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Abstract
Tropical semi-arid grasslands are a widespread and ecologically and economically important
terrestrial biome. Here, we use paleoecology to understand woodland-grassland transitions
across the mid-to-late Holocene period in the Banni grassland, western India. Multi proxy
analyses involving palynology, phytoliths and elemental geochemistry were carried out on
two sediment cores retrieved from wetlands (Chachi and Luna), to understand temporal
fluctuations in vegetation, moisture availability and other environmental parameters. Based
on the results, the Chachi core was divided in to two major climatic phases. Phase 1 (4600–
2500 cal yr BP) was characterized by high precipitation and abundance of pollen types and
phytolith morphotypes that indicate the presence of woody savanna, and mesic herbaceous
taxa. Phase 2 (2500 cal yr BP to the present) was characterized by lower precipitation, lower
abundance of mesic taxa and an increase in grass phytolith abundance. However, the period
from ~1000 cal yr BP to the present was characterised by the increased abundance of
leguminous taxa, dryland herbs/shrubs and a decline in grass phytolith abundance. The Luna
core (~1000 cal yr BP to the present) also showed results matching with the Chachi core for
this latter period. Overall, moisture availability in the ecosystem appears to have declined
since 4600 cal yr BP, and the vegetation has responded to this. Although the balance between
tree, shrub and grass elements has fluctuated, overall, the region has remained as an open
‘grass and shrub savanna’ with sparse woody vegetation throughout this period. Our study
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provides insights into the vegetation dynamics and environmental settings in a poorly
understood tropical arid-grassland ecosystem from Asia during the mid-late Holocene.
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Tropical grassland, mid-late Holocene, geochemistry, pollen, phytolith, palynology,
vegetation dynamics.

