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Abstract

New compound-specific isotope analyses of a sediment core from Laguna Los Mangos in
southern Pacific Costa Rica improves understanding of late-Holocene precipitation change in a
region with limited paleoprecipitation records that is vulnerable to future climate change. We
established paleoprecipitation and paleovegetation records from compound-specific stable
hydrogen and carbon isotopic compositions of terrestrially-derived n-alkanes (§*Haikane and
8'3Caikane) to assess paleohydrologic variability and potential linkages to paleoecological change
and human activity as revealed by prior analyses of the Los Mangos core. The §?Haikane values
were corrected for isotopic fractionation using pollen counts from the same core. The Los
Mangos record extends to 4200 cal yr BP and small increases in §'3C values of Ca9, +0.6%o, and
Cs1 alkanes, +0.3%o, (8'°Cc29,31) indicate a slight increase in Cs vegetation after initial
introduction of maize agriculture to the watershed at ca. 3360 cal yr BP. This slight increase in
C4 vegetation is followed by the largest positive carbon isotope excursions in the record, as
compared to record averages (8'*Cca9 = +3.2%o, 8'°Cc31 = +5.0%0). Paleohydrologic variability
likely influenced vegetation and human activity at Los Mangos. Lake desiccation during the late-
Terminal Classic Drought (TCD) resulted in a sedimentary hiatus in the Los Mangos record from
ca. 950 to 450 cal yr BP. Positive excursions in comparison to record averages occur for both
8*Hca9 and 8?Hcsi proxies (8°Heao = +25.3 to +13.4%o and §*Hcs1 = +6.5%o0) during the middle
Little Ice Age (LIA) and indicate drier than average conditions, but there is no evidence of
desiccation during this period. Thus, drought conditions during the LIA were apparently not as
severe at Los Mangos as during the TCD, possibly because of differing forcing mechanisms for

LIA climate that originated, or were more clearly expressed, in the Atlantic basin.
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1.0
Introduction

Sedimentary records of past climate variability and prehistoric human-environment
interactions offer temporally-unique insights into the range of climate variability, the evolution
of complex ecological systems, and the response of human populations to environmental
stressors (Bhattacharya et al., 2015; Haug et al., 2003; Hodell et al., 2005; Kerr et al., 2020; Lane
et al., 2014). Understanding how natural and human systems respond to climatic stress on
decadal to centennial timescales is particularly important with projected increases in the
amplitude and duration of extreme climate conditions over the coming decades (Magrin et al.,
2014). Periods of time with spatially and temporally robust proxy evidence for anomalous
regional climate conditions such as the Terminal Classic Drought (TCD; 1200 to 850 cal yr BP)
or Little Ice Age (LIA; 500 to 100 cal yr BP) offer particularly good case studies that, in
combination, can also be used to isolate potential climate forcing mechanisms. Bhattacharya et
al. (2017) and Wu et al. (2019) compiled climate proxy records during the TCD and Lane et al.
(2011a) compiled records during the LIA that document drought in the circum-Caribbean to
discuss specific climate forcing mechanisms that may have caused regional droughts. However,
those studies demonstrated a lack of records from sites on the Pacific slope of Middle America or
with precipitation regimes controlled primarily by atmospheric forcing mechanisms associated

with the Pacific Ocean. Such records are required to isolate potential climate forcing mechanisms
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for the circum-Caribbean because of the region’s sensitivity to both Atlantic and Pacific climate
dynamics (Giannini et al., 2001).

Laguna Los Mangos (Los Mangos) is a freshwater lake on the Pacific slope of Costa Rica
in the Térraba River basin, where the precipitation regime is strongly linked to Pacific ocean-
atmospheric dynamics such as the El Nifio-Southern Oscillation (ENSO; George et al., 1998;
Krishnaswamy et al., 2001). Johanson et al. (2019) analyzed the Los Mangos sediment core for
pollen, charcoal, and bulk sediment geochemistry to interpret the timing and spatial variability of
pre-Columbian land use and modification. Pollen analysis of the Los Mangos core indicated that
the site supported tropical moist forest dominated by Cs plants prior to forest clearance for
prehistoric maize agriculture (Johanson et al., 2019). Maize pollen first appears in the Los
Mangos sedimentary record around 3360 cal yr BP and persists until the early TCD (1170 cal yr
BP), signaling continual agricultural activity and the expansion of C4 plants. §'*Croc values
remain above the profile mean after 3360 cal yr BP until the middle LIA, offering some insight
on the scale of vegetation change to the area, which is not possible by analyzing pollen alone.
The 8'*Croc record is particularly valuable for estimating the scale of past maize cultivation.
Maize pollen disperses only short distances (Raynor et al., 1972), and is typically rare in
sediment cores even when present (Horn, 2006), such that pollen percentages may not be
sensitive to the extent of maize agriculture in watersheds (Taylor et al., 2013). The addition of
8'3*Croc values assists in detecting dominant photosynthetic pathways through the Los Mangos
record, allowing for interpretations of vegetation replacement due to agricultural activities even
if maize pollen counts are low (Lane et al., 2009a). Johanson et al. (2019) hypothesized that
extreme drought and associated decreases in lake level during the early TCD would have

significantly affected maize agriculture around Los Mangos due to decreased water availability.
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Agriculture proxies such as 8'*Croc, charcoal area influx, carbon to nitrogen ratios (C:N), and
percent organic matter (%OM) all show decreasing values just after ca. 1170 cal yr BP and
extending through the LIA and Spanish arrival (Johanson et al., 2019). No data are available for
the period 950—450 cal yr BP, when drought resulted in a hiatus in the sediment profile
(Johanson et al., 2019). Johanson et al. (2019) concluded that severe aridity during the late TCD,
aridity during the LIA, and population decline from the spread of disease following the Spanish
Conquest drove declines in agricultural activity around Los Mangos until the twentieth century.
However, bulk sediment isotope and pollen datasets can be ambiguous when trying to isolate
natural vs. anthropogenic changes in the environment. The addition of more diagnostic
compound-specific isotope proxies at Los Mangos could improve our understanding of regional
climate variability and the response of both natural and anthropogenic systems to such variability
through time. Analyzing 8"*Caikane and 8*H aiane proxies can reveal how climatic events
influenced Los Mangos and how such events may have affected human occupation, as previously

explored by Johanson et al. (2019) based on bulk stable isotopes, charcoal, and pollen.

In this study, we apply carbon and hydrogen isotope analyses of terrestrially-derived n-
alkanes to the Los Mangos sediment core to assess whether clear linkages exist between
paleoprecipitation dynamics, vegetation change, and agricultural activity over the Late Holocene.
We also investigate the expression of the TCD and LIA on the Pacific slope of southern Costa
Rica to better understand potential forcing mechanisms for extended drought events in this

region of scarce studies.

2.0

Regional setting
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2.1
Laguna Los Mangos

Los Mangos (9.0894 N, 83.4666 W) is a 0.3 ha, closed basin freshwater lake located at
475 m elevation in the Fila Costefia of southern Pacific Costa Rica. The Los Mangos basin
appears to have formed from a landslide around 4300 cal yr BP and has a maximum water depth
of 0.5 m (Johanson et al., 2019). Johanson et al. (2019) retrieved a sediment core 752 cm long in
2014 near the center of Los Mangos; all prior and compound-specific (this study) proxies are
derived from this sediment core.

Los Mangos is located within the Diquis subregion of the Gran Chiriqui archaeological
region of southern Pacific Costa Rica and western Panama. The major cultural periods of the
Diquis subregion document the transformation from hunter-gathers to a complex hierarchical
society with large populations dependent on maize agriculture (Corrales, 2000). The latest
period, the Chiriqui period, ended with the Spanish Conquest, when the Chiriqui lost an
estimated 90-95% of its population (Dobyns, 1966).

