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δ18O values in speleothems have been utilized to document past changes in South American monsoon 
intensity. However, changes in regional vegetation and ecosystems have not been part of this discussion, 
and other cave proxies such as speleothem δ13C values, a useful proxy for vegetation reconstruction, 
have been neglected due to interpretive complexities. Here we report δ13C values and 87Sr/86Sr ratios 
in stalagmites, together with XRF-derived elemental chemistry, δ13Corg values and carbon content from 
a sedimentary profile from the same cave where the stalagmites were collected. In combination with a 
previously published δ18O record, this enables us to clarify climate and environmental shifts that occurred 
between the Last Glacial Maximum and the Holocene in central South America. We show that vegetation 
was sparse during the last glacial period in spite of a previously inferred strong monsoon, and that 
changes in atmospheric pCO2 combined with local hydrological and temperature feedbacks may have 
determined vegetation development during this time.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Most vegetation reconstructions around the world for the Last 
Glacial Maximum (LGM), including South America, reveal a rad-
ical reduction of forested areas in contrast to vegetation from 
the Holocene period. Three main factors are likely to explain 
these changes: cooler temperatures, less effective precipitation, 
and lower levels of atmospheric CO2 (Woillez et al., 2011). How-
ever, stable isotope records from western Amazon to southern 
Brazil show a coherent picture of an intense summer monsoon 
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during the LGM, which contrasts with proxy reconstructions of 
monsoon strength for the early-middle Holocene (Cruz et al., 2007; 
Cheng et al., 2013a, 2013b; Novello et al., 2017). This suggests 
that water availability may not be the major driver of the vege-
tation changes at the transition from the LGM to the Holocene. 
Notably, modeling results for tropical regions indicate that the 
physiological effect of glacial atmospheric CO2 levels is a key fac-
tor in explaining vegetation changes (Harrison and Prentice, 2003;
Prentice and Harrison, 2009; Woillez et al., 2011), but this control 
is not well represented in paleoclimate and paleo-vegetation proxy 
data for South America. In Africa, for example, Jolly and Haxel-
tine (1997) used a vegetation model to test the relative impact of 
precipitation, temperature, and pCO2 on tropical vegetation, and 
showed that when pCO2 is decreased to glacial levels, forests are 
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replaced by shrubs even when water availability was high. Using 
the same model, Cowling et al. (2001) reported similar results for 
the Amazonian forest, although those authors parameterized drier 
conditions during the LGM for the Amazon Basin.

Open vegetation characterized by the predominance of grasses 
has a typical δ13C signature between −16� and −10�, due to 
the C4 photosynthetic pathway, whereas dense vegetation char-
acterized by trees is usually dominated by the C3 photosyn-
thetic pathway, with a δ13C signature between −26� and −20�
(Cerling, 1984). Ehleringer and Bjorkman (1977) have shown that 
the abundance of C4 plants increases relative to C3 plants at lower 
atmospheric CO2 levels. Thus, it is expected that the increase in 
pCO2 at the transition from the LGM to the Holocene triggered 
changes in the abundance of C4 and C3 plants. In this context, 
precisely dated, high resolution δ13C records from stalagmites that 
contain the LGM-Holocene transition can be a useful tool to test 
this hypothesis. As an example, geochemical models considering 
carbonate bedrock with a δ13C value of +1� predict stalagmite 
δ13C values of −14� to −6� for caves situated beneath C3 plant 
cover, whereas stalagmite δ13C values of −6� to +2� are an-
ticipated for a system dominated by C4 vegetation (Hendy, 1971; 
Baker et al., 1997; McDermott, 2004). However, with few excep-
tions, δ13C values in stalagmites have not been used as a proxy 
for paleo-vegetation reconstruction, due to several other factors in 
the karst system that can complicate the interpretation of the δ13C 
signal (Meyer et al., 2014).

In order to interpret cave proxies and document changes in 
vegetation during the transition from the LGM to the Holocene, 
we adopted a multi-proxy approach that utilizes δ13C values and 
87Sr/86Sr ratios in stalagmites, combined with XRF-derived ele-
mental chemistry, δ13Corg, total organic carbon and total inorganic 
carbon (carbonate) in a sedimentary profile from the same cave. 
We use these data to contextualize interpretations for the possi-
ble controls on vegetation change in tropical South America during 
this important period.

The proxies used in this study were obtained in Jaraguá cave, 
which is located in mid-western Brazil, a transitional region where 
Amazonia, the Atlantic forest, Pantanal, Caatinga (dry forest) and 
Cerrado (Brazilian savanna) meet. The area also serves as a mois-
ture pathway for the South American Summer Monsoon (SASM), 
which connects the Amazon Basin with the La Plata Basin (the two 
major drainages of South America). Despite an increasing number 
of published paleo-rainfall and paleo-vegetation records, it remains 
unclear how precipitation and vegetation varied during the late 
Quaternary in the Neotropics in general, and mid-western Brazil 
in particular. Thus, a substantial knowledge gap exists with respect 
to climate-vegetation interactions across the LGM-Holocene transi-
tion, when global shifts in moisture distribution, temperature, and 
atmospheric pCO2 are known to have occurred.

