Strong
[ 3 NAO
Model-based NAO index [ -1 index
(Oslen et al., 2012) F -
T v T T T v T T T T T T T v T v T v T v T T T v T T T v T T T L T v T T T ¥ '3 Weak

T T T T
Age (CE/BP) 2000 1900 1800 1700 1600 1500 1400 1300 12001100 1000 900 800 700 600 500 400 300 200 100 O -50
I \ICA interval defined in Mann et al. (2009)

CE/BC

I TCD interval defined in Hodell et al. (2005)

TCD interval observed in Kennett et al. (2012)
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this article.)
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the circum-Caribbean. The effect of depressed SSTs in the tropical
North Atlantic on the North Atlantic Subtropical High (NASH),
northeast trade wind strength, and boundary layer moisture
transport coupled with a wind-evaporation-SST feedback, leads to a
distinct dipole pattern with northern Mexico getting wetter and
southern central America getting drier between 600 and 1200 CE
(Bhattacharya et al., 2017).

Analysis of the instrumental record identifies the existence of a
dipole pattern in precipitation in this region associated with the
negative phase of the Atlantic Multidecadal Oscillation (AMO) and
the positive phase of the North Atlantic Oscillation (NAO) (Fig. 7;
Bhattacharya et al., 2017). The negative phase of the AMO, defined
by negative SST anomalies (SST cooling) in the tropical North
Atlantic and intra-America seas, reduces evaporation, decreases
boundary layer moisture, and suppresses convection and tropical
storm formation over southern Central America and northern
South America (Mestas-Nunez et al., 2007). The positive phase of
NAO, which is characterized by an enhanced sea-level pressure
(SLP) gradient between the Icelandic Low and the North Atlantic
Subtropical High (NASH), results in a stronger NASH and northeast
trade winds, lower SSTs, and reduced atmospheric humidity over
the intra-America seas and southern Central America, leading to
drying in this region (Giannini et al., 2000; Hurrell and Deser, 2010).
The suggestion that the interval between ~600 and 1200 CE was
characterized by a positive NAO is supported by a study doc-
umenting that NAO values were highly positive, ranging from 1 to
2.5, between 600 and 840 CE and between 900 and 1050 CE (Fig. 6i;
Olsen et al,, 2012). This hypothesis is also supported by model
simulations that suggest lower SSTs, stronger NASH, and stronger
northeast trade winds and reduced boundary layer moisture
transport can account for the dry conditions observed in southern
Central America during the last two millennia (Bhattacharya et al.,
2017).

Another mechanism proposed to explain the severe droughts
generally between 500 and 1500 CE in the northern tropical
Americas relates to the southern migration of the ITCZ (Haug et al.,
2003; Hodell et al., 2005, 2007). Today, a more southerly (north-
erly) mean position of the ITCZ is typically associated with drier
(wetter) conditions in southern Central America (Coen, 1983;

Martinson, 1993; Clawson, 1997; Lane et al., 2011a). The mean po-
sition of the ITCZ is tightly linked to the inter-hemispheric gradient
of SSTs (Wagner et al., 1996; Xie and Carton, 2004; Broccoli et al.,
2006; Chiang and Friedman, 2012; Schneider et al., 2014). Anom-
alous cooling of the Northern Hemisphere, including the tropical
North Atlantic, results in a southward migration of the mean po-
sition of the ITCZ, which in turn results in reduced rainfall and
enhanced drought in the northern tropics (Fig. 7; Xie and Carton,
2004; Chiang and Friedman, 2012; Schneider et al., 2014;
Bhattacharya et al., 2017). A positive feedback may occur with the
southward migration of the ITCZ leading to strengthened northeast
trade winds and decreased cloud cover in the tropical Northern
Hemisphere, allowing more long-wave radiation to escape to the
atmosphere, further contributing to a decrease in SSTs in the
tropical North Atlantic (Fig. 7; Xie and Carton, 2004). In fact, evi-
dence of negative SST anomalies is documented in marine sediment
cores from the Cariaco Basin between 750 and 1150 CE (Site 22 in
Fig. 5; Tedesco and Thunell, 2003) and from the northwest Carib-
bean between 900 and 1200 CE (site 12 in Fig. 5; Sorey, 2014),
generally corresponding to the timing of depressed MAAT at
MOR3C. Therefore, in addition to the influence of the tropical SSTs
in North Atlantic, a southward shift in the mean position of the ITCZ
may have also played an important role in enhancing the drought
that characterized the TCD-MCA interval in Central America (e.g.
Haug et al., 2003; Hodell et al., 2005; Lane et al., 2014).