Sediment cores have been analyzed from several other lakes in the Diquis subregion:
Laguna Zoncho cores spanning 3600 cal yr BP to present (Clement and Horn, 2001; Lane et al.,
2004; Taylor et al., 2013; Taylor et al., 2020), Santa Elena spanning ca. 1950 cal yr BP to present
(Anchukaitis and Horn, 2005; Kerr et al., 2020), Vueltas spanning from at least 1200 cal yr BP to
present (Horn and Haberyan, 2016), and Gamboa from 2500 cal yr BP to present (Horn, 2006)
are located in the southeastern part of the Diquis subregion, and their records begin at or after the
arrival of maize agriculture (Figure 1, top; Horn, 2006). Lagunas Danta (ca. 800 cal yr to
present) and Carse (ca. 350 cal yr BP to present) (Johanson et al., 2020) are located near Los

Mangos in the western part of the Diquis subregion, but their records cover less than 800 years,
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beginning well after the arrival of maize agriculture. Only Los Mangos in the western Diquis has
a record that begins prior to the establishment of maize agriculture, establishing a baseline for the
natural environment (Johanson et al., 2019).
2.1.1
Present regional precipitation dynamics

Precipitation dynamics in Central America are influenced by multiple forcing
mechanisms related to latitudinal position, isthmian geography, and topography. Southern
Pacific Costa Rica receives 2500-5000 mm precipitation annually (Instituto Meteoroldgico
Nacional), with a rainy season from May to October (Sanchez-Murillo et al., 2016). Generally,
the descending branch of the Hadley cell controls regional circulation. The trade winds dominate
low-level circulation during the dry season (November—April, Durdn-Quesada et al., 2020) with
dominant easterly flow reducing precipitation along the Pacific coast of Costa Rica, because of
rain shadowing and intensification of the easterly Caribbean Low-Level Jet (Wang, 2007;
Hidalgo et al., 2019). In the wet season, the northward migration of the Pacific limb of the ITCZ
decreases trade wind intensities and creates cross-equatorial winds that recurve to become
southwesterly and transport Pacific moisture into southwestern Costa Rica via the westerly
Chorro del Occidente Colombiano (CHOCO) jet that does not typically penetrate past the
Cordillera (Sanchez-Murillo et al., 2016). Numerous anomalous events may disrupt normal state
conditions for Costa Rica, one major influencing anomalous event is the El Nino-Southern

Oscillation (ENSO) originating in the tropical Pacific.

ENSO events can be termed either cold “La Nifia” or warm “El Nifio” events. Cold and
warm events are fundamentally different, and all events differ from one another (Sarachik and

Cane, 2010). ENSO is mainly controlled by anomalous heating in the central and eastern
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equatorial Pacific, which develops a zonal seesaw in sea level pressure between the eastern
equatorial Pacific and the tropical Atlantic. Lower than average sea level pressures occur in the
eastern equatorial Pacific with higher than average sea level pressures in the tropical Atlantic
(Curtis and Hastenrath, 1995; Hastenrath and Heller, 1977; Covey and Hastenrath, 1978; Poveda
and Mesa, 1997; Giannni et al., 2001). Drier than average conditions occur in the Caribbean
Basin during July-October of the first year of a warm ENSO event due to divergence in the basin
(Ropelewski and Halpert, 1987, 1996). During dry years the velocity and duration of the
northeast trade winds and associated Caribbean Low-Level Jet increase over the Caribbean
because of opposing signs of pressure in the North Atlantic and the eastern equatorial Pacific
(Hastenrath and Lamb, 1977; Waylen and Laporte, 1999; Bhattacharya et al., 2017). This trade
wind dynamic results in increased precipitation on the Caribbean slope of Costa Rica from
onshore flow of northeast trade winds (Vargas and Trejos, 1994), while the Pacific slope of
Costa Rica, which lies in the rain shadow, experiences lower rainfall than the Caribbean slope
because of the significant orographic effect of the central highlands (Vargas and Trejos, 1994).
Additionally, Pulwarty and Diaz (1993) found during warm ENSO events the eastern equatorial
Pacific intertropical convergence zone (ITCZ) shifts to a south-west position, which would also
inhibit convection and decrease rainfall along the Pacific slope of Costa Rica (Duran-Quesada et

al., 2020).

Pacific Ocean dynamics most directly influence the precipitation regime around Los
Mangos today, with ENSO as one of the strongest controls on inter-annual precipitation
variability in the Térraba watershed (George et al., 1998; Krishnaswamy et al., 2001).
Ropelewski and Halpert (1987) identified seventeen global regions with teleconnections between

ENSO and regional precipitation, of which Central America and the Caribbean is one. Waylen et



184  al. (1996) analyzed precipitation totals from over 100 stations in Costa Rica to determine

185  responses of precipitation to ENSO events and found annual precipitation varies by region due to
186  different responses to ENSO. Generally, along Costa Rica’s Pacific slope droughts occur during
187  warm (EI Nifo) events. Specifically, in the Térraba river basin, a hydrologic year may be

188  generally defined as dry (El Nifio), wet (La Nifa), or normal, depending on the ENSO forcing

189  (Krishnaswamy et al., 2001).

190 The North Atlantic Oscillation (NAQO), a major contributor to interannual variability in
191  atmospheric circulation (Hurrell, 1995), also influences Central American rainfall variability
192  (Giannini et al., 2000; Bhattacharya et al., 2017). The positive phase of the NAO decreases
193  precipitation in the Caribbean region due to surface divergence or subsidence (Giannini et al.,
194  2001). NAO phases also describe the state of the North Atlantic subtropical high (NASH)

195  pressure cell (Lachniet et al., 2017). A positive NAO is associated with a stronger NASH,

196  reducing boundary layer moisture over southern central America (Bhattacharya et al., 2017).
197  Through analysis of proxy and instrumental records and general circulation model simulations,
198  Bhattacharya et al. (2017) found the NAO to be negatively correlated with precipitation in

199  Mexico and Central America, but this correlation is geographically focused along the Atlantic
200  coast. A warm ENSO event paired with a positive NAO phase could constructively interfere to
201  enhance drought conditions, but along the Pacific slope in southern Costa Rica, ENSO is the

202  leading ocean-atmospheric influence on interannual variability (Durdn-Quesada et al., 2020).

203 The latitudinal range of the seasonal migration of the ITCZ also exerts major control over
204  sub-annual and inter-annual patterns of precipitation in Central America and is sensitive to sea
205  surface temperature gradients and radiative forcing between the Northern and Southern

206  Hemispheres (Broccoli et al., 2006). In both the eastern-central Pacific and the Atlantic Oceans
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the ITCZ displays an annual cycle of latitudinal migration (Wang and Wang, 1999). Rasmusson
and Carpenter (1982) proposed that eastern-central Pacific ITCZ variability is driven by the
relationship between sea surface temperature (SST) gradients and ENSO, while the Atlantic

ITCZ dynamics are more complex (Chiang et al., 2000).

The Cariaco Basin is located at about 10 °N and represents a well-studied site used to
interpret the position of the Atlantic ITCZ through time based on the elemental composition of
the laminated marine sediments that accumulate in this marine basin. Haug et al. (2001, 2003)
interpreted titanium content (%T1) in the Cariaco Basin sediments as a direct measure of
terrigenous sediment delivery resulting from variations in regional rainfall and river runoff in
northern South America. Seasonal patterns of latitudinal migration of the Atlantic ITCZ are
recorded in the sediments of the anoxic Cariaco Basin by alternation between terrigenous and
marine-dominated material, and the amount of terrigenous material can be used to infer the
position of the Atlantic ITCZ (Haug et al., 2001). Generally, a more northerly mean annual
position of the Atlantic ITCZ creates wetter conditions for much of the circum-Caribbean and a
drier climate is expected when the Atlantic ITCZ is in a more southerly mean annual position
(Figure 1, bottom).

2.1.2
Past regional precipitation dynamics

Haug et al. (2003) inferred multiyear drought events through %Ti minima beginning at
ca. 1040 cal yr BP, 1090 cal yr BP, 1140 cal yr BP, and 1190 cal yr BP in the Cariaco Basin
record. These multiyear drought events coincide with the period known as the Terminal Classic
Drought (TCD; 1200 cal yr BP to 850 cal yr BP). The TCD is a period of severe drought that

occurred in two distinct phases from about 750-875 AD and ~1000-1075 AD (~1200-1075 cal
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yr BP and ~950-875 cal yr BP; Hodell et al., 2005) and is one of the driest intervals in the region
within the last millennium (Bhattacharya et al., 2017). Numerous studies have correlated the
timing of the TCD to the timing of the demise of the Classic Maya civilization in the Yucatan
Peninsula (Haug et al., 2003; Hodell et al., 2005; Webster et al., 2007). Aridity during the TCD
is also evident at locales outside of the Yucatan Peninsula including the Basin of Mexico
(Lachniet et al., 2012), Caribbean Antilles (Lane et al., 2009b, 2014), Belize (Kennett et al.,
2012), Panama (Lachniet et al., 2004), and Costa Rica (Lane and Horn, 2013; Taylor et al., 2013,

2020; Wu et al., 2017, 2019; Kerr, 2019; Kerr et al., 2020).