2. Cave environment

Jaraguá Cave (21◦05′S, 56◦35′W, ∼570 m above sea level) is 
located in Bonito City, in the state of Mato Grosso do Sul, west-
ern Brazil (Fig. 1). This region is located along the southern border 
of the Pantanal, a vast and relatively pristine wetland ecosystem 
extending over 135,000 km2 (Junk et al., 2006) that is internation-
ally recognized for its biodiversity by both UNESCO (world heritage 
site 2000) and Ramsar (sites 602, 1270 and 1864). The climate in 
Bonito City is tropical, with a three-month long dry season dur-
ing the austral winter (JJA) (Novello et al., 2017, 2018). The annual 
rainfall is ∼1378 mm, with minimum monthly means of ∼61, 37 
and 44 mm in June, July and August, respectively, and maxima 
of ∼151, 184 and 188 mm in November, December and January, 
respectively (data obtained from National Water Agency of Brazil 
– www.ana .gov – for the period between 1968 and 2013). Cli-
mate monitoring performed during the last seven years in this 
Fig. 1. Map of South America with the location of Jaraguá cave. Austral summer 
(DJF) 850 h Pa wind field and fractional DJF precipitation. Color shading indicates 
regions where the fraction of total annual precipitation falling during austral sum-
mer (DJF) > 0.3, highlighting the extent of the SASM over the continent; contour 
interval is 0.05. Wind data is from ERA-Interim and precipitation data from GPCC, 
with averages calculated over the period 1979–2014. Red star indicates the loca-
tion of Jaraguá cave. (For interpretation of the colors in the figure(s), the reader is 
referred to the web version of this article.)

area documents temperature extremes ranging from the −3 ◦C to 
44 ◦C. The annual mean of 22 ◦C is near the average temperature 
of 21.4 ◦C inside the cave, which shows a range of 2.8 ◦C (Fig. S1). 
The relative humidity inside the cave was predominantly saturated 
(100%) during the monitoring period, especially towards the end of 
the cave (Fig. S2). Above the cave, the vegetation consists mainly 
of semi-deciduous savanna forest (Fig. S3).

The entrance of Jaraguá cave is located high up on a hillside 
(Figs. S4 and S5), which makes this setting desirable for study-
ing ancient hilltop soils that were eroded and transported into the 
cave through a steep gallery (Fig. S6) and trapped in the lower 
part of the cave (Figs. S7 and S8). Due to the cave’s location, the 
only possible source for sediments encountered inside the cave is 
the area above and surrounding the entrance (Fig. S4). At the site 
of deposition, a ∼244 cm thick brownish, red sediment sequence 
was detected with ground-penetrating radar (GPR) (Fig. S9), which 
contrasts with the overall thin (<20 cm) soil layer above the cave 
today.

3. Material and methods

3.1. Trench sedimentary profile

In order to reconstruct the paleo-environment above Jaraguá 
cave, a 209 cm deep trench was excavated in the sediment se-

http://www.ana.gov
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Fig. 2. (A) Trench sedimentary profile dug into the floor at the end of Jaraguá cave and the (B) schematic depositional sequence.
quence identified on the cave floor with GPR (Fig. 2). This trench 
was sampled in 1-cm increments for analyses of major element 
concentrations using energy-dispersive X-ray fluorescence (XRF), 
organic matter carbon isotope values (δ13Corg), and carbon con-
tent (total organic and inorganic carbon). The sediment sequence 
contained several indurated carbonate layers, which were excluded 
from the geochemical analyses performed on the unconsolidated 
sediments.

The chronology of the profile was established using nine 14C 
ages measured on organic matter. The AMS 14C dating was per-
formed by Beta Analytic Incorporated. Fine-grained sedimentary 
organic matter was isolated through sieving, and samples were 
pre-treated with an acid-base-acid digestion to remove contami-
nants. The age model was constructed using Bacon (Blaauw and 
Christen, 2011), which uses millions of Markov-Chain Monte Carlo 
simulations to estimate accumulation rates between dated hori-
zons. Ages were calibrated in Bacon using the SHCal13 correction 
(Hogg et al., 2013).

3.2. XRF analysis on the trench profile

Energy dispersive X-ray fluorescence was used to measure ma-
jor and trace elements on trench sediment samples using a Bruker 
Tracer IV at the University of Kentucky. Sediment samples were 
freeze-dried, passed through a 125 μm-sieve to eliminate bone 
fragments and coarse detritus, and densely packed into sample 
holders; each sample was scanned twice for 90 s. Major element 
(atomic numbers 11–26) scans were run at 15.00 keV and 41.00 μA 



4 V.F. Novello et al. / Earth and Planetary Science Letters 524 (2019) 115717
under a 9 Torr vacuum, whereas trace elements (atomic numbers 
27–51) were scanned using 40.00 keV and 35.00 μA without a 
vacuum. Internal consistency and machine drift were tracked by 
repeated scanning of the carbonaceous shale standard SARM-41. 
Raw counts were converted into elemental weight percentages us-
ing Bruker software and the empirical calibrations described in 
Rowe et al. (2012), which utilized more than 90 mudstone sam-
ples of varying chemical composition. Principal component analysis 
(PCA) on major element data was conducted using the software 
PAST (Hammer et al., 2001).

3.3. Carbon isotope analysis on trench profile sediments

Sediment samples for δ13Corg analysis were digested for sev-
eral hours at room temperature in 1 M HCl to remove carbonate 
and rinsed with high-purity DI water. The acid-insoluble organic 
fraction was freeze-dried and homogenized, and run for carbon 
isotope analysis using continuous flow isotope ratio mass spec-
trometry at the University of Kentucky. The samples were analyzed 
using an elemental analyzer coupled to an isotope ratio mass spec-
trometer through an open split interface. Carbon isotope results 
are expressed in δ-notation, with the per mil deviation from the 
VPDB standard. δ13C = [((13C/12C)sample)/(13C/12C)VPDB) − 1] ×
1000�. The reproducibility of the acetanilide standard was ≤0.2�
for δ13Corg.