Introduction
Tropical grassy biomes, which include tropical savannas, woodlands and grasslands, cover
nearly 20% of Earth’s land surface (Lehmann et al., 2014), support most of the world’s
livestock, and the livelihoods of nearly a fifth of the world’s human population (Olsson and
Ouattara, 2013). Despite their recognised importance for human welfare and economy,
tropical grassy biomes are amongst the most threatened ecosystems on Earth, and are highly
vulnerable to global environmental change and desertification (Sala et al., 2000; Veldman et
al., 2015). There is a common and widespread misperception globally, but especially in Asia,
that many open grasslands and shrublands are derived from forest clearance or disturbance,
and are therefore “degraded” ecosystems (Parr et al., 2014; Bond 2016; Sankaran and Ratnam
2013; Ratnam et al 2016). As a result, they are often the target of afforestation programs or
land-use conversions for development (Bond 2016; Ratnam et al. 2016; Veldman 2016). In
this context, longer term, historical perspectives of floristic composition and vegetation
structure in such regions are essential to distinguish between “natural” and “derived”
grasslands (Veldmann, 2016).
The vegetation physiognomy of tropical grassy biomes ranges from open grasslands to dense
woodlands, but is characterised by the presence of both these life-forms in the same
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landscape (Sankaran et al, 2005; Sankaran and Ratnam, 2013). Globally, the amount and
seasonality of rainfall is a primary determinant of the distribution and structure of savannas
because it controls plant growth rates, productivity and fire (Williams et al., 1996; Sankaran
et al. 2005; Good and Caylor, 2011; Lehmann et al., 2011; Hoffmann et al., 2012; Archibald
et al., 2013). However, despite the overarching influence of rainfall in savanna regions with
mean annual rainfall <1000 mm globally, the different processes that maintain savannas
operate at local and landscape scales, and vary across continents (Staver et al., 2011). A
recent comparative study across savannas in Africa, Australia and South America suggests
that historical, site-specific differences in climatic regimes and evolutionary histories of
species in the different continents likely underlie cross-continental differences in savanna
structure and function (Lehmann et al., 2014), suggesting that Asian savannas are also likely
to show unique patterns that reflect their distinctive evolutionary and environmental histories.
The results from these studies of contemporary savanna communities highlight the
importance of paleoecological studies that trace the histories of vegetation communities over
longer time periods in shedding light on our understanding of current day vegetation patterns
and dynamics in these ecosystems. Further, paleoecology serves as an important tool to
elucidate ecosystem thresholds based on long term vegetation dynamics at different spatial
and temporal scales (Willis et al., 2010; Seddon et al., 2015). Recent research from Africa,
South America and Australia establishes that in the current geologic epoch, the Holocene,
tropical savannas and grasslands have been characterized by large fluctuations in rainfall
(Dykoski et al., 2005). Studies also reveal that these ecosystems have shifted between woody
and grassy vegetation phases in response to increased or decreased availability of water
during the Holocene (Gillson and Ekblom, 2009; Birks et al., 2014; Gliganic et al., 2014).
Specifically, the mid to late Holocene period has witnessed reduced precipitation and
associated vegetation changes in many of these regions (Birks et al., 2014; Gliganic, 2014).
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For instance, paleoecological studies from tropical grasslands in Sahara and Nigeria show
that reduced precipitation was the major determinant of vegetation change during the mid-to
late Holocene (Waller et al., 2007; Kröpelin et al., 2008).
Paleoclimatic reconstructions of Holocene climates from the arid, semi-arid and sub-humid
regions in northwestern India that border the Arabian Sea suggest that the overall intensity of
the Indian summer monsoon (ISM) in this region has varied across this epoch (e.g. Prasad et
al., 1997; Enzel et al., 1999; Roy et al., 2009; Laskar et al, 2013). This was mainly mediated
by the latitudinal shifts in the ITCZ (Inter Tropical Convergence Zone) and ISM changes
driven by ENSO (El Niño–Southern Oscillation) and other teleconnections (Haug et al.,
2001; Prasad et al., 2014a). Specifically, these regions witnessed periodic incursions of
winter precipitation due to the southward shift of westerly winds during the mid-Holocene
(Prasad and Enzel, 2006), whereas current day precipitation in this region is dominated by the
ISM (Gujarat Institute of Desert Ecology (GUIDE), 1998). Likewise, paleovegetation
investigations from these regions show fluctuations in the relative presence of mesic and arid
taxa in these regions, corresponding to wet and dry spells until the mid-Holocene (e.g. Singh
et al., 1974; Prasad and Enzel, 2006; Prasad et al., 2014b). However, the history of these
savanna and grassland ecosystems from the mid-to-late Holocene remains unclear.
Here, we present a new paleoecological record from the Banni grassland-savanna ecosystem
of western India, one of the largest savanna-grassland regions in Asia, from the mid-to-late
Holocene using multiple proxies including pollen grains, phytoliths and elemental
geochemistry. Elemental geochemistry based indices (e.g. Chemical Index of Alteration
(CIA) and Chemical Index of Weathering (CIW) and elemental ratios are used to understand
weathering conditions and the paleohydrology of the region (Nesbitt and Young, 1982;
Harnois, 1988; Arnaud et al., 2012; Brisset et al.,2013). Specifically, we reconstructed the
paleovegetational and paleohydrological dynamics of the region based on a multiproxy
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investigation of sediment cores from the Banni grassland, with the goal of exploring the
nature of linkages between paleovegetation dynamics and paleohydrological regimes of this
Asian savanna-grassland ecosystem.

Study area
Location and modern climate
The Banni grassland (23°19' to 23°52' N latitude and 68°56' to 70°32' E longitude; Figure
1(a)) is located south of the marshy salt flats of the Rann of Kachchh in western India and
covers an area of nearly 3847 km2. The region receives an average annual rainfall of ~317
mm with high variability (GUIDE, 1998; Kumar et al., 2015) from the ISM. Mean
temperatures in the Banni fluctuate between 49°C in summer (May-June) and 10°C in winter
(January-February) (GUIDE, 1998). Currently, the region is characterised by high annual
seasonality, recurring drought events and high soil salinity (Kumar et al., 2015).