Several climate forcing mechanisms have been linked to the TCD: changes in solar
activity (Hodell et al., 2001), shifts in the ITCZ (Hodell et al., 2005), significant volcanic
eruptions in the past 2500 years (Sigl et al., 2015), and anthropogenic deforestation by the Maya
and other pre-Columbian peoples (Oglesby et al., 2010). However, Bhattacharya et al. (2017)
hypothesized that solar activity changes were quite small over the time period of the TCD. Also,
volcanic activity (Sigl et al., 2015) and anthropogenic deforestation (Oglesby et al., 2010; Cook
et al., 2012) could have amplified the cooling and aridity of the TCD, but further research is
needed to determine if those two mechanisms caused the TCD (Bhattacharya et al., 2017).
Bhattacharya et al. (2017) analyzed proxy data and general circulation models to investigate long
term drought dynamics in Middle America, which revealed the TCD was driven by basin-wide
cooling in the North Atlantic, amplification of the North Atlantic Subtropical High (NASH), and

atmospheric drying over southern Central America.

Other notable %Ti minima in the Cariaco Basin record are evident during the timing of
the Little Ice Age (LIA) with %Ti levels lower than values occurring during the Younger Dryas

(Haug et al., 2001). The LIA is another severe, multidecadal period of drought that may have
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been a larger magnitude drought than the TCD. Until recently, the LIA was only thought to have
affected high-latitude climates, particularly in the North Atlantic. There is now evidence of LIA
cooling in the tropical Andes from oxygen isotope compositions of glacial ice (Thompson et al.,
2006); sedimentary evidence indicating LIA glacial advance in the Andean highlands (Markgraf
et al., 2000; Polissar et al., 2006); geochemical evidence of LIA aridity from sediment cores
from the Caribbean slope of the Cordillera Central, Dominican Republic (Lane et al., 2011a), the
Yucatan Peninsula (Hodell et al., 2005), Nicaragua (Stansell et al., 2013), and the Gulf of
Mexico (Richey et al., 2007); and evidence of LIA cooling from chironomid assemblages in
southern Pacific Costa Rica (Wu et al., 2017). Few paleoclimate records include evidence of LIA
climate change in the Pacific, but Sachs et al. (2009) documented significant changes in the
latitudinal range of migration of the Pacific ITCZ during the LIA. Typically, the modern ITCZ
ranges from 3—10 °N in the boreal winter and summer, respectively; however, Sachs et al. (2009)
provided evidence of dry climates on Washington Island (4° 43N, 160° 25’ W) in the Northern
Line Islands during the LIA related to a near-equator positioned ITCZ, supporting the idea of a

change in the latitudinal range of migration of the Pacific ITCZ.

The decreased temperatures and increased aridity during the LIA in the high latitudes of
the Northern Hemisphere and the circum-Caribbean, respectively, are thought to have been
caused by decreases in solar insolation. During the LIA, the Maunder and Spdrer sunspot minima
occurred (Stuiver and Braziunas, 1989), along with increased volcanic activity (Crowley et al.,
2003), resulting in decreased solar insolation that favored a negative NAO phase (Shindell et al.,
2001) and weakened the Atlantic Meridional Overturning Circulation (AMOC; Lund et al.,
2006). In turn, this decrease in solar insolation caused a decrease in both Atlantic and Caribbean

sea surface temperatures (SST; Druffel, 1982; Winter et al., 2000; Wantanabe et al., 2001) and
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therefore, decreased the cross-equatorial SST gradient. This decreased cross-equatorial SST
gradient restricts the ITCZ movement into the northern tropics and results in a drier climate for

Central America (Peterson and Haug, 2005; Lane et al., 2011a; Burn and Palmer, 2014).

Both the TCD and LIA are hypothesized to have resulted primarily from Atlantic climate
variability, leading to droughts in the circum-Caribbean (Lane et al., 2011a; Bhattacharya et al.,
2017). Yet, paleorecords used to analyze the TCD (Hodell et al., 1995; 2005; Curtis et al., 1996;
Haug et al., 2003; Webster et al., 2007; Lane et al., 2009b, 2011b, 2014; Kennett et al., 2012;
Fensterer et al., 2013; Bhattacharya et al., 2015; 2017; Douglas et al., 2015) and the LIA (Haug
et al.,2001, 2003; Nyberg et al., 2001; Watanabe et al., 2001; Peterson and Haug, 2005; Lane et
al., 2009b, 2011a; Fensterer et al., 2012;) are overwhelmingly located on the Atlantic slope of
Middle America and have climate regimes dominated by Atlantic ocean-atmosphere dynamics.
To investigate potential Pacific Ocean forcing mechanisms on past precipitation in Central
America requires more paleorecords from the Pacific slope. The location of Los Mangos on the
Pacific slope in southern Costa Rica and the linkage between ENSO and modern Térraba River
Basin streamflow make the site ideal for investigating potential Pacific forcing mechanisms on
paleoprecipitation dynamics.

2.1.3
Existing proxies for Laguna Los Mangos

Sediment in the Los Mangos core varies from fine mineral silts and clays to coarse
organic sediment with wood fragments (Johanson et al., 2019). The sediment below the hiatus
from ca. 950 to 450 cal yr BP (192-202 cm; Figure 2) shows evidence of incipient pedogenesis
on a lake bed exposed by desiccation (Johanson et al., 2019). The hiatus indicates a severe

drought that would have affected agricultural activity around Los Mangos (Johanson et al.,
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2019). Notably, this does not mean that the drought lasted for 500 years as some sedimentary
material may have been lost due to deflation of the exposed lake bed, but does provide

bracketing ages for the time period within which the drought occurred.

The Los Mangos pollen record indicates maize agriculture at ca. 3360 cal yr BP. C; trees
and shrubs, such as Melastomataceae/Combretaceae and Ficus, were dominant until the
introduction of maize, after which Cs taxa declined and C4 grasses and herbs increased (Figure
3). Microscopic charcoal influx is variable at Los Mangos, but shows a slight increase that
matches the timing of the first evidence of maize in the record, perhaps related to initial forest
clearance (Johanson et al., 2019). Percent organic matter (% OM) increases from less than 10%
at the base of the record to ca. 80% at 3100 cal yr BP, and then decreases until the last century
(Figure 3; Johanson et al., 2019).

The carbon to nitrogen ratio (C:N) of bulk sediments is sensitive to relative contributions
of aquatic vs. terrestrial organic matter inputs to the sedimentary organic matter (SOM) pool.
Higher C:N values (>20) indicate that terrestrially-derived organic matter is the dominant
contributor to the SOM pool. Lower C:N (<10) indicate aquatic-derived organic matter is the
dominant contributor to the SOM pool (Meyers and Ishiwatari, 1993). C:N ratios in Los Mangos
are variable, with one large peak at ca. 2900 cal yr BP that indicates an increase in terrestrial
carbon deposited in the lake sediments, possibly from deforestation (Figure 3; Kaushal and
Binford, 1999; Johanson et al., 2019).

The stable carbon isotopic composition of the bulk sediment (5'*Croc) toward the base of
the Los Mangos core is relatively low (-29.6%0) and remains lower than the profile mean of -
27.5%o until a shift coincident with early maize agriculture at ca. 3360 cal yr BP (Johanson et al.,

2019). This shift could represent a transition from primarily C; vegetation to increased amounts

14



322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

342

343

of C4 plants (peak at -24.5%o) associated with maize agriculture. Another relatively positive
8'3*Croc value occurs around the timing of the TCD at ca. 1170 cal yr BP, likely in part due to
aridity enhancing water use efficiency in vegetation. Subsequently, '*Croc values decrease by
ca. 290 cal yr BP to slightly below mean levels for the record. This decline in §'*Croc coincides
with the later portion of the LIA (ca. 290 cal yr BP) and the Spanish Conquest (ca. 450 cal yr
BP). The most recent section of the core shows increasing 8'*Croc values that are indicative of
modern agriculture. However, the §'3*Croc record is influenced by both changes in plant species
assemblages (C3 vs Cs vegetation) and water use efficiency (Diefendorf and Freimuth, 2017),
thus, adding 8'3Cca9 and 8'*Cc31 records will help disentangle variability within the 8'*Croc

record.