The chironomid-inferred cooling observed at Lago Morrenas 3C
between 610 and 1230 CE may reflect the influence of the tropical
North Atlantic and Pacific on terrestrial climate in southern Central
America during this interval. Pounds et al. (2006) showed that
variations in tropical SSTs and adjacent terrestrial air temperature
between 30 °S and 30 °N are positively correlated based on
instrumental data (1950—2000 CE). A model-based study deter-
mined that anomalies in land surface (air) temperature (LST) in
southern Central America, including Costa Rica, match in sign with
SST anomalies in the surrounding ocean (Los et al., 2001). Addi-
tional support for coupling of land surface temperature (LST) in
southern Central America and SSTs in the tropical Atlantic can be
found in work by Smith et al. (2008). A simulation of low-frequency
and inter-decadal-scale anomalies of global temperature, including
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SST and LST, for the interval between 1860 and 2000 CE, provided
evidence for the existence of a positive correlation between LST
temperature anomalies in southern Central America and SSTs in the
tropical North Atlantic and Pacific during the test period (Smith
et al., 2008). The chironomid-inferred cooling at Lago Morrenas
3C, which began at ~610 CE, tracks the increasingly positive NAO
index, which would drive decreasing SSTs in the western and
southeastern Caribbean during this time (Figs. 6 and 7). Therefore,
reduced SSTs in the tropical North Atlantic (negative AMO) may be
a factor influencing hydroclimate conditions during the TCD and
MCA in Costa Rica, and at other sites in the northern tropical
Americas.

The paleoenvironmental record developed for Lago Morrenas
3C, together with the record previously reported for Laguna Zon-
cho, identify the existence of cool, dry conditions in mid- and high-
elevation regions in Costa Rica between 610 and 1230 CE. The near
absence of sub-fossil chironomid remains in the Zoncho core dur-
ing this interval suggests that the decrease in effective moisture
may have been greater here than in the highlands. Although
depressed SSTs in the tropical Atlantic and a more southerly posi-
tioned ITCZ during the TCD-MCA interval would reduce rainfall
across southern Central America, mid- and low-elevation sites on
the Pacific slope can be more significantly affected. Additionally, if
the southward penetration of the polar outbreaks and associated
cold fronts are limited during the dry season, the intensity of the
dry season would be amplified and strongly expressed at low to
mid-elevations along the Pacific slope in Costa Rica. This may imply
a higher vulnerability of hydrologic systems located at low to mid-
elevations on the Pacific slope relative to the Atlantic slope of Costa
Rica during intervals of severe drought when the mean annual
position of ITCZ and/or the northernmost position of the ITCZ are
located further south.

5. Conclusions

Analysis of sub-fossil chironomid remains from a sediment core
recovered from Lago Morrenas 3C, a high-elevation glacial lake
located in Chirripé NP, Costa Rica, documents the occurrence of
notable faunal turnover between ~610 and 1230 CE. The change in
the chironomid assemblage between ~610 and 1230 CE is inferred
to reflect the onset of pronounced cooling, lower lake level, and a
decrease in effective moisture. The existence of more positive 3'>C
values between 700 and 1100 CE at Lago Morrenas 3C, which is
inferred to reflect the expansion of Muhlenbergia, a C4 grass with a
preference for cold and dry habitats, supports the chironomid-
based interpretation. Evidence for a severe drought at that time is
also documented at Laguna Zoncho, a mid-elevation lake located on
the Pacific slope of southern Costa Rica. These records together
suggest that southern Central America was characterized by a
relatively warmer and wet climate between 300 and 610 CE, in-
termediate temperatures and drier conditions between ~1230 and
1600 CE, and cold conditions between 1600 CE and present. These
hydroclimate shifts in southern Central America between ~610 and
1230 CE generally overlap the MCA-TCD interval, and their timing
supports the hypothesis that depressed SSTs, a stronger SLP
gradient and NASH in the tropical North Atlantic, and a more
southerly ITCZ position could account for the severe droughts in the
tropical Americas from ~700 to 1100 CE.
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