3.4. Total carbon on the trench profile

Total carbon data were obtained through LECO (total carbon) 
and carbonate coulometry (total inorganic carbon) at the Univer-
sity of Kentucky. For total carbon (wt.% TC), bulk samples were 
split, freeze-dried, and homogenized; following the addition of a 
combustion catalyzer (Com-Cat 502–321), samples were measured 
using a LECO SC-144DR device. Two synthetic carbon standards 
and a carbonaceous shale (SARM-41) were used to track analyti-
cal performance, and precision was better than 1.0%. Sample splits 
were also analyzed for total inorganic carbon (wt.% TIC) on a 
UIC CM5130 carbonate coulometer. Precision for that analysis was 
±0.2%. The wt.% TOC value was calculated by subtracting TIC from 
TC.

3.5. Stalagmites

Five stalagmites (JAR4, JAR2, JAR7, JAR14 and JAR13) were uti-
lized to compose the isotopic records of this study. All stalagmites 
were collected on the opposite side of the cave away from the 
entrance (Fig. S8). With exception of JAR2, the ages and geochrono-
logical model were published in Novello et al. (2017) for stalag-
mites JAR7, JAR14 and JAR13, and in Novello et al. (2018) for 
stalagmite JAR4. The JAR2 stalagmite is ∼49 cm long and its iso-
topic record is composed of 505 measurements constrained by 16 
230Th/U ages (Table S2). Isotopic data were linearly interpolated 
between the ages.

For the 230Th/U analyses in stalagmite JAR2 and the carbon-
ate layers found in the sedimentary profile, powdered carbonate 
was hand-drilled along the growth axis of the speleothems and 
spiked with a mixed 233U–236U–229Th spike similar to that de-
scribed in Edwards et al. (1987). Chemical procedures for sepa-
rating uranium and thorium into different solutions were carried 
out at the Minnesota Isotope Laboratory and were measured us-
ing a multi-collector inductively coupled plasma mass spectrome-
try technique (MC-ICP-MS, Thermo-Finnigan NEPTUNE). Analytical 
procedures and age calculation are described in detail in Cheng et 
al. (2013a, 2013b).
3.6. Stalagmite δ18O and δ13C

Stalagmite stable isotope analyses were carried out at the Stable 
Isotope Laboratory of the Geosciences Institute of the University 
of São Paulo (LES-CPGeo-IGc-USP) using a Thermo-Finnigan Delta 
Plus Advantage mass spectrometer. Isotope ratios are expressed in 
δ-notation. The reproducibility of the standard was ∼0.1� for both 
δ18O and δ13C. Approximately 100 to 200 μg of powder was drilled 
for each measurement along a profile following the growth axes of 
the stalagmites.

3.7. Stalagmite 87Sr/86Sr rations

A set of 35 87Sr/86Sr analyses were performed on the five sta-
lagmites in this study. Soils, bedrock, and drip water were collected 
from Jaraguá cave to characterize the potential Sr isotope signature 
of each member. The analyses were conducted at the Boston Col-
lege Center for Isotope Geochemistry (BC-CIG). Speleothem powder 
(2 mg) was hand-drilled using a dental drill at ∼200-yrs res-
olution. Dried, disaggregated soils (0.5 g) and crushed bedrock 
(0.25 g) were leached in 1 M ammonium acetate. All samples were 
processed using ion exchange methods as discussed by Montañez 
et al. (2000) and loaded onto outgassed single Re filaments in 
a TaF loading solution for analyses on an Isotopx Phoenix Ther-
mal Ionization Mass Spectrometer (TIMS) at BC-CIG. Samples were 
analyzed using a dynamic measurement. The uncertainty of all 
87Sr/86Sr ratios measured at BC-CIG is 0.000007, based on the 
2σ -standard deviation of SRM987 (mean = 0.710243, n = 42).

3.8. Carbon isotope analysis of modern vegetation samples

Ten modern plant samples were collected above and along the 
flanks of the Jaraguá cave hillside, where the vegetation is pre-
dominantly an arboreal savanna assemblage. These plant samples 
were washed with distilled water, dried at 50 ◦C and pulverized. 
Samples (∼1 mg) were analyzed for TOC and δ13C values at the 
“Laboratório de Isótopos Estáveis” of the Center for Nuclear En-
ergy in Agriculture (CENA) at the University of São Paulo (USP), in 
an ANCA SL2020 mass spectrometer. The results are expressed as 
a percentage of dry weight, with an analytical precision of 0.09% 
(TOC). The carbon isotope ratios are expressed as δ13C values with 
respect to the VPDB standard using the δ, Analytical precision is 
±0.2� (Pessenda et al., 2004).

4. Results

4.1. Sedimentary profile

All nine 14C ages from the upper 130 cm of the profile are in 
correct stratigraphic order (Fig. S10 and Table S1). The youngest 
age obtained in the first centimeter is between 3,380 and 3,450 
14C yrs BP (inclusive of error), while the oldest age at 130 cm 
depth is between 28,840 and 29,140 14C yrs BP. It is plausible that 
ancient carbon sourced from the bedrock may shift the 14C ages 
of sedimentary organic matters to older values. However, relative 
agreement between the 14C age-depth model and independently 
dated stalagmites found within the sedimentary deposit suggest 
that contamination, if present at all, has a minimal effect on our 
interpretation. One ∼10 cm long stalagmite was found in situ, 
buried at ∼30 cm depth in the sediment profile, and calcite layers 
were present at several other levels in the sediment profile. Two 
230Th/U analyses were performed at the top and bottom of the 
stalagmite, and show that it grew between 9,999 ± 37 to 9381 ±
186 yrs BP, which is close to the age predicted by the model based 
on the 14C ages in the organic matter. One clean calcite flowstone 
at 170 cm was also dated by 230Th/U giving an age of 43,121 ±
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197 yrs BP, which is near the age expected by the high sedimenta-
tion rate at the base of the profile. The corresponding 230Th/U ages 
are shown in Table S2. The other calcite layers in the sedimentary 
profile were formed by cementation, which renders dating with 
the 230Th/U technique unreliable due to detrital Th contamination.