3.0
Materials and methods
3.1
n-alkane extraction

Following the methods of Lane et al. (2018) for extraction and purification of n-alkanes,
we lyophilized 61 sediment samples and ground them to a homogenized powder using a mortar
and pestle. We used an accelerated solvent extractor, ASE 350 Dionex California, U.S.A.
system, with hexane at 125°C at a pressure of 1500 psi for 10 minutes to solvent-extract n-
alkanes. The excess solvent added during the ASE process was removed using a rotary
evaporator to condense the n-alkanes in each sample. To isolate the aliphatic fraction of the

solvent extracted n-alkanes, we used silica column chromatography solid phase extraction with
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hexane as the eluting solvent. Lastly, we conducted urea adduction to isolate straight-chain
monomers from branched and cyclic compounds within the aliphatic fraction.
3.1.1
Identification and quantification

We identified and quantified n-alkane abundances using a Thermo 1310 gas
chromatograph coupled with an ISQ quadrupole mass spectrometer and a flame ionization
detector. To confirm identification and quantify abundance, a standard of C7-C4o n-alkane
mixture (Sigma Aldrich) was used in full scan mode and compared to all sample spectra. A TG-5
SILMS silica column (30m, 0.32mm i.d., 0.32pm film thickness) was used with an oven
temperature program of 70°C isothermal for 1 minute, 20°C/min to 180°C, 4°C/min to 320°C,
320°C isothermal for 5 minutes, 30°C/min to 350°C, and 350°C isothermal for 1 minute for the
gas chromatograph injections completed in splitless mode at 300°C. The abundances of n-
alkanes are presented in units of ug g OM™!, where OM is the percent organic matter as
determined by loss on ignition analyses by Johanson et al. (2019). We used the average chain
length (ACL) equation of Diefendorf et al. (2011) and the carbon preference indices (CPI)
equation proposed by Marzi et al. (1993) to determine the dominant carbon source.
3.1.2
Compound-specific stable isotope analyses

We conducted compound-specific carbon and hydrogen isotope ratio analyses of n-
alkanes using a Thermo Delta V plus mass spectrometer coupled with a Thermo 1310 gas
chromatograph via an Isolink II device. We used a Thermo TG-5 SILMS silica column (60m,
0.25mm i.d., 0.25um film thickness) for homologue separation. The injection and oven

temperature parameters were the same as the programs used for the identification and
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quantification of compounds. We injected Indiana University mixture B4 as alkane standards
every third sample to monitor sample precision. We analyzed samples in duplicate and precision
was calculated based on multiple injections of a single alkane sample. We corrected raw data to
the Vienna Pee-Dee Belemnite (for §'*C data) and Vienna Standard Mean Ocean Water (for §*H
data) standards using the Indiana University mixture B4 standard. The standard error for all
sample measurements was calculated using the methods of Polissar and D’ Andrea (2014).
3.1.3
Apparent fractionation (g) corrections

Feakins (2013) paired hydrogen isotope values for plant leaf wax (8*Hwax) with pollen
data from the same sediments to evaluate species-specific isotopic fractionation and devise a way
to correct for potential bias in paleohydrological reconstructions from §’Hyax.. We used a
modified version of Feakins’ (2013) end-member mixing model to correct the §°H composition
of each individual Cy9 and C3; alkane sample for variations in apparent isotope fractionation (g)
between precipitation and leaf waxes based on co-occurring or stratigraphically adjacent fossil
pollen assemblages. We present hydrogen isotopic values only from alkanes Cy9 and C31 as we
are interested in changes in the terrestrial climate and higher chain length n-alkanes are derived
from terrestrial higher plants (Eglinton and Hamilton, 1967). We grouped existing pollen counts
from Los Mangos into appropriate plant life form categories to determine the approximate
contribution of each plant life form to the total pollen sum. The isotopic end-members were
determined using data provided by Sachse et al. (2012) for € of C29 and Cs; alkanes by plant life
form, as angiosperms, C3 graminoids, C4 graminoids, forbs, and pteridophytes have different ¢
values (Appendix, Table A.1). Gymnosperm € values were omitted from the mixing model

calculations because there are no gymnosperms in the study area. The same technique used by
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Kerr (2019) was applied to correct the hydrogen isotope values for alkanes Cy9 and C31 (Cx)
using estimated € values from pollen counts. The € values were calculated as:

€ Cx=[ f C3 Angiosperm trees and shrubs * € C3 Angiosperm trees and shrubs| T [  C3 + C4 Graminoids * %0C3
Graminoids * €C3 Graminoids] + [ £ C3 + C4 Graminoids ¥ %Cs Graminoids * €C4 Graminoids] + [ £ C3+ Ca

Forbs * € C3+ Cy Forbs| T [ fPteridophytes *g Pteridophytes]

Where the fraction of pollen by type (fx) is derived from the values calculated by grouping Los
Mangos pollen data by plant life form and € is equal to the apparent fractionation values for Cag

and Csz1 by growth form provided by Sachse et al. (2012).

The e-corrected hydrogen isotope (e-corrected 5°H) values for the alkanes Cao, and C31 (Cx) are

calculated for each individual sample as:
& —corrected 8?Hc29.31 = ((8%H (cx)+ 1000)/((ecx /1000)+1))-1000

Where §°Hcx is equal to the raw 8°H values of Ca9, and C3; found for each Los Mangos sample
and ecx is equal to the calculated € for C29 and C31 based on the co-occurring or stratigraphically

adjacent pollen assemblage for each sample (Figure 4 and Appendix, Table A.2).

4.0
Results

The CPI of alkanes in the Los Mangos samples range from 0.861 to 7.01 with an average
of 3.28. The ACL of alkanes in all samples is 23.3. The most abundant n-alkane in each sample
is Ca9. The average §'3C values of Ca9 and C3; n-alkanes (8'*Cca9 and 8'*Ccs)) for the entire Los
Mangos record are -33.3%o0 and -34.0%o, respectively (Figure 5, Appendix, Table A.2). The

813Cc29 and 8'3Cc31 values are variable before the largest positive excursion at 3071 cal yr BP
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with a §'3*Ccz9 value of -30.1%o and a §'*Cc31 value of -28.9%o. The §'*Cc29 and §'*Cc31 values
show a sharp positive increase at 1713 cal yr BP to -31.5%o0 and -30.9%o, respectively. The
beginning of the Terminal Classic Drought (TCD), before the hiatus, displays a slight increase in
8'3Cc29 and §'3Cc31 values. The early LIA has more negative §'*Ccz9 and §'3Cc31 values that are
slightly below the average §'3Cca9 and 8'*Cc3; values for the entire record. At 285 cal yr BP,
corresponding to the middle LIA, the §'3Cc29 value of -32.8%o is above the entire record average
8'3Cca9 value, but following this there is a trend toward more negative 8'*Cca9 values at the top of
the sedimentary record. The carbon isotopic composition of Cag n-alkanes is not strongly
correlated with the carbon isotopic composition of the bulk sediment (R? = 0.205) but the
relationship is statistically significant (p =4.01 E-17, n=23).

The average e-corrected §°Hcao (Figure 4) and 8*Hcsi (Appendix, Table A.2) values of
the Los Mangos sedimentary record are -57.3%o0 and -56.1%o, respectively, and isotopically
lighter than the modern precipitation 8*°H value of -47.0%o estimated for Los Mangos (Bowen,
2019). The 8*Hcao and §*Hcsi profiles closely resemble the §'°Cca9 and §'3Ccsi profiles until ca.
3360 cal yr BP. Following ca. 3360 cal yr BP, the most negative hydrogen isotope values occur
at 3071 cal yr BP (8*Hc29 = -122%o0; 6*Hcs1 = -96.6%o), corresponding with the most positive
8'Cc20 and 8'°Ccs1 values. The 8?Hcao and 8*Hcsi values then become variable with a 100-year
period of aridity lasting from approximately 1850—1750 cal yr BP as indicated by above-average
8?Hcao and 8?Hcsi values. The early TCD has slightly above-average 8°Hcao and 8°Hcs: values at
1198 cal yr BP (8°Hc2o = -51.0%0; 8*Hcs1 = -50.1%o) before transitioning to below-average 6°H
values at 1166 cal yr BP. The early LIA reveals a sharp positive §*Hcao peak at 397 cal yr BP
with a §?Hcz9 value of -32.0%o. The middle LIA 6*Hczo and 8*Hcs values remain slightly above

the average 8°Hcao and 8*Hcs: values for the record until 285 cal yr BP. After 285 cal yr BP, the
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late LIA and modern (100 cal yr BP to present) $*Hcao and 8*Hcs1 values remain below the

average 8*Hcao and 6*Hcs: for the record.

