Hydrobiologia (2024) 851:1723-1739
https://doi.org/10.1007/s10750-023-05411-3

PRIMARY RESEARCH PAPER

q

Check for
updates

Holocene limnological changes in saline and freshwater
lakes, Lower Nhecolandia, Pantanal, Brazil

Giliane Gessica Rasbold
Elton Eduardo Novais Alves
José Albertino Bendassolli

+ Luiz Carlos Ruiz Pessenda
- Dayana Rodrigues Silva

- Célia Regina Montes(® - Adolpho Jose Melfi

- Paulo Eduardo De Oliveira
- Hudson W. Carvalho
- Michael M. McGlue

Received: 28 May 2023 / Revised: 13 October 2023 / Accepted: 14 October 2023 / Published online: 20 November 2023
© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2023, corrected publication 2023

Abstract The lower Nhecolandia region, in the
south of the Pantanal, contains thousands of shal-
low freshwater and saline-alkaline lakes isolated by
sandy ridges. To understand the paleoenvironment,
sediment cores from BO2SR (freshwater) and 07SR
(saline-alkaline) lakes were analyzed, employing a
combination of '*C dating, microfossils, geochemi-
cal, elemental, and isotopic analyses. The 07SR core
recovered Late Pleistocene sediments (~23,440 cal
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yrs BP), and the BO2SR core Middle Holocene sedi-
ments (~6080 cal yrs BP). The base of the cores
consists of bedded sands with no organic matter,
sponge spicules, or diatoms. Phytoliths suggest the
presence of cerrado vegetation with seasonal floods,
suggestive of a periodically inundated distal flood-
plain. We interpret that the two lakes sustain peren-
nial alkaline geochemical conditions between ~3080
and ~ 1330 cal yrs BP. The Lake BO2SR transitioned
to slightly acidic waters with low electrical conduc-
tivity from~ 1330 cal yrs BP to the present, probably
associated with a connection to ephemeral shallow or
perennial channels. Lake 07SR maintained consist-
ent water chemistry throughout the record, suggesting
that an isolated drainage pattern remained unchanged
creating persistent alkaline conditions. Our results
suggest that lake chemical changes were spatially
variable in lower Nhecoldndia in the Holocene, which
has implications for ecosystem services.

Keywords Wetlands - Shallow lakes - Diatoms -
Phytoliths - Tropical paleoecology

Introduction

The Pantanal is considered the largest tropical wet-
land on the planet, covering an area of approximately
135,000 km? in the central region of South America
(Por, 1995; Merino & Assine, 2020; Keddy et al.,
2009). It is famous for its seasonal flood pulse, which
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transforms large areas of the basin and provides criti-
cal habitat and refuge for wildlife and a diverse flora
(Junk & Cunha, 2005; Tortato & Izzo, 2017; Girard
et al., 2010). The Pantanal is composed of complex
lentic and lotic ecosystems, including lakes of dif-
ferent origins, swamps, networks of both active and
ancient fluvial channels, and large distributary fans
(Lo et al., 2019; Assine & Soares, 2004; McGlue
et al., 2016). Many morphological features of the
Pantanal are relics of a complex history of environ-
mental changes that occurred since the end of the
Pleistocene (Assine, 2003; Novello et al., 2019).
Among these diverse landscapes, the region of lower
Nhecolandia stands out for its thousands of shallow
freshwater and saline lakes, ephemeral channels, and
sandy, tree-covered ridges. Most of these lakes are
small and semi-rounded or elongated; locally called
baias (freshwater) or salinas (saline-alkaline waters).
The origins of these lakes, their hydrochemistry and
spatial arrangement have intrigued scientists for many

years (Barbiero et al., 2002; Furquim et al., 2010;
Furian et al., 2013; Bergier et al., 2016).

Some of what is known about the environmental
history of the Pantanal comes from paleolimnologi-
cal studies of floodplain lakes. Sediment cores from
lakes on the Paraguay River floodplain have been
studied using biological and geochemical indicators
of hydroclimate change, including analyses of sponge
spicules, pollen, diatoms, elemental and light sta-
ble isotopes, and biomarkers (Whitney et al., 2011;
McGlue et al., 2012; Metcalfe et al., 2014; Fornace
et al., 2016; Bezerra et al., 2019; Rasbold et al., 2019,
2021). However, unlike the floodplain lakes con-
nected to the Paraguay River, many of the saline-alka-
line Nhecolandia lakes are isolated from each other by
sandy ridges called cordilheiras (Fig. 1). These fea-
tures are elevated up to 5 m above the vazantes, and
flood waters rarely reach the ridge crests, which tend
to be densely vegetated (Costa et al., 2015).Because
they are isolated, they offer the potential for intact

Fig. 1 A Map of the
Pantanal wetlands high-
lighting the location of
the Nhecolandia in the
southern portion of the
Taquari River megafan;
B-C Satellite image detail
shows the landscape and
the locations of the Salina
da Ponta Lake (Guerreiro
et al., 2018), B2SR Lake,
07SR Lake; D. Freshwater
lake, the white arrow indi-
cates the BO2SR core sam-
pling location; E Saline-
alkaline lake, the black
arrow indicates the 07SR
core sampling location;
Source: Jodo Godinho/2020
(drone overflight)