Three units are easily identified within the cave floor sedimen-
tary profile: (I) red-brown glacial-aged sediments deposited before 
∼25,000 yrs BP from the bottom of the profile to ∼100 cm; (II) 
a red-brown transitional unit deposited between ∼25,000 yrs BP 
and ∼12,000 yrs BP from ∼100–30 cm; and (III) the brown-dark 
brown Holocene unit deposited in the upper 30 cm of the profile 
(Fig. 2). Prominent carbonate layers were found at depths of 30, 85 
and 170 cm. The profile chiefly consists of horizontally stratified 
fine detrital sediments, consistent with an environment with rel-
atively low energy for sediment transport. This evidence suggests 
a cave-floor pond depositional environment, which is consistent 
with these sedimentary features. However, microfossil evidence for 
a persistent paleolake is absent. The glacial-aged sediments (Unit I) 
consist of massive clayey silts with occasional carbonate concre-
tions. The transitional Unit II also consists of massive clayey silts, 
but with higher concentrations of quartz sand and small mammal 
bone fragments. Unit II presents a darker hue of red-brown mov-
ing toward the upper contact (Fig. 2). The Holocene Unit III exhibits 
the darkest brown color of the entire profile, which is a result of 
high organic matter concentration (see section 4.4). The sedimen-
tation rate in the Holocene period is, on average, half of the glacial 
period, with mean values of ∼2.5 versus 5.0 cm/1000 yrs, respec-
tively (Fig. S11).

4.2. Speleothem 230Th/U-ages and δ18O and δ13C records

The isotope profiles of the five stalagmites from Jaraguá Cave 
cover the last ∼28,000 yrs (Fig. 3) with the exception of two 
hiatuses in the JAR2 stalagmite at ∼3,600–2,000 yrs BP and 
∼4,400–3,900 yrs BP. The full isotopic profile contains 4,133 iso-
topic data points that are constrained by 116 230Th/U ages, which 
corresponds to an average temporal resolution of ∼7 yrs.

Whereas the δ18O record of Jaraguá cave was published at 
Novello et al. (2017), we present the δ13C profile here. Those 
datasets were produced jointly, which means that the δ13C profile 
matches the δ18O profile in terms of sample density, resolution, 
and chronological control (Fig. 3). The δ13C values vary between 
−9.4 and 2.8�, and the highest values occur during the glacial 
period from the oldest portion of the record until ∼17,180 yrs BP 
(mean on the δ13C values of 1.2�). From ∼17,180 yrs BP to 
12,600 yrs BP, the variability of the values increases, and the mean 
absolute values slowly decrease. The biggest shift occurs between 
12,600 and 10,800 yrs BP, when values decline from 0.8� to 
−9.0�. During the Holocene period, the δ13C values are predom-
inantly around −8.6� with a maximum of the −3.6� at the 
middle Holocene (3,800 yrs BP).

4.3. Major element chemostratigraphy of the trench profile

A quantitative energy dispersive X-ray fluorescence (XRF) anal-
ysis performed on 159 discrete sediment samples from the trench 
profile shows considerable variability of major elements, especially 
across the LGM-Holocene transition. A principal component anal-
ysis was applied to the elemental data, and ∼68% of the variance 
are explained by the first principal component (PC1) (Figs. 3 and 
4). Strong positive loadings for PC1 are associated with wt.% Al, 
Si, Ti, Fe, and S, whereas strong negative loadings link to wt.% 
Ca and P (Fig. 4). Positive values characterize the time interval 
between ∼28,000–13,600 yrs BP and negative values are predomi-
nant at ∼12,900–4,350 yrs BP, with an abrupt transition occurring 
between these two periods (Fig. 3).
Fig. 3. Comparison between multiple proxies from Jaraguá cave. (a) δ18O (�), (b) 
δ13C (�) and (c) 87Sr/86Sr records (inverted scale) of stalagmites JAR4 (red), JAR2 
(black), JAR7 (blue), JAR14 (orange) and JAR13 (wine). (d) First principal component 
(PC1) of the major element data from the trench profile as well as (e) δ13C (�) 
and (f) total organic and inorganic carbon (%) records from the trench profile.

4.4. TOC, TIC and δ13Corg values of the trench profile

159 analyses of TOC, TIC, and δ13Corg were performed on the 
trench sediments (Fig. 3). The TOC record has values around 0.5% 
between ∼28,000 yrs BP and ∼13,600 yrs BP, followed by increas-
ing concentrations up to 3.7% in the youngest portion of the record. 
Similar to the TOC record, the oldest portion of the profile has 
TIC values that are approximately constant (0.2%) until 13,600 yrs. 
However, at this point, the values abruptly increase, reaching a 
maximum of 2.2% at 12,500 yrs BP. The TIC values oscillate around 
an average of 1.9% between ∼12,500 yrs BP and ∼4,400 yrs BP, be-
fore decreasing to 0.6% at ∼3,400 yrs BP.