5.0
Discussion

Out of the three sediment cores taken within the western portion of the Diquis subregion,
the Los Mangos record begins well before the Lagunas Danta and Carse records. The 4200 cal yr
BP record of Los Mangos contains an 840 cal yr period prior to the first evidence of maize pollen
in the record. This period is representative of the pre-agricultural landscape surrounding Los
Mangos, which was dominated by C3 vegetation before 3360 cal yr BP (Johanson et al., 2019).
Both C3 and C4 species have a range of §!°C values due to environmental and biological factors
(Diefendorf and Freimuth, 2017) and enzymatic subtypes (Hattersley, 1982). Various
environmental factors influence the §!°C signatures of Cs plants, generating a larger range of §'°C
values as compared to those of C4 species, 20%o vs 10%o, respectively. Climate generates large
net isotope effects on Cs plants through the influence of precipitation on stomatal conductance
(Farquhar et al., 1989; Diefendorf and Freimuth, 2017). Decreased precipitation reduces stomatal
conductance and increases water use efficiency in plants, which would increase the §'*Cc29 and
8!3Ccs1 values of alkanes (Farquhar et al., 1989; Diefendorf and Freimuth, 2017).

The 10%o difference between e-corrected (this study) and the modern precipitation §°H
values may be due to small changes in the fractional contributions of different plant life forms
throughout the 4200 cal yr BP sedimentary record of Los Mangos or the seasonal timing of
alkane biosynthesis, which most likely occurs during the wet season when precipitation 5*°H

values are lower (Sanchez-Murillo et al., 2016). The §°H values of terrestrially-derived n-alkanes
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are controlled by a combination of the §°’H composition of precipitation, subsequent
evapotranspiration of soil water prior to plant uptake, and species-specific biosynthetic
fractionations during lipid biosynthesis (Sachse et al., 2012). The §*H of precipitation in tropical
locales is typically assumed to be controlled primarily by the §°H of atmospheric vapor source
waters and subsequent rainout, otherwise known as the ‘amount effect’, with higher rates of
precipitation corresponding to lower §*H values of precipitation (Sachse et al., 2012). However,
Sanchez-Murillo et al. (2016) proposed that the amount effect is not a significant control on
precipitation 8°H values and that moisture source (Pacific vs. Atlantic) has minimal influence on
southern Costa Rican regional precipitation 5°H values. Sanchez-Murillo et al. (2016)
documented large decreases in precipitation §?°H values during the wet season (65%o) as
compared to the dry season (19%o) that show strong statistical relationships with relative
humidity and lifting condensation level, which are themselves interrelated. The data of Sanchez-
Murillo et al. (2016) indicate that not only are precipitation 8°H values a strong proxy for mesic
vs. arid conditions, but also that moisture source and transport are not the primary controls on
regional 8*H values. If moisture source or transport were the primary drivers of precipitation
82H values in the region, the expected pattern would be more negative precipitation 5°H values
during the dry season due to the combined effects of Atlantic-sourced moisture that has a lower
82H value than that of the Pacific, and subsequent orographic distillation of air masses moving
over the Cordillera.

Based on these modern dynamics and isotopic systematics, we interpret a decrease in
8?Halkane values to indicate an increase in relative humidity and overall precipitation while
increased 8°Halkane values indicate decreased relative humidity and decreased overall

precipitation. For instance, at 4053 cal yr BP a relatively low 6*Hczo value (-74.3%o), in
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comparison to the record average, indicates an increase in relative humidity and overall
precipitation. At 3907 cal yr BP §*Hcao values increase and remain above the record average for
about 200 years, signaling a period of decreased relative humidity and decreased overall
precipitation (Figure 4).

A slight increase in 8'*Cc20 and §'Ccs1 values after the first occurrence of maize pollen at
3360 cal yr BP likely indicates a small increase in the contribution of C4 plants to the
sedimentary organic pool, associated with land clearance and the establishment of C4 crops and
associated weeds. After 3360 cal yr BP the §°Hcao and §*Hcsi values shift toward more negative
values as compared to the record averages, which we interpret as an increase in relative humidity
and overall precipitation. Also, during this time 8'°Croc, C/N, % OM, and P/Al values slightly
increase and maize pollen is present, supporting the interpretation of active agriculture and land
modification around Los Mangos (Figure 5). Thus, the slight increase in both §'*Cc29 and §'3Cc31
values after the first occurrence of maize pollen at 3360 cal yr BP most likely reflect organic
matter contributions from vegetation composed of different plant species, such as an increase in
C4 crops and weeds, as opposed to reflecting increased water use efficiency due to limited
precipitation. The small amplitude of the positive excursion, <1%o, indicates that cultivation may
have been on a relatively small scale during the earliest stages of site occupation. Further, the
relatively small differences (<4%o) in 8'*Cca9 values between intervals of maize agriculture and
later forest regeneration at Los Mangos indicate less replacement of C3 vegetation (e.g., tropical
forest) by cultigens or associated weedy taxa at Los Mangos compared to Laguna Santa Elena
(~8%0 compound-specific isotopic data; Kerr, 2019), located ca. 65 km to the southeast. Proxy

evidence of relatively low C4 biomass at Mangos could represent smaller scale agricultural
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activities or a greater reliance on C3 cultigens relative to these other sites in the southern Pacific

region.

The similar trends in the §'*Croc record (Johanson et al., 2019) and the §'*Cca9 record
(this study) may signify that both proxies are responding similarly to temporal changes in
vegetation around Los Mangos (Lane et al., 2016) prior to ca. 3360 cal yr BP. The relationship
between the proxies is not strongly correlated (R?= 0.205), but is statistically significant (p =
4.01 E-17,n=23). This result is likely the consequence of data points that deviate from the
linear regression, which most likely reflects the sensitivity of '*Croc values to different carbon
sources (Meyers and Ishiwatari, 1993). In contrast, §'°Cc29 values reflect sedimentary plant
waxes (Diefendorf and Freimuth, 2017) and may better quantify proportional contributions of Cs;
vs. C4 vegetation to the landscape (Goldsmith et al., 2019). Lane et al. (2016) compared coeval
813Cc29 and 8"*Croc values from Laguna Castilla, Dominican Republic and found them to be
positively correlated (R? = 0.52). The authors interpreted this matched temporal response of the
813Cc29 and 8" Croc proxies to indicate a lack of ‘pre-aging’ of alkanes in the terrestrial
environment before burial in the lake sediments (Lane et al., 2016). However, the lack of a
strong correlation between §'*Cca9 and §'*Croc values in the Los Mangos record does not
necessarily indicate an age offset exists or that the proxies are not responding temporally to shifts
in vegetation, because bulk sedimentary isotope proxies represent organic matter from different
sources (Lane et al., 2016). Instead, the lack of a strong temporal correlation between the §'*Croc
and 8'Cca9 records for the Los Mangos proxies is likely because both nonvascular aquatic plants
(C:N =4-10) and vascular land plants (C:N = >20) (Meyers and Ishiwatari, 1993) have

contributed to the sedimentary organic matter pool. Mean C:N ratios of 13.6 in the Los Mangos
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record indicate a well-mixed sedimentary organic matter pool of both allochthonous and

autochthonous origin.

At 3071 cal yr BP the 8'*Cc29 and 8'3Ccs) values reach the highest levels for the entire
record, which could be interpreted as an increase in Cs vegetation and/or drought stress. This
increase corresponds to the most negative §*Hcao and §?Hcsi values in the entire Los Mangos
record, the highest C:N ratio, highest concentration of organic matter, a slight increase in
charcoal influx, a shift in elemental composition of the sediments (P/Al), and the presence of
maize pollen (Figure 5). As previously mentioned, more negative §*Hcao and 8°Hcs1 values
indicate increased relative humidity and increased overall precipitation, but Rosenmeier et al.
(2002) proposed the hypothesis that extensive deforestation could significantly alter hydrological
budgets of lake basins, thereby causing the §?Haikane proxies to reflect hydrologic change due to
land use instead of precipitation variability. Inferred land use change around Los Mangos at ca.
3071 cal yr BP may have influenced the §*Hc29 and §*Hcsi records as deforestation reduces the
rates of transpiration at the basin scale and, as a result of decreased soil moisture flux, can
theoretically reduce the §°H value of groundwater (Rosenmeier et al., 2002) used by plants

during lipid biosynthesis.