Geomorphology
The terrain is a flat transitional zone between the rocky uplands of the mainland Kachchh and
the Great Rann (Chowksey et al., 2010). Since the Banni is slightly elevated (4 to 20 m above
the sea level) from the Great Rann, it is relatively free from marine influences (Patel, 1997).
The low elevation and lack of pronounced topographic gradients result in flooding and water
logging across large sections of the Banni during the rainy season. The Banni soils are
generally fine textured, composed of stratified deposits of silt and clay (Singh and Kar, 2001)
resulting in low permeability (Singh and Kar, 2001; Kar, 2011). Soil salinity is highly
variable (1.0 to over 15.0 mmhos/cm) and pH ranges between 6.5 and 8.5 (GUIDE, 1998).
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The Banni is also characterised by the presence of several anthropogenically undisturbed
natural wetlands that provide ideal sites for paleoecological studies.

Figure 1 (a) Topography (Luis, 2007) and location of study area (Banni grassland) and sampling sites- Chachi
and Luna and (b) vegetation around the wetlands (modified after GUIDE, 2011).

Modern vegetation
Currently, the vegetation in the Banni is a mosaic of open grassland and savanna woodlands
(Patel and Joshi, 2011). The region is believed to have supported pastoralism for several
centuries (Bharwada and Mahajan, 2012). The understory vegetation is composed of both
7

salinity tolerant and intolerant herbs (89 species, accounts for ~46% of all the plant species),
grasses (37 species, ~19%), shrubs (31 species, ~16%) and trees (17 species, ca. 9%).
Climbers and sedges together account for ca. 10% of all plant species (Patel and Joshi, 2011).
The ecosystem which sustains nearly 17000 people and >57,000 livestock (GUIDE, 2011),
accounts for ~45% of permanent pasture and 10% of grazing land available in Gujarat
(Parikh and Reddy, 1997).

Methods
Selection of study sites and sampling
Sediment cores were collected from two sites, viz. the Chachi wetland (23°32'46.788" N and
69°51'9.936" E) towards the eastern Banni and the Luna wetland (23°42'21.3834" N and
69°15'38.268" E) towards the western Banni (Figure 1(a)). These are closed shallow wetlands
mainly fed by the ISM runoff. The catchment area of the wetlands is not more than 2 km
radius around the wetlands. Sediment cores were raised from the deeper portion of the
wetland in summer when they were completely dry.
Chachi, a shallow wetland with an area of ~17.5 km2 and depth ranging from ~0.5 to 2 m
is located in an open landscape composed of Suaeda scrub and grassy vegetation with sparse
cover of Prosopis juliflora and other herbaceous vegetation (Figure 1(b)). Sediment samples
were collected at 5 cm interval from the walls of a trench up to 70 cm depth followed by
coring with a 6 cm diameter PVC pipe from 70 cm up to 142 cm depth, which was in turn
subsampled at 4 cm intervals (Figure. 2(a)). Based on the colour and textural variability, the
Chachi core was divided in to four zones: 0-74 cm characterised by brown clay with
intermittent organic matter layers (i.e., 0-8 cm, 25-45 cm and 60-65 cm), brown silty clay
8

between 74 cm and 95 cm depths followed by dark brown silty clay until 142 cm depth.
There was a band of dark brown silty clay with black clayey patches between 116 cm and
126 cm depth. Mollusc shells were present throughout the Chachi core.
Luna, a shallow wetland with an area of ~0.02 km2 and depth ranging from 0.5 m in the
fringe to ~3 m in the centre is located in a grassland with moderate density of Prosopis
juliflora (Figures. 1(b) and 2(b)). Sediment samples were collected at 6 cm intervals first
from the walls of a trench up to 60 cm depth and then from a core collected using a PVC pipe
of 6 cm diameter up to 85 cm depth. The Luna sediment lithology consists of two major
sections: brown silty clay from the surface to 40 cm depth with gastropod shells in the surface
layers, followed by brown clay with relatively higher silt content (Figure 2(b)).