The δ13Corg values in the sedimentary profile vary between 
−24.6% and −16.0� and have a striking resemblance with the 
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Fig. 4. Results of Principal Component Analysis from major elements measured by the dispersive x-ray fluorescence (XRF) performed on 159 discrete sediment samples from 
the trench profile. Weighting of each PC is in the inset panel.
variability of the δ13C speleothem record (Fig. 3). Highest val-
ues occur during the glacial period until ∼17,300 yrs BP (mean 
values of −16.9�). From ∼17,300 yrs BP to 13,200 yrs BP, the 
variability of δ13Corg values increases, while mean absolute val-
ues slowly decrease. The biggest shift occurs from ∼13,200 yrs BP 
to ∼11,540 yrs BP, when values decline from −19.2� to −24.6�. 
During the Holocene, δ13Corg values are chiefly around −24.2�
with a slight increase to −23.2% in the youngest portion in the 
record.

4.5. Speleothem 87Sr/86Sr record

The evolution of the 87Sr/86Sr values in the stalagmites has 
three distinct intervals. (1) The values slowly increase from 
0.71111 to 0.71217 between 22,000 yrs BP and 12,800 yrs BP, (2) 
increases rapidly from 0.71217 to 0.71540 between 12,800 yrs BP 
and 8,040 yrs BP, and at this point (3) start to decrease slowly until 
the present, when reaches the value of 0.71398.

5. Proxy interpretations

5.1. Interpretation of the speleothem δ18O values

The δ18O records of Jaraguá cave have been interpreted as 
a proxy of SASM intensity, corroborated by isotope-enabled cli-
mate model simulations and comparisons with other paleo rain-
fall records, where more negative δ18O values are related to a 
stronger monsoon and vice versa (Novello et al., 2017, 2018). Our 
seven-year monitoring program, which measured the local rainfall 
amount at the cave and its isotopic composition, also corroborates 
that modern local precipitation amount is related to rainfall δ18O 
values, with more negative δ18O values corresponding to higher 
rainfall and vice versa (Fig. S12). Thus, during the last glacial pe-
riod, speleothem δ18O values indicate a stronger monsoon com-
pared to the Holocene period (Novello et al., 2017). However, re-
cently, Wang et al. (2017) interpreted low δ18O values from sta-
lagmites from the Amazon Basin (source region from the moisture 
in Pantanal) as a result of less recycling of water and probably re-
duced plant transpiration. In this scenario, low δ18O values in the 
stalagmites during the glacial are related with dry conditions and 
a less dense vegetation in the Amazon basin.

5.2. Interpretation of the speleothem δ13C values

The mean δ13C value (1.2�) of the stalagmites during the 
glacial period (prior to 19,000 yrs BP) is substantially more posi-
tive than the mean δ13C value of the Holocene section (−8.6�) 
(Fig. 3). Considering that the mean δ13C value of the Jaraguá cave 
bedrock is ∼+1� (Table S3), the glacial δ13C values of our sta-
lagmites are in agreement with the values predicted by the geo-
chemical models for a stalagmite growing in a cave under an envi-
ronment with predominantly C4 plants (Hendy, 1971; Baker et al., 
1997). The Holocene values, in contrast, are typical for an environ-
ment dominated by trees and other C3 vegetation.

Baker et al. (1997) suggested that degassing of CO2 in the 
aquifer above the cave causing deposition of calcite before the 
water reached the cave (referred to as prior calcite precipitation, 
PCP) preferentially removes lighter carbon isotopes from the so-
lution. This results in elevated speleothem δ13C values in case of 
PCP (Deininger et al., 2012; Mühlinghaus et al., 2009; Hansen et 
al., 2019). This process should be intensified during dry periods, 
and the corresponding δ13C values are a sensitive proxy for local 
hydrology. However, considering the similarities between the δ13C 
speleothem record and the δ13Corg values from the sedimentary 
profile, which are independent of the epikarst hydrology (Fig. 3 – 
see section 5.4), we posit that the dominant control on the δ13C 
values of both records is the change from dominantly C4 to C3
plants during the transition from the LGM to the Holocene. Fur-
ther evidence for this transition comes from the trench TOC, which 
was controlled by an increase of biogenic production of CO2 due to 
the denser vegetation and the increase in soil organic matter avail-
able for transport above the cave (Fig. 3 – see section 5.4). Multiple 
other cave sediment proxies in our dataset reinforce this interpre-
tation (see sections 5.3, 5.4 and 5.5).

Influences on the stalagmites δ13C values by kinetic effects 
and/or water-rock interaction occurring under a closed or an open 
system in Jaraguá cave are not significant (see supplementary in-
formation).
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5.3. Variability of the major elements of the trench profile

We interpret the PC1 applied to the elemental data to re-
flect sediment composition, which varies between siliciclastic and 
carbonate-rich mineralogy (see session 4.4). This interpretation is 
supported by a full-profile total inorganic carbon chemostratigra-
phy, which is strongly correlated with wt.% Ca (Fig. S15). The tem-
poral evolution of PC1 shows a similar pattern as the speleothem 
δ13C record, with a predominance of positive values associated 
with siliciclastic detritus during the glacial period and negative val-
ues during the Holocene, which reflects higher carbonate content 
(Fig. 3).