The most positive §?Hcao and §?Hcsi values of the entire Los Mangos record occur at
~1840 cal yr BP and are preceded by ~200 years of variable 8°H values. This period of inferred
hydrologic variability terminated by extended drought appears to have potentially affected
agriculture around Los Mangos as indicated by a 250-year hiatus in maize pollen deposition and
lack of evidence of site occupation in other proxy data, for example low charcoal area influx

(Figure 5).
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Johanson et al. (2019) concluded that drought in the lowlands of southern Pacific Costa
Rica during the late Terminal Classic Drought (TCD) was a driver of the sediment hiatus that
began after 950 cal yr BP in the Los Mangos record. Several sites in Costa Rica and the wider
circum-Caribbean contain evidence of increased aridity during the TCD: Laguna Zoncho (Wu et
al., 2017; Taylor et al., 2020), Lago de las Morrenas 1 (Kerr, 2019), Lago de las Morrenas 3C
(Wu et al., 2019), Laguna Bonillita (Kerr, 2019), and Las Lagunas (Lane et al., 2009b, 2014).
However, these sites with evidence of TCD aridity, with the exception of Laguna Zoncho (65 km
southeast of Los Mangos), are all in Atlantic watersheds. Kerr (2019) concluded that Laguna
Santa Elena, located near Laguna Zoncho, was not consistently dry during the TCD, but had
variable precipitation conditions. Warm ENSO events should result in drought around Los
Mangos based on the positive correlation between regional precipitation and ENSO
(Krishnaswamy et al., 2001). Thus, amplified ENSO event frequency coinciding with the TCD
should include warm events that may be responsible for the documented desiccation of Los
Mangos, which is in contrast to the hypothesis that climate variability in the Atlantic was the
primary mechanism forcing circum-Caribbean droughts around this time period (Bhattacharya et
al., 2017). While amplified ENSO events should also include wet periods for Los Mangos, our
record does show slightly below average §*Hczo and §°Hcs1 values at 1166 cal yr BP that coincide
with maize pollen presence just before the sedimentary hiatus, which could represent wetter
conditions prior to an extreme dying event. Lachniet et al. (2004) also documented dry
conditions in eastern Panama, ~30 km from the Pacific coast, during this period and concluded
ENSO is the primary driver of precipitation anomalies for the study region and possibly the

entire Pacific coast of Central America.
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Warm ENSO events are associated with increases in northeast trade wind and Caribbean
Low-Level Jet velocities (Hastenrath and Lamb, 1977) and as these winds reach Costa Rica the
rain shadow is enhanced along the Pacific slope of the cordilleras (Vargas and Trejos, 1994).
Typically, the northerly migration of the ITCZ in the boreal summer perturbs the rain shadow,
bringing precipitation to the Pacific slope of Costa Rica (Waylen et al., 1996), but a decreased
cross-equatorial SST gradient would inhibit northward movement of the ITCZ, a consequence of
an El Nifio event (Figure 1, bottom). Proxy records of El Nifio events from Laguna Pallcacocha,
Ecuador (Moy et al., 2002) reveal maximum ENSO frequency during the TCD. While the
Laguna Pallcacocha ENSO proxy record has received some criticism for potentially not
capturing all ENSO events accurately (Schneider et al., 2018), other sites throughout the Pacific
support the hypothesis of enhanced El Nifio frequency and strength coincident with the TCD.
The El Junco Lake, Galapagos record (Conroy et al., 2008) contains grain size evidence of
enhanced El Nifio frequencies between ~1000 and 500 cal yr B.P. relative to the preceding 500
years. Sedimentary records from the Western Pacific also indicate increased amplitude of ENSO
events during the TCD (Rodysill et al., 2019). Sachs et al. (2021) found evidence of drying in
82H records from Washington Island, but concluded that this drying is likely from large volcanic
eruptions because the apparent increase in El Nifio frequency during this time should have led to
greater precipitation on Washington Island. We propose that lake desiccation, decreased
agricultural proxies, and increases in 8'*Cc29 and 8'*Cc3;1 values during the TCD at Los Mangos
resulted largely from Pacific climate forcing mechanisms, such as high-amplitude or high-
frequency El Niflo events. Koutavas et al. (2006) found variance in Pacific-based §'*0O data from
G. ruber foraminifera to be strongly correlated to ENSO dynamics during the late Holocene,

while mid-Holocene §'®0 data showed no correlation with ENSO. George et al. (1998) analyzed
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modern stream flow data and found that Costa Rican watersheds draining into the Pacific had
strong connections to ENSO cyclicity whereas rivers draining into the Caribbean showed unclear
connections to ENSO cyclicity. Thus, both past (Koutavas et al., 2006) and modern (George et
al., 1998) Pacific records show a strong connection to ENSO cyclicity and strength. The drying
observed at Los Mangos during the TCD is likely due to this locale being heavily influenced by

increased El Nifio frequency or strength at this time.

The Little Ice Age (LIA) also appears to have affected precipitation dynamics around Los
Mangos, but at an apparently lower evaporation to precipitation ratio as compared to the TCD
because the Los Mangos record does not include evidence of lake desiccation during the LIA.
The Los Mangos 8?Hcag profile indicates a wet early LIA (453 to 434 cal yr BP), dry middle LIA
(434 to ca. 300 cal yr BP), and wet late LIA (ca. 300 to present). In contrast, the sediments of the
Cariaco Basin display the lowest %Ti values of the entire Holocene during the middle LIA. At
this time, Los Mangos 8§?°Hc2o and 8*Hcs1 proxies signal drier than average conditions, but there is
no evidence of lake desiccation like that observed for the TCD. After ca. 300 cal yr BP both the
8*Hc2o and 8*Hes1 proxies and the Cariaco Basin %Ti profile show increases in precipitation with
below-average 8*Hcao and §?°Hcs values and higher Ti percentages, respectively (Figure 6). Also,
in Pacific Costa Rica, Kerr (2019) documented increased §*Haikane values around 215 cal yr BP at
Santa Elena and interpreted the increased *Haiane values as evidence of severe drying towards
the end of the LIA. Los Mangos 8*Hc2o and 8*Hcs1 values increased starting ca. 430 cal yr BP and
the apparent drying persisted for about 130 years before transitioning to wetter than average
moisture conditions as the LIA ended (Figure 6). The period of aridity at Santa Elena lasted
longer, for a total of 330 cal yr, until the end of the LIA (Kerr, 2019). The lack of evidence of

severe drought during the LIA, such as expressed by the unconformity during the TCD, may
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implicate Atlantic basin climate dynamics as the primary forcing mechanism of arid conditions
during the LIA. Lane et al. (2011a) summarized widespread proxy evidence of LIA paleoclimate
and palaeoceanographic change in the western tropical Atlantic that is consistent with a decrease
in the Atlantic meridional overturning circulation (AMOC) that would drive a decrease in
Caribbean SSTs and a diminished cross-equatorial SST gradient, leading to a southward

suppression of the ITCZ.

Analyzing total lipid extract (TLE) 8°H values from a sediment core containing a
microbial mat, Sachs et al. (2009) found that Washington Lake (4° 43°N, 160° 25> W) on
Washington Island, part of the Northern Line Islands in the central Pacific Ocean, also
experienced extended periods of decreased precipitation from ca. 530 to 390/310 cal yr BP and
periods of increased precipitation after 390-310 cal yr BP. Presently, Washington Island receives
about 2900 mm of precipitation per year due to its position within the latitudinal range of the
annual migration of the Pacific ITCZ (Sachs et al., 2009). The sedimentary record of Washington
Lake indicates the most arid conditions relative to the entire record occurred during the LIA (530
to 390-310 cal yr BP) based on positive hydrogen isotope values of total lipid extracts, inferred
high salinity, and a gelatinous red-orange microbial mat containing the extremely salt-tolerant
cyanobacteria, Aphanothece (Sachs et al., 2009). Sachs et al. (2009) concluded the mean annual
position of the Pacific ITCZ was located south of Washington Island during a portion of the LIA,
creating hypersaline conditions in Washington Lake, but this southward positioning of the
Pacific ITCZ was short lived. The most arid conditions on Washington Island, 530-390/310 cal
yr BP, correlate to arid conditions at Los Mangos, ca. 430-300 cal yr BP. After 300 cal yr BP,
Los Mangos transitioned to a wetter climate with two significant periods of increased

precipitation indicated by negative §?Hczo and 8*Hcs: values at 285 and 130 cal yr BP.

28



638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

Sachs et al. (2009) also documented 6*H values from dinosterol, a lipid from
dinoflagellate algae, signaling a transition to a wetter climate in Spooky Lake, Palau (7°09°N,
134° 22°E), and §°H values from botryococcenes, a lipid from the B race of green algae, in El
Junco Lake, Galapagos (0° 54’ S, 89° 29° W) signaling a transition to a drier climate after
approximately 150 cal yr BP (Figure 6). The increased 8*Hpotryococcenes values from El Junco Lake
after 150 cal yr BP temporally correlate to decreased §*Hiipia values from Los Mangos,
Washington Lake, and Spooky Lake, which is expected due to the position of each study site.
Los Mangos, Washington Lake, and Spooky Lake all lie near or just north of the northern extent
of the modern annual position of the Pacific ITCZ while El Junco Lake lies south of it. Thus,
opposing &°H records from Los Mangos, Washington Lake, and Spooky Lake compared to El
Junco Lake support the idea that the near-equator positioned Pacific ITCZ eventually migrated
northward, producing a wetter climate at Los Mangos, Washington Lake, and Spooky Lake
toward the late-LIA (Sachs et al., 2009).