South America
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sedimentary records. Paleolimnological research on
these types of lakes is still very limited but has shown
that depositional setting and lake water chemistry
changes have occurred in the late Pleistocene and
Holocene (McGlue et al., 2017; Becker et al., 2018,;
Guerreiro et al., 2018) (Fig. 1B). In contrast, stud-
ies on the freshwater lakes of Nhecolandia are not
available; integration of these lakes into the seasonal
drainage network has most likely constrained the use
of their sediments for environmental reconstructions.
In this study, we test the hypothesis that hydrochemi-
cal changes can be detected in lake sediments from
lower Nhecolandia (Fig. 1B). We employed exten-
sive multiproxy analyses on the sediments of both a
saline-alkaline and a freshwater lake, to understand
the evolution of these environments and the interac-
tions among climate, vegetation, and hydrology. The
lower Nhecolandia lake district provides valuable
ecosystem services, some of which are tied to lake
water chemistry (e.g., carbon sequestration, certified
organic ranching opportunities, etc.). Therefore, the
results of the study hold importance for conservation
planning, in addition to a more robust understand-
ing of the response of shallow aquatic ecosystems to
global climatic change.

Geologic and environmental setting

The Nhecolandia sub-region of the Pantanal is an
abandoned depositional lobe of the Taquari River
megafan, covering an area of 29,000 km? (Zani et al.,
2012). The Taquari River flows from east to west,
draining the Brazilian plateau and reaching the Panta-
nal lowlands before its confluence with the Paraguay
River. Nhecolandia is delimited by the Rio Negro in
the south and the Paraguay River in the west (Fig. 1).
Lower Nhecolandia is characterized as a geomor-
phological compartment of fluvio-lacustrine plains
made up of Cenozoic-aged alluvial sediments (Lac-
erda Filho et al., 2006). The climate of this region is
tropical semi-humid, with two well-defined seasons,
a dry season during the austral winter (May to Sep-
tember, mean rainfall of ~180 mm) and a rainy sea-
son during the austral summer (October to April,
mean rainfall of~855 mm) (Furian et al., 2013).
Lower Nhecolandia is a complex fluvial-lacustrine
environment with~ 15,000 saline-alkaline and fresh-
water shallow lakes of 1-2 m deep with unstratified
water columns (Mourio et al., 1988; Barbiero et al.,

2002; Rezende-Filho et al., 2012). There are also
river channels known as vazantes and corixos, which
act as distributive channels during the seasonal flood
pulse. Vazantes are ephemeral, shallow channels that
are activated for the outflow of flood waters, while
corixos are perennial shallow channels.

The vegetation community in the Nhecoldn-
dia region can be divided into five main ecological
groups according to their distribution and environ-
mental characteristics (Becker et al., 2018): (i) The
vazantes contain grasses, trees, and shrubs over the
seasonally flooded areas, which includes species of
Poaceae, Cyperaceae, Asteraceae, Arecaceae, Melas-
tomataceae, Anacardiaceae, Polygala sp.; Gomphrena
sp.; Anadenanthera sp.; Tabebuia sp., Anacardiaceae,
Tapirira guianensis Aubl., and Copernicia alba
Morong; (ii) The cordilheiras are covered by trees
and shrubs typical of the central Brazilian savanna
(cerrado), with species of Poaceae, Cyperaceae,
Anacardiaceae, Anadenanthera sp.; Tabebuia sp., and
Attalea phalerata Mart. ex Spreng.; (iii) The shore-
lines of saline-alkaline lakes contain Copernicia alba,
Tabebuia sp., Gomphrena sp., Bromeliaceae, and
Asteraceae; (iv) Freshwater lakeshores are colonized
by herbs and shrubs adapted to moist soils, such as
Cyperaceae, Poaceae, Typha domingensis Pers., and
Cabomba piauhiensis Gardner; (v) Several commu-
nities characterized by monodominance can be found
surrounding the sandy ridges of the lakes, such as the
Carandazal, which has the dominant species Coper-
nicia alba (Arecaceae), the coronal dominated by
Elyonorus muticus (Spreng.) Kuntze (Cyperaceae),
and gravatal dominating by Bromeliaceae of the spe-
cies Bromelia balansae Mez.

Materials and methods
Sediment core X-ray, color, and (geo)chronology

A 200-cm-long sediment core (BO2SR) was recov-
ered from a dry freshwater lake basin at 19°23'07.8"S;
56°20'01.01"W, and a 150-cm-long sediment core
(07SR) was recovered at 19°23'54.6"S; 56°19'50.1"W,
in a saline-alkaline lake, using a Russian sediment
borer. The cores were sealed in the field and trans-
ported to the “C Laboratory at the Center for Nuclear
Energy in Agriculture, University of Sdo Paulo
(CENA-USP). The cores were photographed and
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x-radiographed to identify the stratigraphy and sedi-
mentary structures. Sediment colors were determined
by visual comparison with Munsell® Chart standards
(Company, 1975). Fifteen sediment organic matter
samples were dated by accelerator mass spectrometry
(AMS) radiocarbon dating at the Center for Applied
Isotope Studies at the University of Georgia, USA
(Table 1). Samples were physically and chemically
pre-treated according to the methodology described
by Pessenda et al. (2009). Bayesian age-depth mod-
els for cores BO2SR and 07SR were constructed using
the Bacon for R package (Blaauw & Christen, 2011),
the SHCal20 calibration curve (Hogg et al., 2020) and
the post-bomb SH Zone 1-2 curve (Hua et al., 2022).
Radiocarbon dates are reported as the median prob-
ability age (cal yr BP). We analyzed sediment grain
size following the Wentworth (1922) distribution.
Subsamples were dried, weighed, and oxidized with
hydrogen peroxide (35%) at 80 ‘C to remove organic
matter and a 4% HCI solution to eliminate carbonates.
They were then sieved with a 1 mm mesh cloth, dried
and remaining grains weighed. We dispersed the rest
of the material using ultrasound before determining
grain size via laser diffraction with a Shimadzu Sald
2201 Laser Particle Size analyzer.

