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Abstract We explored the potential for using
Pediastrum (Meyen), a genus of green alga commonly
found in palaeoecological studies, as a proxy for lake-
level change in tropical South America. The study site,
Laguna La Gaiba (LLG) (17°45'S, 57°40'W), is a
broad, shallow lake located along the course of the
Paraguay River in the Pantanal, a 135,000-km? tropical
wetland located mostly in western Brazil, but extend-
ing into eastern Bolivia. Fourteen surface sediment
samples were taken from LLG across a range of lake
depths (2-5.2 m) and analyzed for Pediastrum. We
found seven species, of which P. musteri (Tell et
Mataloni), P. argentiniense (Bourr. et Tell), and P. cf.
angulosum (Ehrenb.) ex Menegh. were identified as
potential indicators of lake level. Results of the modern
dataset were applied to 31 fossil Pediastrum assem-
blages spanning the early Holocene (12.0 kyr BP) to
present to infer past lake level changes qualitatively.
Early Holocene (12.0-9.8 kyr BP) assemblages do not
show a clear signal, though abundance of P. simplex
(Meyen) suggests relatively high lake levels. Absence
of P. musteri, characteristic of deep, open water, and
abundance of macrophyte-associated taxa indicate
lake levels were lowest from 9.8 to 3.0 kyr BP. A shift
to wetter conditions began at 4.4 kyr BP, indicated by
the appearance of P. musteri, though inferred lake
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levels did not reach modern values until 1.4 kyr BP.
The Pediastrum-inferred mid-Holocene lowstand is
consistent with lower precipitation, previously inferred
using pollen from this site, and is also in agreement
with evidence for widespread drought in the South
American tropics during the middle Holocene. An
inference for steadily increasing lake level from
4.4 kyr BP to present is consistent with diatom-
inferred water level rise at Lake Titicaca, and demon-
strates coherence with the broad pattern of increasing
monsoon strength from the late Holocene until present
in tropical South America.

Keywords Pediastrum - Palacoenvironmental
proxy - Lake-level change - Holocene - Pantanal -
Tropical South America

Introduction

Pediastrum (Meyen) is a colonial green alga of the
family Hydrodictyaceae. It is a potential bioindicator
in palaeoenvironmental studies because: (1) it is
abundant in freshwater lakes and wetlands and is
often found in high concentrations in sediment cores;
(2) it is globally distributed; (3) it survives the harsh
chemical treatment of pollen preparations, and can
therefore be analyzed along with pollen; and (4) it can
be resolved to species, and often subspecies level, with
the use of light microscopy (Komarek and Jankovska
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2001; Van Geel 2001). Despite these strengths, the full
potential of Pediastrum as a palaeoenvironmental
proxy has remained unexplored.

Total Pediastrum concentrations are often recorded
in palaeoenvironmental studies, but the majority of
analysts do not distinguish among species, and
Pediastrum concentrations are reported alongside
other non-pollen palynomorphs (NPP) (Van Geel
2001). The interpretation of the “Pediastrum signal”
varies geographically. In the northern mid-latitudes,
fluctuations in total Pediastrum concentration are
typically thought to reflect changes in trophic state and
erosion in the catchment (Komarek and Jankovska
2001; Van Geel 2001). Although less commonly
reported, varying Pediastrum concentrations in trop-
ical and subtropical regions are interpreted as reflect-
ing changes in temperature (Rull et al. 2008) and lake
levels (Sylvestre 2002; Gosling et al. 2008), as well as
being linked to both increased (Caballero et al. 1999;
Brenner et al. 2006) and decreased (Lamb et al. 1999)
macrophyte cover in lakes from the lower latitudes of
the Americas and Africa, respectively.

However, given that species of Pediastrum
have varying ecological tolerances (Komarek and
Jankovska 2001; Van Geel 2001), qualitative and/or
quantitative estimates of past environmental change
might be inferred from fossil Pediastrum community
composition. Studies that identified Pediastrum to
higher taxonomic resolution have drawn links between
community change and nutrient availability (Brad-
shaw et al. 2005), pH and DOC (Weckstrom et al.
2010), water quality (Jankovska and Pokorny 2002),
and changes in physical lake variables, such as
fluctuations in water levels (Kaufman et al. 2010)
and littoral vegetation change (Danielsen et al. 2010).

Despite evidence that fossil Pediastrum communi-
ties reflect past limnological change, attempts to draw
regional climate inferences from Pediastrum assem-
blages have often produced equivocal results (Nielsen
and Sgrensen 1992; Sarmaja-Korjonen et al. 2006;
Komarek and Jankovska 2001). This is perhaps
unsurprising, given that palaeoreconstructions which
incorporate Pediastrum data are often focused on the
large-magnitude climate events of the late glacial in
the high to middle latitudes, where the landscape had
been relatively recently deglaciated, and limnologi-
cal change associated with landscape evolution
(Engstrom et al. 2000) might mask effects of changing
climate on Pediastrum assemblages. A palaeoclimate
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signal might, however, be inferred from Pediastrum in
regions where the catchment has been relatively
stable.