The siliciclastic sediment deposited in the cave during the 
glacial period is indicative of short residence times and sparse veg-
etation on hilltop soils, which we interpret to have been eroded 
into the cave. By contrast, lower erosion rates during the Holocene 
are best explained by a more dense vegetation above the cave, 
whose root networks reduced downslope sediment transport and 
allowed a thicker soil layer to accumulate. Similar relationships 
among vegetation assemblage changes, weathering intensity, and 
erosion have been documented elsewhere in the tropics (e.g., Ivory 
et al., 2014, 2017). Dense root networks, greater tree canopy cover 
(intercepting rainfall), and thicker soil profiles with higher infil-
tration capacity serve to reduce erosion and increase chemical 
weathering, which favor the accumulation of calcareous sediments 
within the cave sequence. Dense hillslope vegetation was poten-
tially also responsible for the production of CO2 and organic acids 
within soil pores that dissolved the bedrock, making Ca2+ more 
available to runoff into the cave during the Holocene. The relatively 
high concentration of P during the Holocene is likewise consis-
tent with a denser vegetation and nutrient rich O-horizons in soils 
above the cave (Mischel et al., 2017), which is supported by high 
relative TOC in the sediment profile at this time (Fig. 3).

5.4. Interpretations of the TOC, TIC and isotope analysis on the trench 
profile (δ13Corg)

An increase in TOC and TIC concentrations during the Holocene 
period and the decrease in δ13Corg values after the LGM are con-
sistent with our interpretation that vegetation and thick soils de-
veloped during the Holocene. Similar to the δ13C values in the 
stalagmites, the δ13Corg values from the trench profile drop from 
−16.2 to −24.7� between ∼17,600 and ∼11,700 yrs BP (Fig. 3). 
Modern analogs from Pantanal soils show that these data likely re-
flect a change from C4 grassy savanna in the Pleistocene to more 
organic-rich soils associated with transitional savanna vegetation 
and a higher relative abundance of C3 plants (Victoria et al., 1995). 
The predominance of the C3 plants over Jaraguá cave during the 
Holocene is consistent with its trajectory toward modern vegeta-
tion above the cave with an increase in trees. The modern arboreal 
savanna has plants with a mean δ13C value of −29.7� (n = 10) 
(Table S4 and Fig. S16).

The shift towards more C3 plants in the Holocene is consistent 
with enhanced soil profile development and less erosion above 
Jaraguá cave, which is very similar to the patterns inferred from 
the major element PC1, TOC, and TIC chemostratigraphies. The TOC 
concentration in the trench profile changes more gradually than 
the major element PC1 and TIC, which both abruptly shift across 
the Pleistocene-Holocene transition. By contrast, the peak in TOC 
is achieved in the middle Holocene, following step-wise increases 
beginning in the early Holocene. Soil organic carbon and its depth 
distribution are controlled by climate (temperature, precipitation 
amount and seasonality), vegetation, and clay content (Jobbágy and 
Jackson, 2000). The gradual increase in TOC is consistent with the 
progressive development of a dense vegetation and stabilized soil 
profiles above the cave during the Holocene. Thus, as soil profiles 
developed and C3 vegetation progressively established, the produc-
tion of organic matter increased.

5.5. Interpretation of the speleothem 87Sr/86Sr record

Speleothem 87Sr/86Sr ratios directly record the Sr isotopic com-
position of cave water and its variations reflect changes in the rel-
ative contribution of distinct Sr sources (e.g., soil and bedrock) that 
have different 87Sr/86Sr signatures (Banner et al., 1997; Wortham 
et al., 2017; Weber et al., 2018).

The mean 87Sr/86Sr value (0.71486) of six soil samples above 
Jaraguá Cave is significantly higher than the mean bedrock value 
(0.70993). Thus, the range of stalagmite and dripwater values are 
constrained by the values of these two end-members (Fig. S17).

Infiltrating water acquires an initial 87Sr/86Sr signature from the 
soils above the cave and subsequently, the 87Sr/86Sr ratio of the 
bedrock by water-rock interaction (Wortham et al., 2017; Ward et 
al., 2019). For systems, where the soil and bedrock have differ-
ent 87Sr/86Sr signatures, the 87Sr/86Sr ratios may reflect changes in 
the relative contribution of the two end-members or the amount 
of water–rock interaction, which is related to the residence time 
of the percolating water into the cave (Weber et al., 2018). Our 
multi-proxy data suggest that the soil cover was very thin or ab-
sent above Jaraguá cave during the last glacial period. Therefore, 
only a low contribution of soil 87Sr/86Sr to the infiltrating water 
and the speleothems is expected during this period. Our 87Sr/86Sr 
speleothem record, which shows low (near bedrock) values during 
the glacial period, strongly supports this interpretation (Fig. 3). The 
increase in the 87Sr/86Sr ratio of the speleothem at the transition 
from the LGM to the Holocene is simultaneous with the drop of 
the speleothem δ13C values, which confirms that soil thickness and 
vegetation density above the cave increased by the early Holocene.

Alternatively, 87Sr/86Sr values in the speleothems could reflect 
changing amounts of water–rock interaction in response to varia-
tions in local hydrology. In such a scenario, longer water residence 
time during dry periods could enable enhanced water-rock inter-
action and greater incorporation of Sr from the bedrock in the 
infiltrating water (Ward et al., 2019). Considering this hypothesis, 
the low 87Sr/86Sr value recorded in our speleothems would indi-
cate locally drier conditions during the last glacial period, chang-
ing to wetter conditions at the same time as vegetation became 
denser and switched from C4 to C3-dominated vegetation, as indi-
cated by the δ13C values of the speleothems and the sedimentary 
profile. Dry glacial conditions at Jaraguá cave are apparently in-
consistent with speleothem the δ18O data, which suggest a more 
intense monsoon during the LGM relative to the Holocene. How-
ever, δ18O values are a proxy for integrated atmospheric processes 
related to moisture transport upstream and are not exclusively an 
indicator of local hydrology (Ward et al., 2019).