X-ray Fluorescence (XRF) analysis

The BO2SR sediment core was placed in 75 mm in
diameter PVC cradles and the surface was covered
with a 2.5 pm-thick Mylar® film (Chemplex, Palm
City, USA). Geochemical analysis was performed
using a portable energy-dispersive X-ray fluores-
cence spectrometer (pED-XRF—model Tracer III-
SD, Bruker AXS, Madison, USA). The pED-XRF
was fixed on a support and positioned on top of the
core and its film covering. The pED-XRF and sup-
port were moved every 1 cm along the length of the
core. The XRF spectra were obtained by the program
SIPXRF v. 3.8.3. The analyses were performed under
atmospheric pressure, with the X-ray tube operating
at 40 kV and 20 pA, with a dwell time of 30 s per
analysis, and a dead time of less than 12%. The net
intensities and background of each x-ray line were
obtained from the Bayesian deconvolution using
ARTAX v. 7.4. The net intensity of Rh Ka Compton
radiation was determined in the energy range (ROI)
of 19.2-19.8 keV. Intensities of characteristics X-ray
of each chemical element were normalized by Rh
Ka Compton. The XRF normalized data versus core
depth data were plotted to evaluate the accumulation

Table 1 Radiocarbon dates used in the age-depth model from B2SR and 07SR

ID Depth (cm) Lab code* Age Error 2-0 range Median Probability Material
(pMC) (%) (cal yr AD) (cal yr AD)
B2SR 5-7 51848 102.015 0.717 1957-1956 1957 Bulk
ID Depth (cm) Lab code* Age Error 2-0 range Median Probability Material
(**C yr BP) (+) (cal yr BP) (cal yr BP)
B2SR 25-23 51,849 1839 34 1825-1610 ~1720 Bulk
B2SR 34-32 54,230 2718 61 2960-2710 ~2800 Bulk
B2SR 45-43 51,850 2995 85 3350-2880 ~3120 Bulk
B2SR 107-105 54,225 2620 25 2760-2520 ~2730 Bulk
B2SR 161-159 54,226 5120 130 6185-5585 ~5830 Bulk
B2SR 177-176 56,244 5130 50 5990-5660 ~5820 Bulk
B2SR 195-194 56,245 4630 40 5465-5050 ~5310 Bulk
07SR 16-14 51,862 353 26 450-300 ~390 Bulk
07SR 34-32 51,863 2485 52 2710-2355 ~2530 Bulk
07SR 66-64 54,231 4140 70 48304420 ~4630 Bulk
07SR 82-80 51,865 4863 28 5600-5470 ~5530 Bulk
07SR 96-95 54,232 5490 45 6390-6020 ~6240 Bulk
07SR 132-130 54,233 8324 52 9450-9030 ~9290 Bulk
07SR 146-144 51,867 19,460 56 23,750-23150 ~23,410 Bulk

*Accelerator mass spectrometry (AMS) of center for applied isotope studies of university of Georgia
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of the chemical elements during sedimentation. The
X-ray data were exported into the program PAST v
3.22 (Hammer et al., 2001) to perform the principal
component analysis (PCA). First, the data were nor-
malized to obtain the arithmetic mean equal to zero
and standard deviation equal to one, using the equa-
tion [(x—X)/c], where x is the chemical element con-
tent at a given depth, X is the average content of the
entire profile, and o is the standard deviation of the
entire profile.

Isotopic and elemental analysis

Sediment sub-samples were collected every 4 cm
along the length of both cores for total organic carbon
(TOC), total nitrogen (TN), 813C, and 8'°N measure-
ments. Each sediment sample was freeze-dried and
pre-treated according to (Buso Junior et al., 2013). To
determine the modern stable carbon isotope signature
of the most representative modern plant species were
collect near the sampling points. We analyzed 15
plants, washed the leaves with deionized water, dried
them at 40° C, and ground them. The isotope values
from plants and sediments were measured at the Sta-
ble Isotope Laboratory of CENA/USP using an IRMS
Delta V Advantage isotope ratio mass spectrometer
interfaced with combustion set. The 8'3C values (%o)
were expressed with respect to the VPDB standard
and 8"°N (%o) in relation to the atmospheric N, stand-
ard, with a standard deviation of + 0.2 %o. The results
of TOC and TN are expressed as percentages of dry
weight and C/N values calculated accordingly (Lor-
ente et al., 2014). These data were used to identify the
sources of organic matter, which can be produced by
lacustrine algae, aquatic macrophytes, and C3 and C4
land plants (Meyers, 1994).