The aim of this study was to explore the potential of
Pediastrum as a proxy for climate change in lowland,
tropical South America. There are relatively few
climate reconstructions across tropical South Amer-
ica. The majority are located in the central high Andes
(Baker et al. 2001; Fritz et al. 2004) or along the
Atlantic seaboard (Wang et al. 2004; Cruz et al. 2005,
2009), and palaeoclimate of the lowland interior is
often extrapolated from these distant sites. Further
palaeoclimate proxy development in the South Amer-
ican tropics is required because past climate in
lowland regions is often inferred from fossil pollen,
but the synergistic effects of changing precipitation,
temperature and atmospheric CO, concentrations on
tropical vegetation are difficult to disentangle (Bush
et al. 2007). Pediastrum has been reported in fossil
pollen studies from lowland, tropical sites (Ledru et al.
2006) and these algae may provide an independent
bioindicator to be used in conjunction with pollen
analysis.

We present data on fossil Pediastrum community
change from a site in the lowland southern hemisphere
tropics of South America (SHTSA), a region for which
there is widespread, coherent evidence of drought in
the early to middle Holocene (Mayle and Power 2008;
Whitney et al. 2011). Given that Pediastrum commu-
nities are found to vary among different lake habitats
(Komarek and Jankovska 2001; Danielsen 2010;
Kaufman et al. 2010), we hypothesize that lake-level
change associated with a variable Holocene precipi-
tation regime might be qualitatively inferred from
varying relative abundances of open-water versus
aquatic macrophyte-associated Pediastrum species.

Site description

Our study site is located in the Pantanal, the world’s
largest tropical wetland (~ 135,000 kmz), located
predominantly in western Brazil, but extending into
easternmost Bolivia (Fig. 1). This wetland occupies a
tectonic depression between the Brazilian shield and
the Andean foreland (Clapperton 1993), and together
with the western Brazilian highlands, forms the
headwaters of the Paraguay River. Precipitation of
the Pantanal is highly seasonal. Mean annual pre-
cipitation ranges from 1,000 mm in the north to
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Fig. 1 LLG is located
along the Paraguay River,
which flows through the i
adjacent Pantanal wetlands %
that experience annual
flooding in the austral
summer (December—
January—February).
Floodwaters slowly drain
into the Paraguay River

BRAZIL

BOLIVIA

system, raising water levels
in the wetlands, including its
associated lakes (LLG) and
tributaries. Inferred lake-
level fluctuations at LLG are
therefore representative of a
broad hydrological
catchment. The inset shows
the position of the Pantanal
wetlands, located mainly in ===
western Brazil, but
extending into easternmost
Bolivia. Reproduced from
Whitney et al. (2011), with
permission from Elsevier
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1,700 mm in the south of the Pantanal, the bulk of
which falls in the austral summer, from December to
February, during the South American summer mon-
soon. The monsoon causes flooding in low-lying areas
of the Pantanal basin, and these floodwaters slowly
drain into the Paraguay River system, eventually
causing the Paraguay River and its associated tribu-
taries and lakes to overflow (Alho 2005).

Laguna La Gaiba (LLG) (17°45'S, 57°40'W) is a
large, shallow lake located along the course of the
Paraguay River in the western Pantanal. Lake levels
peak after the summer monsoon floodwaters have
drained into the Paraguay River system, including
LLG (Alho 2005). Changing hydrological conditions
at this site thus reflect regional precipitation change
(Hamilton 2002; Whitney et al. 2011). Maximum lake
depth varies from about 4 to 6 m, depending on the
season. LL.G is comprised of two distinct portions: (1)
the shallow northern part (~3 m deep) that merges
with permanently flooded wetlands to the east and is
characterized by dense mats of aquatic grasses and
Eichhornia spp., and its northwestern margin is
bounded by steep-sided hills covered with season-
ally-dry tropical forest (SDTF) (Fig. 2). (2) The
deeper, southern part of LLG is almost entirely
surrounded by hills covered by SDTF. Few aquatic

57°48'W
L

- 17°40'S

- 17°44'S

- 17°48'S

Lake and river margins [._] Aquatic vegetation

{po-poemCnCin) [] seasonally-dry tropical forest
[ Inundation-tolerant
floodplain forest

Bathymetric contours

Fig. 2 Schematic representation of the modern lake environ-
ment at LLG and the position of the 14 sites from which the
topmost 1 cm of sediment was analyzed for modern Pediastrum
assemblages. Site O is the core site. The 1-m contours were
approximated from 273 points measured in July 2008 using a
Lowrance Depth Sounder (X-65). Modified from Whitney et al.
(2011)

@ Springer



604

J Paleolimnol (2012) 47:601-615

macrophytes line the southern shores of LLG,
although Poaceae, Asteraceae, and floating mats of
Eichhornia spp. have been identified. Basic analyses
of lake water in July 2006 show the lake to be nutrient-
limited and slightly alkaline (Table 1).

Previous pollen analysis at LLG indicates that the
catchment was continuously forested throughout the
Holocene, thereby minimizing the influence of biome
change or changes in soil erosion on the lake
chemistry, and temperatures were near-to-modern
from ~19.5 kyr BP until present (Whitney et al.
2011). Varying relative abundance of SDTF pollen
types, however, indicates that the region experienced
drought in the early to middle Holocene, coincident
with the widespread drying trend in the southern
hemisphere tropics of South America (SHTSA) (Ma-
yle and Power 2008). Pediastrum results from this site
can therefore be compared to independent evidence
for lower-than-modern precipitation.