Chronology
Chronology was derived using 14C AMS radiocarbon dating of bulk organic matter from four
sediment layers of the Chachi core and three layers of the Luna core. Dating was done at the
Radiochronology lab in the University of Laval, Canada. The calibration of radiocarbon dates
was done according to Reimer et al. (2013) using OxCal 4.2 (Bronk Ramsey, 2008; Bronk
Ramsey and Lee, 2013) and the IntCal 13 database (Supplementary Table 1) reported as
calibrated years before present (cal yr BP). Age-depth models were developed for the cores
by applying linear interpolation to the calibrated ages using the program CLAM 2.2 (Blaauw,
2010) in the R language environment (R Core Team, 2017).
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Figure 2. Lithology along with the radiocarbon dates and age-depth plots for Chachi(a) and Luna(b) cores.

Pollen analysis
Sedimentary records of pollen grains have been widely used in paleoecology to understand
changes in vegetation composition (Willis et al., 2010) and associated climatic fluctuations
(Birks and Birks, 2006). Pollen extraction was carried out following standard protocols
(Fægri and Iverson 1989; Bennett and Willis 2001) involving a series of acid treatments
(hydrochloric acid (HCl) and hydrofluoric acid (HF)) and acetolysis (a mixture of acetic
anhydride and sulphuric acid) (Erdtman, 1943). After chemical extraction, pollen slides were
prepared in glycerine jelly and scanned under a compound light microscope (500x). We used
rarefaction techniques to estimate the minimum number of pollen grains that had to be
counted per sediment layer to account for most of the pollen taxa richness (Birks and Line,
1992; Giesecke et al., 2012). Saturation of pollen richness was reached by 200-300 pollen
grains and ~100 pollen grains in the Chachi and Luna cores respectively. We counted 250300 pollen grains from each sediment layer in the Chachi core (Figure 3(a)), and100 pollen
grains for each layer in the Luna core (Figure 3(b)). Exceptions included one layer with low
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pollen abundance in the Chachi core, and 3 layers with low pollen abundance in the Luna
core.

Figure 3. Rarefaction curves at some of the depths for Chachi (a) and Luna (b) cores, representing the minimum
number of pollen grains to be counted to account for most of the pollen richness in each sediment layer.

Pollen grains were identified using available pollen databases (Australian Pollen and Spore
Atlas, 2007; African Pollen Database, 2000), published literature (Nayar, 1990; Gosling et
al., 2013) and pollen reference slides made from the modern vegetation in the Banni. Pollen
percentages for each vegetation type were calculated from the relative abundance of pollen
types in the respective sediment layers.
The herbaceous/shrub pollen spectra from the Banni region were classified as (i) mesic taxa
such as Cyperaceae and Malvaceae that require more moisture for their survival (Gil-Romera
et al 2006; Duffin, 2008; Miller and Gosling, 2014), (ii) arid taxa such as Asteraceae,
Caryophyllaceae and Euphorbiaceae that require less moisture for their survival (Shmida,
1985; Scott, 1999; Gil-Romera et al 2006; Horn et al, 2014), (iii) taxa that grow in arid and
saline conditions such as Chenopodiaceae-Amaranthaceae (Cheno-Ams)(Shmida, 1985; May,
1999; Scott, 1999; Malamud-Roam & Lynn Ingram, 2004; Gil-Romera et al 2006) and (iv)
desert taxa such as Ephedra species that grow under arid desert conditions (Singh et al 1974;
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Kajale and Deotare, 1997). Arboreal pollen grains included legumes, non-legumes and
temperate pines that are wind dispersed.