Phytoliths, sponge spicules, diatoms

Sediment sub-samples (I cm?®) were analyzed for
siliceous microfossils, following complete organic
matter digestion with 35% H,O, on a hot plate at
60 ‘C (Battarbee et al., 2001). To estimate phyto-
lith concentration, two tablets of an exotic marker
(37.168 cm™) were added to the samples, including
10 ml of hydrochloric acid (10%) to assist with disso-
lution. Microscope slides were mounted with Naph-
rax, a medium permanent high-refractive index (1.7).
Slides were analyzed at 1000 X magnification with

a light microscope. When possible, at least 200 dia-
tom valves were identified from each sample interval.
Diatom frustules were identified and counted at the
genus level, following the taxonomy of Metzeltin &
Lange-Bertalot (2007), de Souza Santos et al. (2012),
Malone et al. (2012), Morales et al. (2014), Tremarin
et al. (2014), and Guerreiro et al. (2018). Taxonomic
identification of sponge spicules was performed
through systematic observations of at least 200 spic-
ules, distinguishing among the different sponge
skeletal elements, including megascleres, gemmulo-
scleres, and microscleres. Identification of different
species followed the key of Class Demospongiae Sol-
las (1885), Order Spongillida Manconi and Pronzato
2002 to Neotropical Freshwater Sponge Species (Pin-
heiro & Calheira, 2020) and the morphological guide
of neotropical freshwater sponge spicules for pale-
olimnological studies (Rasbold et al., 2023). Plant
phytoliths were counted to at least 200 fossils per
sample, with morphological identifications following
the International Code for Phytolith Nomenclature
2.0 (ICPT, 2019).

Pollen grains and charcoal

Subsamples (1 cm?®) for the BO2SR were processed,
following the protocol described in Collinvaux et al.
(1999): addition of one spike of exotic Lycopodium
clavatum L. spores (Batch number: 177,745, Lund
University, 2008) to determinate pollen and spore
concentrations (Collinvaux et al., 1999). The proce-
dure was based on the addition of HF to remove sili-
cate minerals, KOH and acetolysis to remove humic
acids and the organic contents within palynomorphs.
At least 300 terrestrial pollen grains were counted per
sample using a ZEISS photomicroscope at 1000x.
Identification was based on the literature (Salgado-
Labouriau, 1973; Absy, 1975; Faegri et al., 1989;
Roubik & Moreno, 1991; Collinvaux et al., 1999)
and the modern pollen reference collection of the '“C
Laboratory (CENA/USP). Pollen diagrams were plot-
ted using TiliaGraph® and CONISS to stratigraphi-
cally constrained cluster analysis (Grimm, 1987).

For macroscopic charcoal analysis, subsamples of
1 cm® were collected at intervals of 2 cm for 07SR
core (n=75), and processed following the sieving
method (Millspaugh & Whitlock, 1995). Each sub-
sample was submerged in deflocculant (5% solution
of sodium hexametaphosphate) for 24 h and then
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carefully washed through a 150 pm sieve to remove
fine organic and inorganic materials. The counts of
the charcoal fragments retained in the sieves were
carried out using a stereomicroscope X 10-15. The
resulting dataset was converted to charcoal concentra-
tion (number of charcoal particles per cm™).

Results
Age model and modern vegetation

The core from the freshwater lake (BO2SR) is com-
posed at its base of Middle Holocene-aged sediments
(~6080 cal yrs BP), and the upper 110 cm of the
core corresponds to the Late Holocene. Sedimenta-
tion rates in the core range from~0.5 mm/yr in the
basal portion (200-50 cm) and~0.02 cm/yr in the
upper portion of the core (50-0 cm) (Table 1 and
Fig. 2). The core from the saline-alkaline lake (07SR)
dates at its base to the Late Pleistocene (~23,440 cal
yrs BP) (Table 1 and Fig. 2). Moving up the sec-
tion, the radiocarbon dates represent Early Holocene
ages (~9290 cal yrs BP, 132 cm), the sedimentation
rates ~0.093 mm/yr in the basal portion between 145
and 132 cm, suggesting a hiatus in the interval.

Carbon isotope analysis of plants colonizing
lakes shorelines and cordilheiras indicate a commu-
nity composed of C3 plants (5'°C between — 32 %o
and — 22 %o), made up of trees and some grasses
(Poaceae) (Fig. 3). One sample (Bromeliaceae),
which is a Crussalaceae Acid Metabolism (CAM)
plant, had a 8'3C value of — 14.2%.. The BO2SR
lake is predominantly vegetated by the species Typha
domingensis, which has a 8'>C value of — 29.5 %o.

BO2SR core (Freshwater Lake)

The lithology, granulometry, TOC, TN, 83C, 5PN,
and elemental geochemistry of the BO2SR core are
shown in Figs. 3 and 4, whereas the microfossils
are in Fig. 5. The results of the pED-XRF analysis
and the evaluation of the first (PC1-55.7% of the
explained variance) and second (PC2-25.1% of the
explained variance) principal components scores of
the PCA suggest three units for the BO2SR core.