Materials and methods
Field

In 2001, two parallel, overlapping sediment cores
were extracted from a floating platform in the deepest
part of the basin using a Colinvaux-Vohnout drop-
hammer piston corer (Colinvaux et al. 1999). The
cores, measuring 5.6 and 4.8 m, were shipped in their
aluminium core tubes and extruded in the laboratory.
Extruded cores were wrapped in plastic film, alumin-
ium foil and thick plastic sleeves, and stored in a dark
room at 4°C. A surface core, comprising the upper-
most 110 cm of unconsolidated sediments and over-
lapping the piston cores by 40 cm, was collected with

a Perspex® tube and piston, and extruded in the field
into air-tight plastic bags in consecutive 1-cm slices.

In July 2006, the uppermost 1 cm of sediment was
collected at 19 sites across LLG (Fig. 2) using a
Perspex® tube and piston. Samples were extruded in
the field and stored in airtight plastic bottles. Eight
500-mL water samples were also collected from three
different environments within LLG (shallow, macro-
phyte-dominated lake margins; deep, open water; river
inflow/outflow), and basic water chemistry and lim-
nological variables were measured at each site
(Table 1). Because of the remoteness of the field site
and the lack of appropriate storage for water samples
in a hot climate, nitrite/nitrate concentrations were
measured in the field using a Hach® field testing kit.
The remaining water of each sample (~ 350 mL) was
filtered through a 10-pm Nitex mesh and the residues
were washed into air-tight plastic bottles to collect
water-borne Pediastrum assemblages. Lugol’s iodine
solution and 90% ethanol were added to the samples to
preserve the algal communities.

Chronology and stratigraphy

The parallel piston cores were correlated by magnetic
susceptibility and cross-checked through analysis of
pollen at zonal boundaries. The surface core was
correlated to the consolidated sediments of the piston
cores by loss-on-ignition (550°C) analysis. The entire
sediment core from LLG extends to ~45,000 years
BP, the chronology of which is based on 18 AMS '*C
dates analyzed by the NERC radiocarbon facility, East
Kilbride, UK (Fig. 3). AMS '*C ages (+20) were
calibrated using the “Fairbanks0107” calibration
curve (Fairbanks et al. 2005), and the age-depth model
was created using mixed-effect regression of all 18

Table 1 Environmental

parameters measured at Site Depth (m) Temp (°C) (Cosn/(ilrLC)UVIty pH ?III??L —1)— NO,
LLG in July 2006 in a s &
variety of lake oW1 5.1 26.4 74 7.98 <1
environments
ow2 5.8 25.6 68 7.99 <1
OowW3 3.1 25.2 62 7.28 <1
AV1 0.6 27.0 80 7.68 <1
AV2 2.7 254 70 7.24 <1
AV3 3.0 25.8 63 7.14 <1
OW open water, AV R1 3.5 24.8 77 7.26 <1
aquatiC Vegetation, R river R2 5 252 66 7.12 <1

channel
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Fig. 3 The entire age-depth model for LLG is based on 18
AMS 'C dates and an assumed modern age for the uppermost
1 cm of sediment. Dates were calibrated using the Fairbanks
calibration program (Fairbanks et al. 2005) and the relationship
between age and stratigraphic position of dates was modelled
using mixed-effect regression as described by Heegaard et al.
(2005). The shaded area marks the section of core analyzed for
this study, and black outer lines represent 2¢ error. “x” denotes
the rejected date. Reproduced from Whitney et al. (2011) with
permission from Elsevier

dates (Heegaard et al. 2005). The Holocene section of
the core is constrained by five dates (Table 2), includ-
ing those obtained from bulk sediments sampled from
strata in which carbonate content was negligible,
estimated through loss-on-ignition at 1,000°C (Dean
1974). Holocene sediments are uniformly grey-brown
clay with fine organic matter. Full details of chronology
and stratigraphy are described in Whitney et al. (2011).

Laboratory

Pediastrum assemblages were analyzed from Holo-
cene-age sediments that were previously prepared and
analyzed for pollen (Whitney et al. 2011) according to
standard chemical digestion protocol (Fegri and
Iversen 1989). Thirty-one samples were analyzed at
approximately 500-yr resolution from 12.0 kyr BP
until present. To further understand modern Pedia-
strum species distributions and taphonomy at LLG,
1 cm® of sediment from the 19 surface sediment
samples collected across the lake (Fig. 2) were also
processed and analyzed for Pediastrum. Modern and

Table 2 Details of AMS '“C dates from 12 kyr BP until present. Full details of radiocarbon dates from the entire LLG core can be found in Whitney et al. (2011)

3Cyppr Calibrated age

Carbon content

(% wt)

Conventional '*C age
(years BP * 10)

14C enrichment
(% modern)

Stratigraphic

Material

Sampler identifier
(core: depth)

Publication
code

(years BP * 10)