Phytolith analysis
Phytolith analyses are widely used as reliable indicators of the proportion of grasses versus
trees/shrubs in many ecosystems (Stromberg 2004, Piperno, 2006). In the Chachi core,
phytoliths were extracted from 10 g of sediments following the heavy-liquid floatation
method (Lentfer and Boyd 1998; Piperno 2001). Crushed sediment samples were processed
in the following steps: i) removal of carbonates using HCl, ii) oxidation of organic matter by
treating with 40% H2O2 and subsequent heating, and iii) heavy liquid floatation of phytoliths
by centrifugation (1000 rpm for 5 min) of heavy liquid (480 g CdI2 and 500 g KI in 400 ml
distilled water)-sediment mixture (Prasad et al., 2007). In the Luna sediment core layers,
which were processed later, phytoliths were analyzed using the microwave digester method
(3 ml of HNO3 and HCl were added to 30 g of crushed sediment and the samples were
digested in a microwave sample preparation oven for 30 min; Parr, 2002). Phytoliths were
mounted on microscope slides with Canada balsam and scanned under a compound light
microscope at 500 x magnification. We counted ~200 phytoliths in most sediment layers.
Phytolith morphotypes were identified (Twiss, 1992; Mulholland and Rapp, 1992; Barboni et
al., 1999; Gallego and Distel, 2004; Blinnikov, 2005; Bremond et al., 2005; Lu et al., 2007;
Barboni and Bremond, 2009), and classified as either tree, shrub or grass phytoliths
(Bremond et al, 2008). Globular phytolith morphotypes are generally derived from trees or
shrubs, whereas trapezoid, elongated, fan shaped, saddle, rondel, triangular and ovoid
phytolith morphotypes are generally produced by grasses (Mulholland and Rapp, 1992;
Twiss, 1992; Bremond et al, 2008). The phytolith morphotypes indicative of different
subfamilies of Poaceae were not easily distinguishable in the profile. Therefore, the sum of
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all grass phytolith morphotypes in each sediment layer was used for interpretations of the
presence of grasses in each layer.

Geochemistry
Major elemental oxides were analysed to understand past environmental conditions of the
region (Ankit et al., 2017). Approximately 20 g of air dried sediment sub-samples were
desalinized using distilled water before chemical treatment for major element analysis.
Samples were crushed in an agate mortar to pass through a -120 +100 ASTM mesh size
sieve. The powdered samples were digested with a mixture of concentrated HF–HNO3–
HClO4 following the method of Zhang and Liu, 2002. A fraction ( 0.25 gm) from each subsample was treated with aqua regia followed by treatment with Hydrofluoric acid (HF) to
remove silicates. Perchloric acid was used to remove the organic content in sediments before
samples were made up to a 100ml solution using dilute nitric acid. Samples in the nitric
medium were fed to a Varian 720-ES Inductively Coupled Plasma Optical Emission
Spectrometer (ICP-OES) for major oxide analysis. Based on parallel analyses of international
reference materials and in-house standards, major element analytic precision was found to be
better than 5%.
Based on elemental geochemistry, we calculated indices and ratios useful for interpreting the
paleohydrology of the region. The intensity of alteration/weathering was quantified using the
CIA (Nesbitt and Young, 1982) and CIW indices. Chemical weathering alters the
composition of siliclastic sediments where larger cations (e.g. Al2O3) remain fixed in the
weathered residue when compared to smaller cations (e.g. Na, Ca) (Fedo et al 1996; Selvaraj
et al., 2004).
CIA was calculated using the formula CIA = [Al2O3/(Al2O3 + CaO* + Na2O + K2O)] × 100
(Nesbitt and Young, 1982), with CaO* being the amount of CaO incorporated in the silicate
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fraction of the rock. The correction to the measured CaO content is necessary to account for
the presence of Ca in carbonates and apatites (Fedo et al., 1995). In this study, approximate
corrections for CaO were made by assuming reasonable Ca/Na ratios in silicate material
content (e.g., McLennan, 1993; Singh et al., 2005). If the CaO molar content is less than that
of Na2O, then the measured CaO content can be used for CaO*; whereas in cases where the
CaO molar content is greater than Na2O, CaO* is assumed to be equivalent to Na2O (Singh et
al., 2005). CIA measures the proportion of Al2O3 versus more labile oxides and reflects the
relative amount of feldspars and clay minerals in a sample. CIW was calculated using the
formula CIW = [Al2O3/(Al2O3 + CaO* + Na2O)] × 100 (Harnois, 1988), with Al2O3 treated
as an immobile component and CaO* (silicate fraction) and Na2O used as mobile elements.
The contribution of lithogenic (allochthonous) components depends on the runoff processes
that transport sediment particles in the catchment (Konig et al., 2003; Whitlock et al., 2012;
Shanahan et al., 2013). Intense precipitation results in a large supply of terrigenous materials
into the wetland (Peng et al., 2005; Anoop et al., 2013). Anthropogenically induced erosion
also contributes to increased terrigenous flux (Brisset et al., 2013; Bhattacharya et al., 2015).
These elemental concentrations show distinct behaviors under different climatic conditions.
During periods of high precipitation, terrigenous materials are washed into wetlands resulting
in increased concentrations of Al2O3, TiO2 and Fe2O. All these elements are relatively
mobile, and tend to migrate in the aqueous form. Under wet weather conditions, clay
minerals retain K+ and Mg2+ in preference to Na+ or Ca2+ (Nesbitt et al., 1980; Nesbitt and
Young, 1996). Mg and K are thus less influenced by weathering, and concentrated as a result
of lower mobility (Nesbitt et al., 1980). This is also evident from weathering intensity
parameters such as CIA, CIW and elemental indices (Nesbitt et al., 1980; Nesbitt and Young,
1996; Tao et al., 2006; Minyuk et al., 2007, 2011). Based on the geochemical behavior of the
major elements, the following indices– CaO/TiO2, CaO/MgO, Na2O/TiO2 and Fe2O3/TiO2
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can be used to infer changes in environmental conditions of the study area. Lower values of
Na2O/TiO2 and CaO/TiO2 and increased values of Fe2O3/TiO2 reflect increased precipitation
(Muhs et al., 2001; Sinha et al., 2006; Kotlia and Joshi, 2013), while higher CIA values
associated with lower values of CaO/MgO indicate a warm and wet climate (Sun et al.,
2010).