Unit I (200-50 cm; ~6080-3080 cal yr BP)

Unit I is composed predominantly of very dark
brown, massively bedded, medium and fine-
grained sands. The variance of the pED-XRF data
is explained by the positive scores of PC2 (25.1%),

Fig. 2 Age-depth models A
based on Bayesian statistics | BO2SR ——
for A core BO2SR core = — ,::::¢::—-_::::*
and B core 07SR. Blue a3 _’__,_-——_’_:'_, " ik
markers denote "C dated 2?7 JEERPEEEESS g
layers. One dated layer < go— pai——_ - ___-——--"’
was excluded by Bacon at £38 4 de
BO02SR core. Dashed lines N ,/::f”,’
indicated the 95% confi- - -
dence interval | J J T
0 100 150 200
B Depth (cm)
(=]
8_ 07SR
[Te]
N
g -
Q
258
B2
8 _ _,M»«
3 ISR
© T T T T
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«Fig. 5 Quantification and identification of biological indica-
tors for the BO2SR core. A Relative abundance of diatom and
sponge spicules; B Relative abundance of phytoliths; C. Con-
centrations of algae, spores, and pollen grains. See text for
details

represented by high characteristic radiation intensities
of Si and Zr (Fig. 3). Silicon is probably associated
with quartz-rich sandy layers and Zr with weathering-
resistant zircons connected by high energy-related
depositional processes. Mn concretions were identi-
fied and detected by XRF through high intensity of
Mn Ka line (peaks seen in Mn profile—Fig. 3). The
C and N contents are close to 0%. There were not
enough diatom frustules or sponge spicules for quan-
tification between 200 and 90 cm. Between 90 and
50 cm, the diatom community was composed pre-
dominantly of Pinnularia sp., Eunotia sp., Nitzschia
sp. and Anomoeoneissp. It was possible to identify the
presence of the sponge species Corvoheteromeyenia
sp., Radiospongilla amazonensis Volkmer-Ribeiro
& Maciel, 1983, and Tubella variabilis (Bonetto &
Ezcurra de Drago, 1973). The assemblage of spic-
ules was chiefly composed of fragmented microscle-
res, with<5 complete gemmoscleres per horizon.
Between 160 and 90 cm, there was 40-60% of phy-
toliths characteristic of the family Arecaceae and
Bromeliaceae (SPHEROID ECHINATE). Between 90 and
50 cm, the phytolithic assemblage was composed of
grass silica short-cell phytoliths (GSSCP) morpholo-
gies produced by grasses (BiLoBATE, CROSS, SADDLE
and RonDEL). Morphologies produced by Poaceae
were also identified, but without a specific taxonomic
pattern (BLocky, BuLLIFORM FLABELLATE and ELON-
GATE ENTIRE). It was not possible to identify the pollen
assemblies, as grain concentrations were insufficient.

Unit 11 (50-20 cm; ~3080-1330 cal yr BP)

Unit II comprises a transition facies from sandy sedi-
ments into silt-rich sediments with a greenish black
color. The variance of the pED-XRF data is explained
by the negative scores of PC1 axis (~56%) and is
related to the high relative characteristic radiation
intensities of K, Mn, Ca, Sr, and Fe (Fig. 4). In Unit
I, the values of TOC were < 3%, the mean 3'13C value
is — 22 %o (C3 plants predominance), and N remain
close to 0% (Fig. 3)., comprising between 35 and 70%
of the assemblage. Between 40 and 30 cm, Craticula

sp. was~50% of the community (Fig. 5). Anomoeo-
neis sp. is tolerant to a wide salinity gradient and is
considered euryhaline; however, Craticula sp. is
usually observed in brackish waters with high elec-
trical conductivity and high pH (i.e., saline-alkaline
waters). It was possible to identify only Corvoheter-
omeyenia spp. sponge spicules, with the occurrence
of one gemmulosclere. The predominant phytolith
morphologies in Unit II were those produced by
grasses of the Poaceae family (BILOBATE) and with-
out a specific taxonomic pattern (BLOCKY, BULLI-
FORM FLABELLATE, and ELONGATE ENTIRE).
It was not possible to identify the pollen assembly as
the concentrations of grains were insufficient. How-
ever, it was possible to identify the presence of green
algae, especially Botryococcus sp. (Fig. 5).

Unit Il (20-0 cm; ~ 1330 cal yr BP—present)

Unit IIT is composed of silty mud with roots and
coarse plant material with dark olive brown color.
The variance of the pED-XRF data in this layer
is explained by the negative scores of PC2 axis
(~25%), whose characteristic radiation intensi-
ties of Ti, Zr, and Si are diagnostic but are lower
than Units I and II (Fig. 4). These lower values
may be indicative of a decrease in energy-related
depositional processes. The concentration of TOC
increases towards the top of the unit, with val-
ues up to~35% near the surface; the mean 8'°C
was -30 %o, indicative of C3 plants. The mean
TN values are~2.5%, with 8°'N>35 %0 and C: N
ratio of ~ 10, indicative of aquatic organic matter
source (Fig. 3). Unit III is characterized by abun-
dant benthic diatoms: Gomphonema sp., Eunotia
sp., Encyonema sp. and Nitzschia sp., commonly
found in slightly acidic waters with relatively low
to moderate conductivity, consistent with extant
conditions (Fig. 5). Sponge spicules of the species
Corvoheteromeyenia spp., Radiospongilla ama-
zonensis, Tubella variabilis and Heteromeyenia
sp. Potts, 1881 were found in Unit III. For the phy-
toliths, there was a presence of the BiLoBATE and
Cross morphotypes (>50%), which are associated
with plants of the Panicoideae subfamily, that is,
grasses adapted to conditions of higher soil mois-
ture (Twiss et al., 1969; Fredlund & Tieszen, 1994,
Bremond et al., 2005). The pollen assemblage in
this unit was dominated by aquatic and terrestrial
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herbs, with abundant Typha domingenis and
Poaceae, respectively. However, pollen grains from
trees and shrubs were identified in the samples at
the top of the core. The highest concentrations of
Botryococcus sp. were recorded at~1300 cal yrs
BP.