(%0 = 0.1)

position (cm)

2,701 £ 56

_26%*
—20.7
—22.3
—26.2%
—26.6

59

2,552 £ 35

72.79 £ 0.32
50.53 £ 0.24
4442 + 0.22
32.86 £ 0.23
27.68 £ 0.15

44-45
92-94
124-126
180181

Twig

LLG surface: 49-50
LLGla: 92-94

SUERC-11240

6,298 £ 26

10.5
8.9
18
50

5,512 £ 38

Sediment

SUERC-16482

7,431 £ 26

6,519 £ 40

Sediment

LLGla: 124-126

LLG1: 175-176
LLGI: 194-195

SUERC-16483
AA-51698

10,116 £+ 101

8,939 + 56
10,317 £+ 43

Twig

12,104 +£ 77

199-200

Twig/bark

SUERC-11241
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fossil Pediastrum identifications were made with
reference to Komarek and Jankovska (2001), Pasz-
taleniec and Poniewozik (2004), and Zamaloa and Tell
(2005). Algae were identified to species and variety
levels, although frequent poor preservation of fossil
Pediastrum and the lack of voucher specimens
prompted us to report only species level identification,
thereby minimizing the possibility of misidentifi-
cation. Photographs of commonly occurring Pedia-
strum species were taken using a Canon® 350D SLR
digital camera attached to a triocular Olympus® BX40
microscope using a 2.5x Olympus® phototube.

Statistics and data presentation

Pediastrum species abundance was calculated as a
proportion of the sum of all identified Pediastrum in
each sample. A minimum of 30 identifiable coenobia
(cell colonies) was counted in each sample, which
equates to the approximate abundance of Pediastrum
coenobia per 300 terrestrial pollen grains in the LLG
sediment samples. Pediastrum concentrations are
generally much lower here than at high-latitude sites,
where as many as 500 coenobia per sample have been
reported (Bradshaw et al. 2005; Sarmaja-Korjonen
et al. 2006), most likely because of the limited nutrient
availability in lowland tropical lakes, including LLG.

Redundancy analysis (RDA), a constrained ordina-
tion technique that combines Principal Component
Analysis (PCA) and regression, was performed on
square-root-transformed surface Pediastrum assem-
blages, with water depth as the constraining environ-
mental variable. The significance of the constraining
axis was determined using a permutation test (ano-
va.cca) (Borcard et al. 2011). RDA was chosen over
CCA because of the short environmental gradient
exhibited in the modern dataset (ter Braak 1995). RDA
was performed on a correlation matrix to emphasize
the rarer taxa, particularly those that occur only in one
habitat type. All ordination analyses were performed
using Vegan package 1.17-12 (Orksanen et al. 2010) for
R (version OS X GUI 1.40). Proportions of individual
Pediastrum species in the modern surface samples are
plotted against water depth in Fig. 7, and the relationship
between water depth and species abundance was
modelled using a generalized linear model with a
binomial error structure to account for the boundedness
of the response variable and the non-normal distribution
of errors in proportion data (Crawley 2005).

@ Springer

Spatial autocorrelation of the surface Pediastrum
assemblages was tested following a modified version
of the simple procedure described in Telford and Birks
(2009). Analysis began with removal of one of the
modern surface samples, and the remaining dataset
was ordered by geographic distance in the lake to the
chosen sample. Modern surface samples were sequen-
tially deleted by order of closest geographic neighbour
until the dataset was reduced to three samples. After
each deletion, constrained ordination analyses were
performed (both CCA and RDA), using water depth as
the constraining variable, and the eigenvalues of the
constrained axis were used as a measure of ‘model
performance’ after each deletion. The test was
repeated for each of the remaining 13 samples. In
addition to the ‘nearest neighbour’ deletions, we also
determined model performance after a series of
random deletions, in which constrained ordination
(CCA and RDA) was performed after sequentially
deleting random samples until only three modern
samples remained. The test was repeated on 100
randomized datasets. Given that model performance
did not deteriorate more rapidly for ‘nearest neigh-
bour’ deletions compared with random deletions, we
conclude that our modern dataset is not spatially
autocorrelated (Telford and Birks 2009), and we
therefore do not present those results here.

The fossil Pediastrum dataset was zoned using
optimal splitting by information content, and three
significant zonal boundaries were recognized using a
broken-stick model (Bennett 1996). Principal compo-
nent analysis (PCA) (correlation matrix) was also
performed on fossil Pediastrum assemblages (Fig. 8)
to aid the biostratigraphic interpretation in the fossil
diagram (Kovach 1995) (Fig. 9). Plots of Pediastrum
species abundance in surface samples, and strati-
graphic fossil Pediastrum plots, were constructed
using C2 (Juggins 2003).

Results
Modern Pediastrum

The attempt to collect Pediastrum from lake water
samples was unsuccessful. No Pediastrum coenobia,
or fragments identifiable as Pediastrum, were recov-
ered. Algal concentrations were shown to be corre-
lated inversely with river stage in the Paraguay River
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system, including associated lakes such as LLG
(de Oliveira and Calheiros 2000), and lake and river
levels were high at the time of sampling (July 2006).
Pediastrum concentrations were probably too low to
permit recovery of a sizeable number of coenobia in
350 mL of lake water, as a consequence of the season
in which fieldwork was conducted.