Data analysis
The sums of grass and tree phytoliths were plotted as time series, and trend components
based on five point moving averages were estimated for each time-series using the “TTR”
library (Ulrich, 2016) in the statistical package R (R Core Team, 2017).
We performed Principal Component Analysis (PCA) on pollen, phytolith and elemental
concentrations of the Chachi core profile. All data were standardized before running the
analysis. PCA was done to estimate the association between parameters (Loska and
Wiechula, 2003) and to reduce the dimensionality of the dataset so as to identify time
segments that represent similar proxy values. PCA extracts the main variation in the dataset
by linear combinations of the original data and generates a new set of uncorrelated variables
called Principal Components (PCs). PCA was carried out using the ‘stats’ package in R
statistical program (R Core Team, 2017). Further, PCA Axis One values were plotted against
their corresponding ages.

Results
Chronology of the sediments
The 14C AMS dates from both Chachi and Luna cores were stratigraphically consistent.
Linear interpolation shows that the Chachi core spans ca.4600 cal yr BP and Luna core spans
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ca. 997 cal yr BP (Pillai et al., 2017). The sedimentation rate in the Chachi profile was 0.037
cm/yr from ~3300 to 2000 cal yr BP, followed by a gradual decline towards the present
(0.018 cm/yr) (Figure 2(a)). The sedimentation rate in the Luna profile was 0.08 cm/yr at
~1000 cal yr BP, which gradually declined to 0.040 cm/yr by ~603 cal yr BP, followed by a
gradual increase towards the present (0.055 cm/yr) (Figure 2(b)).

Chachi sediment profile
More than 90% of the pollen counted from the Chachi core were herbaceous/shrub pollen,
whereas arboreal pollen grains were not abundant, particularly in the upper parts of the
sediment core. The most frequently occurring herbaceous taxa in the Chachi core were
Cyperaceae, Malvaceae, Asteraceae, Caryophyllaceae, Euphorbiaceae, ChenopodiaceaeAmaranthaceae (Cheno-Ams) type and Ephedra (Figure 4; Supplementary Figure 1). ChenoAms was the most dominant pollen type across all depths. Ephedra pollen fluctuated across
the core from 4600 to 1000 cal yr BP, followed by an increasing trend towards the present.
Amongst arboreal pollen, Pinaceae pollen were more abundant before ca. 3000 cal yr BP,
Syzygium pollen was present only in certain depths between 4600 and 2000 cal yr BP,
Combretaceae pollen was present ca.4600 cal yr BP and in certain depths between 2000 and
500 cal yr BP and leguminous arboreal pollen (including pollen from native Acacia and
Prosopis species, and the more recently, introduced exotic Prosopis juliflora) were present at
certain depths ~4600 cal yr BP and 3500 cal yr BP, and in all depths from ~2000 cal yr BP
towards the present.
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Figure 4. Pollen diagram of the Chachi core (C2 Version 1.4.3). Percentages of frequently occurring pollen
types and grass phytolith abundance in the Chachi core are plotted against ages of different sediment layers.