07SR core (Saline-Alkaline Lake)

The lithology, granulometry, TOC, TN, 83C, 8PN,
microfossils, and elemental geochemistry for the
sediments of the 07SR core are shown in Figs. 6 and
7. According to the results obtained by the pED-XRF
analysis and the evaluation of the first (PC1-71.4% of
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the explained variance) and second (PC2-15.4% of
the explained variance) principal components scores
of the PCA, it was possible to distinguish three units
for the O7SR core.

Unit I (150-40 cm; ~23,440-2990 cal yrs BP)

Unit I correspond to sediments deposited during the
interval Early Pleistocene to Late Holocene with low
sedimentation and/or sedimentary gap between 145
and 132 cm. It is medium and fine-grained massive
sandy bed with Mn-rich concretions. The variance of
the pED-XREF data is explained by the negative scores
of PC1 axis (~71.4%), represented by high character-
istic radiation intensities of Si and Ti (Fig. 6). Silicon
is probably associated with the quartz in sandy layers
and Ti with highly weathering-resistant Ti minerals
(e.g., rutile and anatase) in the sediments. The TOC
and TN concentrations were negligible in Unit I. It
was possible to identify phytoliths characteristic of
the Arecaceae and Bromeliaceae families (SPHEROID
ECHINATE), and woody dicots (SPHEROID ORNATE, SPHE-
ROID PSILATE, and SPHEROID FACETATE). Pollen grains,
charcoal particles, diatom frustules, and sponge spic-
ules were not present in Unit I.

Unit 11 (40-30 cm; ~2990-2190 cal yrs BP)

Unit II sediments are chiefly composed of fine sand,
with minor accessory silt and clay. The pED-XRF
data’s variance can be explained by the positive
scores of the first and second principal components
(PC1~71.4%; PC2~15.4%). This loading is linked
to a decrease in characteristic radiation intensities of
Si and Ti, and an increase in relative intensities of
K (Fig. 6). These changes may indicate the begin-
ning of deposition of clay minerals like illite. In this
unit, values of TOC were < 1%, the mean §'3C value
is -18 %o, TN remain close to 0% (Fig. 7). Unit II
may be associated with the beginning of the deposi-
tion of sediments constituting a saline-alkaline lake.
The predominant diatom frustules were Craticula sp.
(~60%), which indicated that during this phase, the
lake presented geochemical conditions of brackish
waters with high electrical conductivity and hyper/
high alkaline pH. It was not possible to identify phy-
toliths, sponge spicules, pollen grains, and macro
charcoal particles in Unit II.

Unit 111 (30-0 cm; ~ 2190 to present)

Unit III sediments are predominantly composed of
silt and clay. The variance of the pED-XRF data in
this layer is explained by the positive scores of PCl
axis (~71.4%), with high characteristics X-ray inten-
sities of Fe, Mn, Ca, and Sr (Fig. 6). In Unit III, TOC
reached ~16% and TN is~2% near the core top. The
8'3C values varied between~-21 and~-19 %o, which
indicates a mixture of C3 and C4 plants. The 8°N
values were~5 %o, indicating a mixture of terrestrial
organic matter and lacustrine phytoplankton (Fig. 7).
It was not possible to identify sponge spicules, phy-
toliths, and pollen grains, however, there is a domi-
nance of Nitzschia sp. and Craticula sp. diatoms, taxa
typical of alkaline environments with moderate to
high electrical conductivity. Oogonia of Chara sp.
(Characeae), were also identified in Unit III, suggest-
ing alkaline water conditions from the last~250 cal
yrs BP. It was possible to recover charcoal particles,
with the identification of two deposition peaks, the
first between~ 1500 and~1000 cal yrs BP, and the
second at~210 cal yrs BP.

Paleoenvironmental interpretations

Core 07SR presents basal sediments from Late
the Pleistocene (~23,410 cal yrs BP, 144 cm) fol-
lowed by Early Holocene ages (~9290 cal yrs BP,
132 cm), where the low sediment accumulation rate
(~0.00085 cm/year) was probably associated with a
less humid climatic period and/or high precipitation
events that removed part of the substrate from the
profile. Between the Late Pleistocene and Early Hol-
ocene in Pantanal there is evidence of periods with
higher rainfall interspersed with lower periods of a
weakened monsoon (Whitney et al., 2011; Novello
et al.,, 2016; Bezerra et al., 2019; Rasbold et al.,
2019). These changes in precipitation directly influ-
ence hydrological dynamics, and consequently the
deposition and preservation of sediments. The acti-
vation of secondary channels of the Paraguay River
in large floodplains lakes resulted in gaps in Late
Pleistocene and Early Holocene sediments, indicat-
ing a more humid climate, with increased intensity
of monsoons and seasonal pulses during this period
(Novello et al., 2016; Rasbold et al., 2019). Cores
analyzed in Nhecolindia also showed discontinu-
ity in the deposition of sediments, where the actions
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Dominant sponge spicules
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*not to scale