In contrast, Pediastrum coenobia were recovered
from 14 surface sediment samples, including the core
top (Fig. 4). The remaining five samples, taken near
the river inflow and outflow, or from very shallow
water, contained negligible concentrations of Pedia-
strum coenobia and were excluded from analysis.
P. simplex (Meyen) (Fig. 5a) was the most abundant
taxon in all samples (50-76%). P. musteri (Tell et
Mataloni) (Fig. 5b) was also present in all samples
(5-30%), and this species was most abundant in
samples from the deeper, central and southern parts of
the lake, with the exception of site 3 where it
represented only 8%. P. musteri occurred at lowest
abundance at the two shallowest sites (15, 16).
P. boryanum (Turp.) Menegh. (Fig. 5c) was present
in eight assemblages, and did not demonstrate a strong
preference for any particular part of the lake, occurring
in low abundance (3—-10%) in samples 3, 5,7, 8, 12, 13,
and 15, with the exception of site 16, where it was the
second most abundant taxon, reaching a value of 18%.
P. duplex (Meyen) (Fig. 5d) was present in low

abundance at eight sites across the lake and occurred in
highest abundance at site 3 (15%). P. argentiniense
(Bourr. et Tell) (Fig. Se) occurred in seven modern
assemblages, the majority of which were sampled
from shallow to moderate water depths, typically
located in the northern portion of the lake (sites 12, 15,
16) and at centrally-located sites near the river inflows
and outflows (8, 10, 11). P. argentiniense also
occurred at site 2 (7%) in the deeper, southern part
of LLG. P. cf. angulosum (Ehrenb.) ex Menegh.
(Fig. 5f) occurred in only four samples, three of which
were sampled from the shallowest part of the
lake (11, 15, 16). The remaining site containing
P. cf. angulosum (13) was sampled from the highest
measured water depth, despite its proximity to the
macrophyte-dominated northeastern lake margins.
P. subgranulatum (Racib.) was rare and did not demon-
strate a particular habitat preference, occurring in low
abundance in the core top and at sites 3, 6 and 16.
Redundancy analysis (RDA) of the 14 analyzed
modern samples was constrained against water depth
using a correlation matrix (Fig. 6). The constrained
axis (RDA1) accounts for 22% of the variance in the
dataset, and the result of the permutation test indicates
that Pediastrum assemblages are significantly corre-
lated with water depth in the modern LLG environ-
ment (Ridj = 0.16, p < 0.001). Assemblages sampled
from the deepest part of the lake environment contain

Fig. 4 Relative pt?rcent @ \)@ \9((\
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taxa in surface sediments Q?i‘? \a"" .@9 + {{\3 g° o \@(\
: 5 8 S e ¢ @ P
sampled from variable lake ) & 6\\) (’}‘}Q ‘b@ P O
depths across LLG. \\‘\‘@ Q- Q - Q¢ QR
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increasing water depth 154 b - —
164 = - - - f—
124 == — — e
o 114 = —_— -
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Fig. 5 Common Pediastrum species found in the surface and fossil sediments at LLG. a P. simplex; b P. musteri; ¢ P. boryanum;
d P. duplex; e P. argentiniense; f P. cf. angulosum. Scale bars = 50 pm

higher abundance of P. musteri, whereas P. argentin-
iense and P. angulosum exhibit positive axis 1 scores
and characterize the assemblages sampled from the
macrophyte-dominated shallows of the northern

@ Springer

portion of the lake. P. boryanum is positively posi-
tioned along RDA1 (negatively correlated with water
depth), but this is largely due to its high abundance at
site 16, and the species proportion abundance plot of



J Paleolimnol (2012) 47:601-615

609

2
. "
14 4 simplex
2
5
musteri
- 6 il
O 0 -\3 liense
=S T duplex 15
0 12
subgranulatum
angulosum
=11 boryanum
13
16
-2 T T T T T
-2 -1 0 1 2
RDA1

Fig. 6 Redundancy Analysis (RDA) of all modern Pediastrum
assemblages with water depth as the constraining environmental
variable (grey arrow). Refer to Fig. 2 for the position of the
samples within the lake
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Fig. 8 Principal Component Analysis (PCA) of fossil Pedia-

strum assemblages. Symbols refer to sample age
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Fig. 7 Relative abundance of the six commonly reported
Pediastrum species in the modern surface sediments of LLG,
plotted against lake depth. The relationships between water
depth and P. musteri, P. argentiniense, and P. cf. angulosum are

described using a generalized linear model with a binomial error
structure. Site 13 (open circle) was excluded from the P. cf.
angulosum response model. See text for further details
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Fig. 9 Relative percent abundance of fossil Pediastrum species
in sediments, calculated as a percentage of all identified
Pediastrum (black bars), and dominant pollen types, calculated
as a percentage of the terrestrial sum (grey bars). Also shown are