6. Discussion

6.1. The environmental transition between the last glacial and the 
Holocene

The proxy datasets from Jaraguá cave provide evidence that 
the paleoenvironment was very different between the last glacial 
and the Holocene periods. The δ13C and 87Sr/86Sr records from 
the stalagmites show that the environment changed abruptly be-
tween ∼12,600 and 10,200 yrs BP (Fig. 3 and Fig. S18), while 
the records from the sedimentary profile (major elements, δ13Corg
values and TIC) document this transition between ∼13,600 and 
11,800 yrs. These differences can be explained by the variable sen-
sitivity of each proxy archive and the geochronological models: (i) 
the geochronological model of the stalagmites, based on 116 U/Th 
ages, is more precise and accurate than the sedimentary profile, 
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Fig. 5. Comparison between the proxies of Jaraguá cave with abundance of major vegetation groups inferred from pollen data from Laguna La Gaiba (Whitney et al., 2011; 
Fornace et al., 2016). (a) total organic and inorganic carbon (%) records from the trench profile (b) δ13C record from the stalagmites of Jaraguá cave (this study), (c) δ13C 
record from the sedimentary profile of Jaraguá cave (this study) and (d) abundance of major vegetation groups from pollen. Savannah includes graminoids, herbs. SDTF, 
seasonally dry tropical forest.
whose age-depth model consists of nine 14C ages; (ii) the growth 
rate of the stalagmites is more constant than sediment accumula-
tion rates on the cave floor, and (iii) the contribution of the ancient 
carbon from the bedrock may have shifted 14C ages in the organic 
matter to slightly older values.

The increase of the speleothem δ13C and sedimentary δ13Corg
values indicates that C4 plants started to be replaced by C3 plants 
at ∼20,000 yrs BP, and this process was accentuated between 
12,600 and 10,800 yrs BP (following the speleothem geochronol-
ogy). At approximately the same time, the major elements PC1 and 
the TIC data indicate that detrital sediment composition within the 
cave changed. Together, these data provide evidence for changes in 
weathering and erosion above the cave that are best explained by a 
major transition in vegetation change. The increase of speleothem 
87Sr/86Sr values indicates that the soil started to accumulate to-
gether with the changes in vegetation. However, soil organic mat-
ter development occurred more slowly, which controlled the grad-
ual increase of TOC in cave floor sediments over much of the 
Holocene (Fig. 3).

In summary, the paleoenvironment of our study site during the 
last glacial period was characterized as one with very thin or ab-
sent, organic-poor hilltop soils with sparse C4 vegetation (grasses) 
that were susceptible to downslope erosion. This paleoenviron-
ment drastically changed to thicker, more organic-rich hilltop soils 
that were stabilized by a denser C3 vegetation in the Holocene. 
This environment persisted through much of the Holocene, and 
the final outcome of this evolution is captured in pictures of the 
Jaraguá cave exterior today (Figs. S3 and S5).

Relative pollen abundance from Laguna La Gaiba (Whitney et 
al., 2011; Fornace et al., 2016), located at the western border of 
Pantanal ∼370 km from our study site indicates the predominance 
of savannah (including grasses and herbs) and floodplain vegeta-
tion during the glacial period, which were replaced by seasonal 
dry tropical forest (SDTF) after 11,900 yrs BP. Although Laguna La 
Gaiba is strongly influenced by its proximity to the Paraguay River 
(McGlue et al., 2011), the vegetation change from savannah to 
SDTF is consistent and coeval with the transition from C4 (grasses) 
to C3 (trees) plants documented by the stalagmite δ13C values 
and by the δ13Corg values from the sedimentary profile of Jaraguá 
cave (Fig. 5). Similarly, the progressive development of the SDTF 
is aligned with the gradual increase in TOC from the cave (Fig. 5). 
These resemblances between the study sites indicates that the veg-
etation changes documented by the Jaraguá cave records were not 
simply a function of the local kart system.

Three possible causes can explain the change in environment at 
the transition from the LGM to the Holocene: hydrological variabil-
ity, changes in temperature, and changes atmospheric CO2. Each 
forcing will be discussed in the following sections.

6.2. Hydrological variability

The speleothem δ18O record of Jaraguá cave indicates high 
monsoon intensity during the last glacial period and a weaker 
monsoon during the early to mid-Holocene (Novello et al., 2017), 
which is consistent with records for much of tropical South Amer-
ica over the same time period, including the western Amazon 
(Cheng et al., 2013a, 2013b), tropical Andes (Baker et al., 2001) and 
southern Brazil (Cruz et al., 2007). Considering these data, we con-
clude that changes in the summer monsoon cannot be the main 
driver for paleoenvironmental changes at Jaraguá cave. However, 
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if the local hydrology is not closely associated with the summer 
monsoon (Ward et al., 2019), and the 87Sr/86Sr record from Jaraguá 
cave is interpreted as a signal of bedrock residence time, relatively 
dry conditions could be interpreted for the last glacial period. Dry 
conditions during the last glacial period are in agreement with 
the hypothesis of Wang et al. (2017) for δ18O values and with 
the interpretation of speleothem δ13C values in Jaraguá cave as a 
proxy for local hydrology. Thus, drier conditions during the last 
glacial and a wetter Holocene period could be responsible for the 
environmental changes documented in Jaraguá cave at the transi-
tion. However, this scenario fails to adequately explain the linkages 
between monsoon intensity and the absolute differences in δ18O 
values between the last glacial and Holocene periods.