Cooling in the Northern Hemisphere during the LIA most likely decreased the cross-
equatorial sea surface temperature gradient, keeping the Pacific ITCZ further south (Sachs et al.,
2009) and creating drier conditions at Los Mangos. Rodysill et al. (2019) proposed that La Nifia
related flooding in Indonesia decreased at the end of the Medieval Climate Anomaly (MCA) and
the early LIA due to decreased amplitudes (rainfall extremes) of ENSO events during this period
of relatively cool Northern Hemisphere temperatures. Rodysill et al. (2019) suggested ENSO-
driven precipitation dynamics become more extreme during periods of above average Northern
Hemisphere mean temperatures. The TCD overlaps with the Medieval Warm Period, a time
period known for warmer than average Northern Hemisphere temperatures. Desiccation of Los

Mangos sediments during the TCD may have occurred due to more severe (higher amplitude
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increases in evaporation to precipitation ratios) warm-phase ENSO-driven droughts during this
relatively warm period of the late Holocene. Conversely, the LIA may have been a period of
lower-amplitude (smaller amplitude increases in evaporation to precipitation ratios) droughts that
never led to desiccation of the Los Mangos lake basin. This conceptual model implicates both
Pacific (ENSO) and Atlantic (NAO/NASH) dynamics as potential drivers of drought conditions
in the circum-Caribbean over the last 2000 years, with particularly arid conditions possibly

related to high-amplitude warm phases of ENSO, perhaps in concert with an expanded NASH.

6.0
Conclusions

Sedimentary and radiocarbon evidence of a hiatus in sedimentation signifies extreme
drought during the TCD at Los Mangos. Conversely, the n-alkane hydrogen isotope proxies
(8°Hwax; Figure 6 and Appendix, Table A.2) at Los Mangos indicate relatively small decreases in
precipitation during the LIA. We propose that ocean-atmosphere dynamics of both Atlantic and
Pacific basins influenced drought events at Los Mangos. However, drought impacts at Los
Mangos during the TCD were apparently much more severe than during the LIA. This contrast in
drought amplitude is in good agreement with recent and past records of ENSO-driven rainfall
extremes in the Pacific basin, indicating that TCD and LIA drought dynamics in the neotropics
were not solely controlled by North Atlantic ocean-atmosphere dynamics. The TCD, in
particular, may have been related primarily to Pacific ocean-atmosphere dynamics (ENSO) and
resulting teleconnections, in contrast to the LIA, for which Atlantic expressions of the climatic

event appear to be more severe.
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Figure legends

Figure 1. Location of Laguna Los Mangos and other paleolimnological sites in the Diquis
archaeological region of Costa Rica, modified from Johanson et al. (2019) (top). Location of Los
Mangos in comparison to other Pacific-based paleo 5°H records (Sachs et al., 2009) and the
general latitudinal migration range of the ITCZ during the Northern Hemisphere summer and
winter (Haug et al., 2003). The Northern Hemisphere summer (winter) position of the ITCZ
generally represents the position of the ITCZ during a cold (warm) ENSO event due to an
increase (decrease) in the cross-equatorial SST gradient (bottom).

Figure 2. Radiocarbon age-depth model for the Los Mangos sedimentary record developed using
the Clam age-depth modeling program (after Johanson et al., 2019).

Figure 3. Los Mangos proxies after Johanson et al. (2019): pollen (Poaceae,
Melastomataceae/Combretaceae and Ficus), charcoal area influx, percent organic matter (%OM),
organic carbon to organic nitrogen ratio (C/N ratio), carbon isotope composition of the bulk
sediment (8'*Croc), nitrogen isotope composition of the bulk sediment (8'°Npui), and presence
of maize in the sediment record. The Poaceae curve provides a signal of the replacement of Cs
forest vegetation with herbaceous vegetation or crops that include more C4 plants, indicating land
clearance or possibly climate change, while Melastomataceae/Combretaceae and Ficus represent
Cs forest taxa. The solid horizontal lines indicate the timing of the first evidence of maize
agriculture in the Los Mangos watershed and of the arrival of the Spanish. The grayscale
gradation zone represents the timing of the TCD and LIA at 1200 cal yr BP to 850 cal yr BP and
550 cal yr BP to 100 cal yr BP, respectively. The TCD and LIA records are interrupted by a
hiatus in the sediment profile from ca. 950 cal yr BP to 450 cal yr BP. Error bars represent one
standard deviation of replicate analyses.

Figure 4. Raw 8*Hcao values in comparison to g-corrected 8*Heao values for the Los Mangos
record. The dashed lines indicate the hiatus in the sediment profile from ca. 950—450 cal yr BP.
The vertical lines extending through both proxies represent the mean value of each proxy for the
entire record and are used to determine significant deviations from normal precipitation
conditions.

Figure 5. Compound-specific carbon and hydrogen isotope proxies from terrestrially derived n-
alkanes of the Los Mangos sediment record (this study) compared to existing Los Mangos
proxies (Johanson et al., 2019). The two horizontal lines drawn across the profiles represent the
timing of the earliest evidence of maize agriculture in the Los Mangos watershed and the arrival
of the Spanish. The gray shaded zones represent the timing of the TCD and LIA at 1200 cal yr
BP to 850 cal yr BP and 550 cal yr BP to 100 cal yr BP, respectively. The TCD and LIA are
interrupted by a hiatus in the sediment profile indicated by dashed lines from ca. 950 cal yr BP to
450 cal yr BP. The vertical lines extending through compound-specific proxies (this study)
represent the mean value of each proxy for the entire record and are used to determine significant
deviations from normal conditions. Error bars (where applicable) represent one standard
deviation from duplicate analyses.
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Figure 6. Compound-specific hydrogen isotopic values of Ca9 n-alkanes at Laguna Los Mangos
(this study), and 8*H records from Washington Lake, Spooky Lake, and El Junco Lake from
Sachs et al. (2009) compared to percent Ti (%Ti1) from the Cariaco Basin site ODP 1002 (Haug
et al., 2001, 2003). Haug et al. (2001, 2003) related increased (decreased) amounts of %Ti
deposited in the Cariaco Basin to increased (decreased) precipitation. The vertical lines
extending through each record represent the mean value of each proxy for the entire record and
are used to determine significant deviations from normal precipitation conditions. The dashed
line between 8?Hc29 Los Mangos data points indicate a hiatus in the sediment profile. The gray
shaded zones represent the timing of the TCD and LIA at 1200 cal yr BP to 850 cal yr BP and
550 cal yr BP to 100 cal yr BP, respectively. The light gray box on the TLE §°H Washington
Lake record represents the timing of the most arid conditions as compared to the entire record
indicated by increased 5°H values and dominance of salt-tolerant cyanobacteria (dphanothece).
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Taxa Life Form Category £C27 £C29 £C31
Anacardiaceae Angiosperm tree + shrub —107%o —111%o —107%o
Apocynaceae Angiosperm tree + shrub —107%o —111%o —107%o
Arecaceae Angiosperm tree + shrub —107%o —111%o —107%o
Ericaceae Angiosperm tree + shrub —107%o —111%o —107%o
Malpighiaceae Angiosperm tree + shrub —107%o —111%eo —107%o
Melastomataceae/ Angiosperm tree + shrub —107%o —111%eo —107%o