P. boryanum versus water depth (Fig. 7) does not show
any clear trend.

PC1 accounts for 29% of the unexplained variance in
the dataset, thus Pediastrum community structure is
also influenced by an unmeasured environmental
variable(s). The removal of an outlier sample (site 13)
from the redundancy analysis increases the proportion
of variance explained by RDAT1 to 31%, higher than the
unconstrained variance accounted for by PC1 (26%).
Although site 13 is surrounded by macrophyte-domi-
nated shallow water, the sample was extracted from
within a deep river channel, where we recorded the
highest water depth for this study. Thus, the assemblage
comprises a mixture of both deep- and shallow-water
taxa, illustrated by high abundances of P. musteri
(>20%), similar to values in the deeper-water sites, and
the presence of P. cf. angulosum, found to be most
abundant in the shallowest sites (Fig. 7). Exclusion of
site 13 from the RDA increases the Rgdj to 0.25.

Pediastrum proportion data were plotted against
water depth (Fig. 7). P. argentiniense exhibits a
significant negative correlation with water depth
(p < 0.001), and P. musteri is positively correlated
with water depth (p < 0.001) in the modern dataset.
The relationship between water depth and P. cf.
angulosum (p < 0.01) is significant only if site 13 is

@ Springer

increasing depth

PCA Axis 1 sample scores (Fig. 8), broadly reflective of relative
lake depth at LLG, and freshwater diatom data from L. Titicaca
(Baker et al. 2001); both curves demonstrate lower-than-modern
lake levels in the early to middle Holocene

excluded from the model. Exclusion of site 13,
however, does not alter the significance of the
relationship between water depth and abundance of
P. musteri and P. argentiniense.

Fossil Pediastrum
Zone-I: 12.0-9.8 kyr BP; 9 samples

The Pediastrum assemblages of this zone (Fig. 8),
often poorly preserved, are dominated by P. simplex
and P. argentiniense, reaching maximum values of 90
and 43%, respectively. P. musteri, common in the
deep, southern part of the modern lake environment, is
also present in low abundances. P. boryanum and P. cf.
angulosum each comprise <10% of the assemblages in
this zone. P. duplex has similarly low abundances, with
the exception of the sample at 11.7 kyr BP, where it
comprises 35% of the assemblage.

Zone-II: 9.8-3.0 kyr BP; 16 samples

Pediastrum duplex is the dominant taxon in Zone-II
(17-93%) (Fig. 8). Also abundant are taxa character-
istic of the shallow, macrophyte-dominated parts of
the modern lake environment at LLG: P. argentiniense
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(5-43%) and P. cf. angulosum. The latter is present in
over half the samples in this zone, reaching a
maximum abundance of 10% at 7.4 and 6.7 kyr BP.
P. musteri is rare or absent prior to 5.5 kyr BP, but
rises to a zone maximum of 20% abundance at
4.7 kyr BP, and also occurs at the top of Zone II in
samples dating from 3.5 and 3.3 kyr BP. P. simplex
declines in abundance from the previous zone, and it is
absent in all but one sample, occurring at 4.3 kyr BP
(3%). The abundance of P. boryanum varies greatly in
this zone; it is absent in five samples and reaches a
maximum of 43% at 6.4 kyr BP.

Zone-III: 3.0 kyr BP to present; 6 samples

The Pediastrum assemblages of Zone-III (Fig. 8) are
dominated by P. musteri and P. simplex. P. musteri
abundances are highest at 1.9 kyr BP (60%) and
decrease to 30% at the top of the zone. Conversely,
P. simplex is rare or absent in the lower third of the
zone, but comprises 50-70% of the assemblages from
1.4 kyr BP onward. P. argentiniense and P. duplex
decline to <10% and <30% from the previous zone,
respectively, and P. cf. angulosum all but disappears
from the record. P. boryanum is present in one sample
(3%) at the base of the zone, occurring at 2.8 kyr BP.

PCA of fossil assemblages

The principal component analysis (PCA) of the fossil
assemblages (Fig. 8) shows negative scores for
P. simplex and P. musteri along PCAIl, whereas
P. argentiniense and P. duplex exhibit high positive
scores. PCA1 accounts for 44% of the variance in the
dataset. Although the modern study does not demon-
strate any relationship between water depth and
P. simplex, it is correlated with P. musteri in the fossil
dataset, a taxon found to be more abundant in deeper
water in the surface dataset. Similarly, P. duplex and
P. boryanum, commonly found in the modern assem-
blages, but not related to water depth in the modern
lake environment, are correlated with the shallow-
water indicator P. argentiniense along axis 1. P. cf.
angulosum also shows positive PCA1 values, but,
along with P. duplex, exhibits higher scores along
PCA2, accounting for 26% of the variance in the
dataset.