. Saline-alkaline Lake . Freshwater Lake

Fig.8 A Conceptual model of sedimentary indicators for
saline-alkaline and freshwater lakes in the Nhecolandia Region
during the Late Holocene. Saline-alkaline lake. Dominant
diatoms. 1 Craticula sp.; 2 Anomoeoneis sp.; 3 Nitzschia sp.;
4 Presence oogonia of Chara sp. (Characeae). Low or absent
sponge spicules. High pED-XRF data for K, Mn, Ca, Sr, and
Fe. Freshwater lake. Dominant diatoms. 5 Gomphonema sp.;

of surface flows could have caused erosion (Assine,
2003). The presence of a sharp lithostratigraphic shift
from fine sand and silt to organic-rich mud change,
and the incomplete sedimentary records, are evidence
of seasonal hydrology, during the Late Pleistocene to
Middle Holocene in the lakes across the Nhecolandia
(McGlue et al., 2016).

The absence of organic matter (values of TOC and
TN ~0%) and of sponge and diatom spicules (aquatic
indicators), and the preservation of phytoliths of Are-
caceae and Bromeliaceae family (SPHEROID ECHINATE)
and of woody dicotyledons (SPHEROID ORNATE, SPHE-
ROID PSILATE, and SPHEROID FACETATE), indicate that
during the Middle to Late Holocene, where today are
the freshwater and saline lakes (B2SR and 07SR),
possibly was a region with cerrado vegetation, with
seasonal floods, similar to distal floodplain settings
without permanent lakes. Sediment core analyses

@ Springer
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Age (cal yrs BP)

6 Eunotia sp.; 7 Encyonema sp.; 8 Pinnularia sp.; 9 Nitzschia
sp.; 10 Aulacoseira sp.; 11 Cyclotella sp.; Dominant sponge
spicules. 12 Tubella variabilis; 13 Corvoheteromeyenia spp.;
14 Heteromeyenia sp.; 15 Radiospongilla amazonensis. Low
pED-XRF data for K, Mn, Ca, Sr, and Fe. B Timeline of the
lake typologies changes in Salina da Ponta lake (Guerreiro
et al., 2018), 07SR Lake, and BO2SR Lake

from floodplain lakes in the Pantanal have indicated a
less humid climate than present during the Early and
Middle Holocene, with reduced precipitation inten-
sity, leading to a decrease in the flood pulses and lev-
els of these lakes (Whitney et al., 2011; McGlue et al.,
2012; Rasbold et al., 2019). This climate change cre-
ated favorable conditions for the occurrence of fires
in non-flooded cerrado systems, which are dominated
by herbaceous and shrubby vegetation (Power et al.,
2016).

The pollen, phytoliths, sponge spicules, diatoms,
and macrocharcoal data record the vegetation and
aquatic communities (freshwater sponges and dia-
toms) colonizing the environment, supporting the
interpretations regarding the paleovegetation, pale-
oclimate and paleoecology of the area, especially in
the last~3000 cal yrs BP. Lacustrine environments
are interpreted to start forming at~3080 cal yrs BP
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(BO2SR core) and~2500 cal yrs BP (07SR core),
with the inception of fine sediments (silt and clay)
deposition, possibly under alkaline geochemical
conditions as indicated by the diatom communities
(Fig. 8). Our XRF data indicates that in the saline-
alkaline phases, the sediments contain high relative
K, Mn, Ca, Sr, and Fe (Fig. 8). A regional study by
Barbiero et al. (2002) conducted on surface and sub-
surface waters of Nhecolandia revealed that freshwa-
ters in the region are CO32_, CI~, Nat, and K*-rich,
whereas saline waters exhibit higher concentrations
of CO32_ and Na*. As the waters become more saline,
pH and alkalinity increase, K* decreases slightly, and
Mg** and Ca** concentrations decrease significantly.
Barbiero et al. (2002) concluded that the variability
is primarily due to evaporative concentration, and
that the precipitation of K*, Mg®*, and Ca®* in the
saline waters occurs through the formation of authi-
genic carbonates and Mg**-silicates around the lakes.
Biological and geochemical indicators suggested that
there was a change in paleolimnological conditions
between ~ 1330 cal yrs BP and the present to slightly
acidic water chemistry and low electrical conduc-
tivity for the BO2SR lake. However, for lake 07SR,
the alkalinity pattern remained consistent over the
past~2500 cal yrs BP.

In the Holocene, stalagmite records from the Pan-
tanal indicated severe reductions in water availabil-
ity between ~3800 and~2100 yrs BP (Bertaux et al.,
2002; Novello et al., 2016). Periods with low water
availability resulted in subaerial exposure and the
development of hiatuses in the strata of the largest
floodplain lakes of the Pantanal, as reported for the
Gaiva, Mandioré, Céaceres, and Negra lakes between
the Middle and Late Holocene (McGlue et al., 2012;
Rasbold et al., 2019, 2021). However, most climate
proxy records developed from Pantanal floodplain
lakes and caves data, suggest increased precipitation
over the last millenia (Bertaux et al., 2002; McGlue
et al., 2012). Recent studies have indicated that the
current salinity of the lower Nhecolandia lakes is not
a legacy of past drier climates (Merdy et al., 2022)
and that the slope soils act as buffers to store labile
species during the dry season, allowing alkalinity to
be maintained from a year to the next. However, the
alkaline nature of these lakes can quickly disappear
after changes in drainage conditions.