Grass phytolith morphotypes (trapezoid, elongated, fan shaped, saddle, rondel, triangular,
ovoid etc.; see Supplementary Figure 2) were present throughout the Chachi and Luna cores.
These were more abundant in Chachi core from 4600 to 4200 cal yr BP, 2800 to 2000 cal yr
BP and 1500 to 1000 cal yr BP and in the Luna core between 1000 to 600 cal yr BP.
Tree/shrub phytolith morphotypes (globular) were present in the sediment layers only before
3500 cal yr BP in Chachi profile, but were present throughout the Luna profile (Figure 5).

Figure 5. Pollen diagram of the Luna core (C2 Version 1.4.3). The percentages of frequently occurring
pollen types and grass and tree/shrub phytolith abundances in the Luna core across different depths plotted
against ages of sediment layers. Dashed lines in phytolith plots represent trend lines based on five-point moving
average filters.

The distribution of the major element oxides along the age profile is shown in Figure 6. The
elements TiO2 and Fe2O3 showed similar patterns and were signiﬁcantly correlated with
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Al2O3 (r = 0.60, and 0.92 respectively) for the Chachi record. The Al2O3 concentration in the
Chachi core sediments fluctuated between 17.57–22.9% (average = 20.79%). Concentration
of the other major oxides like Fe2O3, TiO2, MgO, CaO, Na2O, K2O and MnO2 varied between
11.1–16.45%, 0.95–1.2%, 3.18–3.93%, 3.63–8.37%, 0.98–2.06, 2.81–3.86% and 0.05–
0.09%, respectively. Downcore variations in CaO concentrations showed a weak negative
correlation (r = –0.32) with Al2O3 in the Chachi core sediments. This weak correlation may
be the result of Ca being derived from dual sources: authigenic calcium carbonate (e.g.
CaCO3 shells present in the core) and calcium bearing detrital minerals.

Figure 6. Concentrations of major elements in Chachi core are plotted across age.
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The first two axes of the PCA ordination (PC1 and PC2) based on selected pollen types, grass
phytoliths and geochemical proxies in the Chachi core explained 27% and 17%, respectively,
of the variation in the dataset. PCA axes 1 and 2 separated the 142 cm long Chachi profile
into two zones based on vegetation type and geochemical proxies: the shallower, more recent
sections of the Chachi profile (~2500 cal yr BP to the present) and the deeper layers (~4600
cal yr BP to ~2500 cal yr BP) (Figure 7a and 7b). PC1 was positively associated with
variables - Na2O, K2O, MgO, CaO, Cheno-Ams, grass phytolith, Ephedra, Asteraceae,
Caryophyllaceae etc. and negatively correlated with Fe2O3, Al2O3, TiO2, and Malvaceae and
Cyperaceae pollen. PC2 was positively correlated with Euphorbiaceae, Caryophyllaceae,
Ephedra and Cheno-Ams pollen and negative associated with Asteraceae pollen and Na2O.
Based on PCA analysis, Chachi profile was divided in to two time zones.
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Figure7. (a) PCA biplot based on principal component analysis of proxies in Chachi core and (b) Principal
component axis one (PC1) plotted against age. The numbers in plot (a) represent depth profiles of the sediment
cores, with 1 being the shallowest and 30 the deepest.

Zone 1 (142 to 90cm depth) ~4600–2500 cal yr BP.
This zone was marked by a high abundance of herb/shrub taxa including Cyperaceae and
Malvaceae, a low abundance of Asteraceae, Euphorbiaceae and Caryophyllaceae and the
presence of arboreal taxa such as Prosopis, Combretaceae and Syzygium ca.4200 cal yr BP,
and Acacia and Syzygium between 3441–2862 cal yr BP (Figure 4). Phytolith recoveries in
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this zone indicated a high abundance of grass phytolith morphotypes both towards the
beginning and end of this zone (Figure 4).
Geochemical analyses revealed low values of Al2O3, Fe2O3 and TiO2 between 4600-4000 cal
yr BP followed by a period of high values (ca.4000-3000 cal yr BP). CaO, K2O and MnO2
showed very low values from 4600–2500 cal yr BP. Na2O showed the highest concentration
between 4000–4600 cal yr BP, while MgO did not show much variation in this zone (Figure
6).