Discussion
Interpretation of the Pediastrum signal

Analysis of modern Pediastrum assemblages at LLG
highlights P. musteri, P. argentiniense, and P. cf.
angulosum as potential indicators of past lake-level
fluctuations. P. musteri is shown to prefer the larger
and deeper southern portion of LLG (Figs. 6 and 7)
and P. argentiniense demonstrates a strong preference
for the shallower, macrophyte-influenced, northern
extent of the lake (Figs. 6 and 7). Although P. argen-
tiniense has not been previously reported from fossil
sediments, our results are consistent with modern
studies from tropical regions of the Americas that
indicate this taxon is often associated with aquatic
vegetation (Komarek and Jankovska 2001). P. cf.
angulosum is found in low abundance in the modern
and fossil assemblages, but it may be an indicator of
very low water levels because it is mostly restricted to
the shallowest part of LLG, with the exception of site
13, which reflects its close proximity to the adjacent
macrophyte-dominated shallows of the northeastern
margin of LLG. Given our limited sampling of the
shallowest portion of LLG, the interpretation of P. cf.
angulosum as a shallow-water indicator must be
viewed with caution. Previous studies, however,
corroborate that P. angulosum is found in small water
bodies and swamps, and mainly among aquatic plants
(Komarek and Jankovska 2001).

Pediastrum simplex, P. duplex and P. boryanum are
three abundant species in the fossil assemblages, but
our limited modern study does not shed light on the
habitat and/or environmental preference of these
types. P. simplex is the most abundant species in the
modern samples at LLG (Fig. 4), and it is reported to
be found in relatively deep water (Komarek and
Jankovska 2001), but the abundance of P. simplex
does not vary with lake depth at LLG. It may be that
the range of measured depths (2-5.2 m) is too narrow
to demonstrate any response in P. simplex abundance,
and this taxon is only absent from very shallow water.
This hypothesis cannot be tested at LLG because
sediments sampled from the shallowest portions of
LLG contained very few Pediastrum coenobia, prob-
ably the result of periodic drying as a consequence of
the high interannual variability of the Pantanal flood-
ing regime (Alho 2005).
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Pediastrum duplex dominates the assemblages in
Zone-II, but again, the modern study at LL.G did not
demonstrate a relationship between water depth and
abundance of this taxon. Although none of the
Pediastrum taxa was reported at the taxonomic level
of variety, as a consequence of the lack of reference
material, the cell walls of many of the P. duplex
coenobia in this zone are coarsely sculptured, consis-
tent with descriptions of P. duplex var. rugulosum
(Racib). Komarek and Jankovska (2001) report that
this variety is often associated with aquatic macro-
phytes, the occurrence of which in Zone-II would be
consistent with the high abundance of other macro-
phyte-associated taxa, P. argentiniense and P. cf.
angulosum. Regardless of which variety of P. duplex
dominates Zone-II, total P. duplex is of considerably
higher abundance in the fossil record than the maxi-
mum 15% it reaches in the modern dataset, which
means that there is no analogue for the fossil assem-
blages of Zone-II in the modern lake environment.

The PCA of the fossil dataset (Fig. 8) shows that
P. simplex is correlated with the deeper-water indica-
tor, P. musteri, and P. duplex has a positive Axis 1 score
similar to P. argentiniense, shown to be a shallow-
water indicator in our modern dataset. Therefore, these
species might show a response to water depth in the
modern dataset if a broader range of water depths were
sampled. We cannot discount the possibility that they
are primarily controlled by an unknown environmental
variable that fluctuated throughout the Holocene,
particularly because both species demonstrate high
positive (P. duplex) and negative (P. simplex) scores
along PCA2 in the fossil dataset. Further field
sampling, and particularly, successful recovery of
water-column assemblages alongside measured envi-
ronmental variables, is needed to understand the
ecology of these two taxa. Given that all but the late
Holocene fossil assemblages do not have analogues in
our modern dataset, interpretation of the P. simplex and
P. duplex signals in the fossil dataset is tentative.

The P. boryanum signal in the fossil dataset is also
equivocal. Although it has nine described subspecies
(Komarek and Jankovska 2001), P. boryanum was not
identified to subspecies level at LLG because its
relatively small coenobia are highly susceptible to
degradation, and the subspecies are often misidentified
(Komarek and Jankovska 2001). The majority of
the coenobia, however, match the descriptions for
P. boryanum var. boryanum (Turp.) Menegh. and
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P. boryanum var. brevicorne (A.) Br. Although
P. boryanum is reported to be cosmopolitan and a
generalist, and therefore thought to be a poor indicator
of past environmental conditions (Komarek and
Jankovska 2001), its co-occurrence with macro-
phyte-associated taxa P. argentiniense and P. cf.
angulosum in Zone-II might suggest it is associated
with shallow water, but our limited modern dataset
does not confirm this interpretation. Further analysis
of the distribution of subspecies of this taxon, as well
as those of P. duplex and P. simplex, might reveal a
significant relationship with water depth, but such an
analysis is beyond the scope of this study.

Holocene lake-level changes at LLG

Drawing on the results from the modern study, abun-
dance of P. argentiniense and P. cf. angulosum, and the
low relative proportions of P. musteri, imply that LLG
was most shallow and swampy in the early to middle
Holocene. The high proportion of macrophyte-associ-
ated taxa from 9.8 to 3.0 kyr BP suggests that lower-
than-modern lake levels allowed for aquatic vegetation
to encroach toward the centre of the lake, where the core
site lies. The Paraguay River and associated lakes,
including LLG, are hydrologically connected to the
Pantanal floodplains (Hamilton 2002; Alho 2005). Past
fluctuations in river and lake levels are reflective of
varying precipitation across the Pantanal basin and its
river headwaters (Hamilton 2002; Whitney et al. 2011).
Thus, the Pediastrum-inferred lowering of lake levels at
LLG is indicative of regional precipitation decline.