6.3. Changes in temperature

Although the current mean annual temperature in Bonito city 
is ∼22 ◦C, below-freezing temperatures are not uncommon dur-
ing winter, as was, for instance, registered by our temperature 
logger on 30 July 2017, when temperatures fell to −3 ◦C (Fig. 
S1). It is likely that the proxy-inferred ∼4 ◦C reduction in tem-
perature in the Pantanal during the last glacial (Punyasena et al., 
2008; Whitney et al., 2011) enhanced the frequency and ampli-
tude of cold episodes, which in turn increased the thermal stress 
on vegetation. In fact, the vegetation shift and soil stabilization, as 
documented in the δ13Corg values of the trench sediments and in 
the δ13C values of the speleothems, occurred simultaneously with 
the increase in southern hemisphere temperature documented in 
the ice core record from Antarctica (Fig. 6). Cooling could also 
have reduced evapotranspiration rates and increased vegetation 
stress expected from the reduction of atmospheric pCO2 during 
the glacial period.

If the pCO2 is unchanged, C4 plants tend to be favored over 
C3 plants in warm and dry climates and, conversely, C3 plants 
tend to be favored over C4 plants in cold climates, such as the 
last glacial (Collatz et al., 1998). However, at tropical localities like 
Jaraguá cave, a substantial expansion of C4 vegetation during the 
LGM has been predicted by models and verified by pollen data, 
despite cooler temperatures (Collatz et al., 1998; Whitney et al., 
2011). Thus, colder temperatures at our study site during the last 
glacial could have increased the thermal stress on vegetation and 
inhibited soil organic matter production, but may not have been 
responsible for changes in the type of vegetation (C4 versus C3) 
during the transition between the LGM and the Holocene.

6.4. Changes in atmospheric pCO2

As temperature, atmospheric pCO2 substantially increased at 
the transition from the LGM to the Holocene, simultaneously with 
the shifts documented by the δ13Corg values of the cave trench sed-
iments and the δ13C values of the speleothems from Jaraguá cave 
(Fig. 6). C4 plants (higher δ13C values) are physiologically adapted 
to low atmospheric pCO2 due to a mechanism that concentrates 
CO2 near the chloroplasts. Therefore, these plants are not signifi-
cantly influenced by changes in atmospheric pCO2. On the other 
hand, photosynthesis in C3 plants is hindered by low atmospheric 
pCO2 because of the competition between CO2 and O2 in enzymes 
responsible for fixation of both molecules (Prentice and Harrison, 
2009). Thus, the observed evolution of vegetation from the Glacial 
to the Holocene and the predominance of C3 over C4 plants, which 
is indicated by the proxy evidence during the Holocene, probably 
resulted from the increase of atmospheric pCO2 that occurred dur-
ing this transition.
Fig. 6. Comparison between δ13C records from Jaraguá cave with global records. (a) 
EDML ice core δ18O record from Antarctica (EPICA Community Members, 2010), (b) 
δ13C record from the stalagmites of Jaraguá cave (this study), (c) δ13C record from 
the sedimentary profile (trench) of Jaraguá cave (this study) and (d) atmospheric 
pCO2 record from Antarctic ice core (Monnin et al., 2004). Note that the scale of 
the y-axis of both Antarctic records is reversed.

6.5. Feedbacks between forcings

In summary, the increase of the atmospheric CO2 explains the 
environmental changes that occurred between the last glacial pe-
riod and the Holocene. However, vegetation patterns are not only 
influenced by pCO2. Rather, plant composition is a complex func-
tion of feedbacks among pCO2, temperature and precipitation. The 
sensitivity of vegetation to a specific change in pCO2 depends on 
the climate state (rainfall and temperature conditions) reached un-
der the preceding CO2 level (Woillez et al., 2011). It is known from 
Jaraguá δ18O data that monsoon rainfall was impacted by abrupt 
millennial-scale climate events, such as Dansgaard-Oeschger cy-
cles, Heinrich events, and the Younger Dryas, all of which occurred 
at the end of the last glacial period (Novello et al., 2017). These 
abrupt changes could have resulted in transient changes in both 
rainfall amount and seasonality, which in turn crossed a threshold 
for vegetation changes favored under the higher atmospheric pCO2
of the Holocene.

7. Conclusions

δ13C values from the stalagmites and the trench sedimentary 
profile from Jaraguá cave are most consistent with a C4-dominated 
vegetation during the last glacial period, in contrast to a vegeta-
tion dominated by C3 plants during the Holocene. We posit that 
the increase in atmospheric pCO2 during the transition from the 
LGM to the Holocene, together with feedbacks from temperature 
and precipitation, was responsible for the change in vegetation 
above Jaraguá cave. Dense C3 vegetation was responsible for soil 
stabilization above the cave, which led to an increase in stalagmite 
87Sr/86Sr values, due to more radiogenic Sr derived from the soil. 
The stable soil cover above the cave during the Holocene favored 
the production of soil organic matter, which was responsible for 
changes in cave sediment mineralogy and carbon content inferred 
from major element and organic proxies.

Rainfall amount and temperature seem to have played a sec-
ondary role for the environmental changes of the karst system 
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where Jaraguá cave is situated. However, it remains unclear how 
the local hydrology operated at the cave site during the last glacial 
period. The paleo-environmental sensitivities of multiple proxies 
established at our site may prove to be relevant for future pale-
oclimatic interpretations from speleothems together with karstic 
clastic sediment proxies around the world.
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