Quantified charcoal particles in a floodplain
lake on the western edge of the Pantanal, indicated

that fires are persistent and recorded with greater
intensity and recurrence between the Early and
Middle Holocene, which may be related to condi-
tions of lower precipitation and less intense flood
pulses compared to the modern conditions (Power
et al., 2016). The morphological analysis of the
particles indicated that the source vegetation was
grasses (elongated geometric shape) and associated
with predominantly local burnings in Nhecolan-
dia. Although under climatic conditions of higher
humidity, compared to the Early and Middle Holo-
cene, the identification of these charcoal particle
depositional peaks indicated episodic droughts in
the last millennium that resulted in wildfires.

Thus, the interpretations for cores BO2SR and
07SR suggest the formation of an isolated lacus-
trine environment, between~3080 and~ 1330 cal
yrs BP, under drier conditions than present (Fig. 8).
After ~ 1330 cal yrs BP, conditions of water availa-
bility increased, and the drainage pattern of BO2SR
lake underwent changes, resulting in its connec-
tion with ephemeral and shallow channels that were
activated during floods as distributive channels.
Drainage changes provided conditions for BO2SR to
become a lake with slightly acidic waters and low
electrical conductivity, similar to current condi-
tions. For lake 07SR, the drainage pattern was not
significantly altered, and the basin remained iso-
lated, which allowed the continuity of the alkaline
geochemical pattern from~2500 cal yrs BP to the
present (Fig. 2).

Our study provides insights on the paleoecology of
a freshwater lake in Nhecolindia, the first record of
its kind for the region. Guerreiro et al. (2018) previ-
ously reported a chemical transition from freshwater
to saline conditions after~1300 cal yrs BP; those
authors suggested a climatic control, which was
accompanied by nutrient availability and organic mat-
ter burial. Results from the present study suggest that
saline to freshwater lake transitions also took place
over this same period. Additionally, the saline lake in
our study maintained its chemistry over the last mil-
lennium (Fig. 8). As a consequence, we suggest that
the effects of the Late Holocene hydroclimate varia-
bility are spatially complex in Nhecolandia, and local
geomorphological characteristics of the floodplains,
including the distribution of ridges and channels, play
an important role in modulating the effects of chang-
ing precipitation and evaporation.
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Changes in the geochemistry of lakes can have
significant implications for carbon source and sink
dynamics. Saline and freshwater lakes are respon-
sible for CH, gas emissions to the atmosphere (Ber-
gier et al., 2016). However, saline lakes have lower
dissolved methane concentrations in their water
columns, and their sediment may contain more bur-
ied carbon than the freshwater lakes (Bergier et al.,
2016). Estimating the regional contribution of green-
house gas emission and carbon burial in Nhecolandia
is a significant challenge due to the wide range of
environmental conditions, including high frequency
climatic variations, as well as the high salinity and
pH levels of surface waters (Bergier et al., 2016; Bar-
biero et al., 2017). Our sediments cores indicate that
the highest rates of organic carbon burial occurred
after~1300 cal yrs BP, with similar proportions
observed in both saline and freshwater lakes (mean
TOC~10-15%). The freshwater lake is colonized
by aquatic macrophytes, that contribute considerable
biomass to the surface sediment layer (TOC ~34%).
The sedimentary records of other saline lakes exhibit
a similar trend of increasing organic carbon levels
over the past millenium (McGlue et al., 2017; Guer-
reiro et al., 2018). The absence of data from other
freshwater lakes limits comparisons of carbon bur-
ial in that type. Nonetheless, our study reveals that
hydrochemical changes are neither temporally direc-
tional nor spatially uniform, which makes estimates
of potential changes to greenhouse gas flux difficult to
model in this lake district.

Conclusions

In this study, two sediment cores from a freshwater
(BO2SR) lake and a saline-alkaline (07SR) lake in the
lower Nhecolandia region, southern Pantanal (west-
ern Brazil), were studied. Our results allowed us to
draw the following conclusions:

1) Three sedimentary units were present in the
cores. The biological and geochemical indica-
tors suggest the establishment of an alkaline len-
tic environment in both basins after~3080 cal
yrs BP, with the diatom community dominated
by Anomoeoneis sp. and Craticula sp., and high
relative K, Mn, Ca, Sr, and Fe in the sediments.

@ Springer

2) The geochemical and biological data from core
07SR indicate chemical stability with consistent
alkaline/saline waters; Nitzschia sp. and Crat-
icula sp. diatom species dominated, and oogonia
of Chara sp. (Characeae) were routinely encoun-
tered in the sediments.

3) A chemical transition from alkaline/saline to
freshwater conditions was detected in core
BO2SR after~1330 cal yrs BP. The shift in the
water chemistry was reflected in a change to
benthic diatoms Gomphonema sp., Eunotia sp.,
Encyonema sp. and Nitzschia sp., and the pres-
ence of sponge spicules of Corvoheteromeyenia
spp., Radiospongilla amazonensis, Tubella vari-
abilis and Heteromeyenia sp.

4) This study reveals the complexity of geochemi-
cal transitions of Nhecolandia lakes, reveals that
they do not uniformly shift towards greater salin-
ity in the last millennium as the hydroclimate of
the Pantanal changed. Changes in lake typology
is more likely a complex and spatially variable
responses to climatic conditions, groundwater
levels ,and flow patterns, drainage patterns, soils,
and biological metabolism.
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