Although interpretation of the Pediastrum dataset is
based on a limited number of surface samples, the
inferred lake-level fluctuations are coincident with
marked changes in the pollen record (Fig. 8). The hills
surrounding LLG were continuously covered by
closed-canopy dry forest during the Holocene, but
changes in the relative abundance of key pollen types
are indicative of drier conditions in the early to middle
Holocene, as previously demonstrated at this site by
Whitney et al. (2011). Moraceae, a family most
abundant in moisture-dependent vegetation communi-
ties (Mayle et al. 2000; Gosling et al. 2009), declines in
this zone. Drier conditions are also inferred from peak
abundance of Astronium and Anadenanthera, pollen
types characteristic of drought-resistant, seasonally
dry tropical forest (Mayle et al. 2000; Jardim et al.
2003; Gosling et al. 2009) (Fig. 9).



J Paleolimnol (2012) 47:601-615

613

The Pediastrum-inferred lowering of lake levels in
the middle Holocene and the coincident decline in
moisture-dependent vegetation are corroborated by
widespread evidence of significant reduction in pre-
cipitation in the early to middle Holocene across
tropical South America (Mayle and Power 2008). The
timing of this event varies latitudinally. The onset of
drought occurs earliest at more northerly sites and
progresses southward, but generally this event is
centred between 8.0 and 4.0 kyr BP. Evidence of
drought includes peak dust concentrations and low-
ered snow accumulation in the Sajama ice cap
(Thompson et al. 1998), diatom- and geochemically-
inferred lake-level lowering in the high central Andes
(Seltzer et al. 2000; Baker et al. 2001; Tapia et al.
2003), and high erosion along the Andean piedmont
(May et al. 2008). At Lake Titicaca, from 6.0 to
5.0 kyr BP, lake levels were reduced by as much as
100 m compared to present (Baker et al. 2001), and
reached the lowest levels of the past 25,000 years.
Quantitative climate reconstructions from Laguna
Bella Vista, located ~ 600 km northwest of LLG,
demonstrate that mean annual precipitation may have
declined by as much as 500 mm in the middle
Holocene, relative to present (Burbridge et al. 2004;
Punyasena et al. 2008).

Also reflected in the Pediastrum record at LLG is a
gradual, rather than punctuated, rise in lake level from
the middle Holocene until present. P. musteri abun-
dance increases at4.4 kyr BP, coincident with an initial
decrease in the macrophyte-associated taxon P. argen-
tiniense. This taxon declines further to reach lowest
levels from 3.0 kyr BP until present. With the appear-
ance of P. simplex at 1.4 kyr BP, the fossil assemblages
resemble the modern Pediastrum communities at LLG,
reflective of deeply flooded conditions.

This gradual change is consistent with a strength-
ening of the South American summer monsoon
through the late Holocene to present, hypothesized
to have been forced by increasing (austral) summer
insolation in the Southern Hemisphere tropics as a
consequence of precession orbital forcing (Baker et al.
2001; Cruz et al. 2009). There is evidence for rising
precipitation at Lake Titicaca, where the shift from
benthic and salinity-tolerant to planktonic diatoms
began at 4.5 kyr BP, but the lake did not reach modern
levels until 2.0-1.5 kyr BP (Baker et al. 2001; Tapia
et al. 2003). Along the Andean piedmont to the west of
the Pantanal, a gradual change toward landscape

stability and rising moisture availability began at
4 kyr BP, with the onset of wetter conditions occur-
ring at 2.9 kyr BP (May et al. 2008), coincident with
our inferred lake-level rise at LLG.

Conclusions

Despite a limited modern Pediastrum dataset, P. mus-
teri, P. argentiniense, and P. cf. angulosum are
highlighted as possible indicator taxa for lake-level
change in lowland tropical lakes. The Holocene lake-
level changes inferred from the fossil Pediastrum
assemblages at LLG correspond with the pattern of
changing moisture availability previously demon-
strated by pollen analysis at this site (Whitney et al.
2011), and the Holocene climate trend widely reported
from the southern hemisphere tropics of South Amer-
ica (Mayle and Power 2008).

Though a pilot study, these findings demonstrate
the potential of fossil Pediastrum as a proxy for lake-
level change in tropical lakes. In tropical South
America, the paucity of independent palaeoprecipita-
tion records from the lowlands means that Andean
palaeoclimate records, such as the record from Lake
Titicaca (Baker et al. 2001), are sometimes relied upon
to explain lowland palaeo-vegetation changes (Mayle
and Power 2008). A key advantage of Pediastrum as a
lake-level (precipitation) proxy is that it is often
abundant in lowland tropical lakes and can be
analyzed along with fossil pollen on the same slides,
providing the opportunity to explore vegetation-
climate relationships, not only at the same site, but
in the same samples. This strategy may also enable us
to differentiate between human land-use versus cli-
mate change, as drivers of Holocene vegetation
dynamics in the lowland tropics.
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