Combretaceae

Mimosoideae (Mimosa)  Angiosperm tree + shrub —107%o —111%o —107%o
Myrtaceae Angiosperm tree + shrub —107%o —111%eo —107%o
Rhamnaceae Angiosperm tree + shrub —107%o —111%eo —107%o
Rubiaceae Angiosperm tree + shrub —107%o —111%o —107%o
Sapindaceae Angiosperm tree + shrub —107%o —111%o —107%o
Sapotaceae/Meliaceae Angiosperm tree + shrub —107%o —111%o —107%o
Solanaceae Angiosperm tree + shrub —107%o —111%o —107%o
Tiliaceae Angiosperm tree + shrub —107%o —111%o —107%o
Urticales (di- + triporate) ~ Angiosperm tree + shrub —107%o —111%o —107%o
Acalypha Angiosperm tree + shrub —107%o —111%o —107%o
Alchornea Angiosperm tree + shrub —107%o —111%o —107%o
Alfaroa Angiosperm tree + shrub —107%o —111%o —107%o
Alnus Angiosperm tree + shrub —107%o —111%eo —107%o
Bursera Angiosperm tree + shrub —107%o —111%eo —107%o
Cecropia Angiosperm tree + shrub —107%o —111%o —107%o
Celtis Angiosperm tree + shrub —107%o —111%eo —107%o
Croton (Euphorbiaceae)  Angiosperm tree + shrub —107%o —111%o —107%o
Ficus Angiosperm tree + shrub —107%o —111%o —107%o
Hedyosmum Angiosperm tree + shrub —107%o —111%o —107%o
llex Angiosperm tree + shrub —107%o —111%o —107%o
Iriartea Angiosperm tree + shrub —107%o —111%o —107%o
Myrica Angiosperm tree + shrub —107%o —111%o —107%o
Mpyrsine Angiosperm tree + shrub —107%o —111%o —107%o
Piper Angiosperm tree + shrub —107%o —111%eo —107%o
Quercus Angiosperm tree + shrub —107%o —111%o —107%o
Sapium Angiosperm tree + shrub —107%o —111%o —107%o
Trema Angiosperm tree + shrub —107%o —111%o —107%o
Ulmus Angiosperm tree + shrub —107%o —111%o —107%o
Virola (Myristicaceae) Angiosperm tree + shrub —107%o —111%o —107%o
Weinmannia Angiosperm tree + shrub —107%o —111%o —107%o
Amaranthaceae Forb —124%o —128%o —130%o
Apiaceae Forb —124%o —128%o —130%o
Asteraceae Forb —124%o —128%o —130%o
Caryophyllaceae Forb —124%o —128%o —130%o
Cucurbitaceae Forb —124%o —128%o —130%o
Cyperaceae Graminoid (C4) —131%o —132%o —136%o
Poaceae Graminoid (C4) —131%o —132%o —136%0




Zea mays subsp. mays Graminoid (C4) —131%o —132%o —136%o
Mono- and Trilete fern Pteridophytes —103%o —108%o —114%0
spores

Urticales polyporate' Cannot Classify
Cuphea? Cannot Classify
Polygalaceae® Cannot Classify
Violaceae? Cannot Classify
Acanthaceae’ Cannot Classify

! Cannot classify because this group may contain taxa of multiple life forms.

2 Cannot classify because genus includes annual and perennial herbs, semi-shrubs, and shrubs.

3 Cannot classify because this family includes herbs, shrubs, and trees.




Age ug/g ug/g  ug/g ug/g  ug/g
Depth (calyr OM oM OM oM OM
Sample (cm) BP) C27 C29 cC31 C33 C35 3Cc29 83Ccs1 8’Hczo 8*Hcesn

Ml 40 -9 6.64 1545 1855 10.18 1.81 -33.2 -334  -669 -719
M2 42 -7 6.65 1523 1647  9.41 3.22 -33.4 -33.5  -56.6 -63.9
M4 74 36 6.01 2732 36.79 19.72 3.87 -35.0 -354  -59.1 -645
M5 142 130 452 2603 37.38 18.66 2.32 -34.5 -35.0  -704  -72.8
M6 144 133 6.99 30.14 3933 18.37 4.10 -34.3 -345 -56.8  -63.1
M7 174 285 0.10  0.67 0.91 0.57 0.12 -32.8 -354  -70.2 -70.8
M8 176 304 599 2941 3594 22.02 4.06 -33.9 -34.1 439  -49.6
M9 184 378 0.12  0.78 1.21 0.84 0.19 -34.5 -343  -55.0

MI10 186 397 6.74 32.11 36.81 20.88 5.23 -34.3 -343 -32.0

MIl11 190 434 4.64 2092 2942 19.32 5.76 -34.1 -345 -52.8  -53.8
M12 192 453 4.66 14.58 20.39 16.89 8.26 -32.9 -33.0  -741  -69.8
MI13 206 1166 1.28 2091 4.47 3.27 1.20 -31.1 -329  -81.0 -67.6
M14 208 1198 7.84 1553 2146 16.02 4.75 -32.7 -33.7  -51.0  -50.0
MI5 210 1230 1.72 3.34 4.60 4.45 1.81 -32.3 -333  -60.5 -60.5

Ml6 212 1263 394  8.96 9.68 6.54 2.79 -31.7 -34.0  -57.1 -56.8
M17 233 1601 337 1094 12.45 7.57 2.92 -33.8 -342  -61.0 -62.1

M18 235 1633 1.71 4.47 4.82 3.27 2.37 -31.9 -33.0
M19 238 1681 333 1353 12.82 6.90 2.63 -34.0 343 -434 425
M20 240 1713 1.34 1.91 1.87 1.80 1.90 -31.5 -30.9 -96.4
M23 250 1841 0.59 1.87 1.78 1.26 0.67 -31.5 -35.3  -15.1 -12.1
M24 252 1846 0.27 1.25 1.19  0.86 0.51 -32.8 -33.9
M25 254 1852 149  3.89 3.15 2.10 1.50 -34.0 -34.2
M26 256 1857 214 973 10.15 6.65 3.58 -33.9 -334  -62.8  -63.5
M28 261 1871 3.64 1341 1329 9.34 5.65 -33.9 -343 -384 483

M29 265 1882 399 1399 14.21 9.44 4.77 -34.5 -35.0 575  -53.0
M30 266.5 1886 206 5.66 4.74 3.16 1.96 -34.1 -343 -61.7 -62.8

M31 270 1895 479 17.80 19.76 12.30 5.47 -33.6 -342  -490 -503
M32 272 1901 0.26 1.04 1.07  0.73 0.38 -32.5 -343 257 -279
M33 278 1938 510 27.74 27.88 17.73 8.70 -34.5 -34.7 242 -46.8
M34 280 1955 202 7.67 6.91 4.26 2.79 -33.1 -341 -69.5  -68.0
M35 286 2007 1.83  11.20 9.25 5.30 3.35 -33.9 -343  -19.0 -309
M36 288 2025 4.61 2232 2121 16.03 9.49 -33.5 -34.7  -54.1 555
M37 302 2131 0.04 0.14 0.19  0.26 0.24 -33.4 -34.6 515

M38 304 2140 1.10 3.38 3.08 222 1.29 -32.9 -33.5 -48.1
M39 334 2270 455 1627 18.23 12.26 5.44 -32.4 -33.5 577 572
M40 336 2279 346 11.02 12.18 8.35 3.34 -33.5 -34.1  -54.6

M41 350 2340 459 1561 12.71 6.62 1.57 -33.0 -342 328  -31.2
M42 352 2349 242 793 5.35 2.76 1.69 -33.5 334 -604

M43 366 2410 0.27  0.64 0.63 0.14 0.14 -34.6  -99.6

M45 382 2480 1.05  3.04 3.87 4.53 0.85 -32.6 -33.4  -79.8 -73.2

M47 395 2536 0.88 2.22 3.36 3.66 1.28 -333  -90.6  -519




M48
M49
M52
M53
M54
M57
M60
Mé61
M62
Mé64
M65
M66
M67

397
414
452
466
468
516
566
596
598
662
708.5
710.5
755.5

2545
2670
2963
3071
3087
3358
3569
3696
3704
3907
4047
4053
4189

2.36
2.63
0.02
14.50
7.64
3.89
1.36
2.87
5.18
4.67
3.93
0.35
6.51

10.40
10.64
0.17
16.40
31.60
8.89
2.40
6.85
3.12
11.04
12.12
1.16
20.30

10.12
12.57
0.10
5.79
28.97
8.93
2.70
5.47
2.75
10.25
17.35
1.76
27.90

8.08
11.58
0.14
1.70
18.01
3.05
1.81
2.24
2.00
6.42
8.17
0.83
16.37

1.59
2.46
0.10
1.34
7.64
0.76
1.18
0.27
1.58
3.19
0.99
0.26
231

-32.7
-33.4

-30.1
-32.7
-33.7

-34.0

-31.5
-35.9
-35.7
-33.2

-35.0
-34.2
-34.4
-28.9
-33.7
-34.0
-35.9
-36.1
-35.0
-32.2
-34.8
-34.7
-34.4

-21.5
-62.4

-121.9
-62.0
-53.1
-55.1
-80.7
-44.8
-45.2
-76.2
-74.3
-58.5

-21.6
-57.4

-96.6
-55.8
-50.1
-35.5
-80.2
-18.1
-40.6
-75.5
-81.8
-56.4
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