Zone 2 (90cm depth to surface) ~2500 cal yr BP to the present.
The beginning of this zone (~2500 to ~2200 cal yr BP) was characterised by the decreased
abundance of some herbaceous taxa including Cyperaceae and Malvaceae, and increased or
unchanged abundance, relative to the previous zone, of others such as Asteraceae and
Euphorbiaceae. Arboreal pollen of Prosopis, Combretaceae, Syzygium and Acacia were
absent during this time, while Pinaceae pollen decreased in abundance (Figure 4). Grass
phytolith morphotypes showed an increase in abundance at the beginning of this zone (Figure
4). Al2O3 concentration across this period mirrored mesic taxa, with a declining trend relative
to Zone 1 (Figure 6).
There was a slight increase in the abundance of herbaceous taxa, Cyperaceae and Malvaceae
from ~2200 to 2000 cal yr BP and from 1700 to 1500 cal yr BP and after ~1000 cal yr BP
towards the present. Arboreal pollen of Prosopis, Combretaceae, Syzygium and Acacia
appeared again ~2133 to 1951 cal yr BP. After this, Syzygium pollen grains were not found in
the sediments. Between ~2000 -1700 cal yr BP and 1500-1000 cal yr BP, there was a decline
in the abundance of herbaceous taxa– Cyperaceae and Malvaceae. The pollen types Asteraceae, Caryophyllaceae, Euphorbiaceae and Ephedra gradually increased after ~2500
cal yr BP and then declined between ~1200 cal yr BP and ~950 cal yr BP, after which they
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increased to very high values towards the present (Figure 4). The dominant pollen taxa
Cheno-Ams showed a peak between ~1500 and ~1200 cal yr BP, followed by a decline and
then a consistent abundance towards the present. Leguminous trees increased in abundance
from ~ 600 cal yr BP to the present (Figure 4). Grass phytolith morphotypes declined
gradually between 2200 cal yr BP and 1800 cal yr BP, and then increased again until ~1000
cal yr BP, after which they gradually declined and remained relatively low and constant
towards the present (Figure 4).
Al2O3, Fe2O3 and TiO2 showed gradual decreases during this period from ca.2500–1000 cal
yr BP, and their lowest values are reported in the period between 2000 and 1700 cal yr BP. In
contrast, the concentrations of other major oxides like MgO, CaO, Na2O, K2O and MnO2
were relatively higher than in the previous zone, althought they fluctuated considerably
between ~2500 and 1500 cal yr BP (Figure 6). Al2O3 showed relatively low values till
ca.1000 cal yr BP followed by slightly increased concentrations thereafter. The period after
~1500 cal yr BP was characterised by relatively constant values of MgO, CaO, Na2O, K2O
and MnO2 (Figure 6).

Luna sediment profile:
The Luna sediment pollen profile, which covers a shorter time period towards the late
Holocene (~1000 cal yr BP to present) was composed mainly of the herb/shrub pollen taxa
such as Cyperaceae, Cheno-Ams, Boraginaceae, Asteraceae and Ephedra, that increased in
abundance towards the present, albeit with some intermediate fluctuations. Leguminous tree
pollen of Acacia and Prosopis were also present after ~600 cal yr BP and increased in
abundance towards the present (Figure 5).
Phytolith morphotypes of grasses and trees/shrubs were present through the Luna profile.
From ~1000 cal yr BP until ~600 cal yr BP, there was an increase in abundances of grass
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phytolith morphotypes, after which it declined in abundance. Tree/shrub phytolith
morphotypes were low between ~1000 and 600 cal yr BP and after ~500 cal yr BP towards
the present, but showed a peak between 600 and 500 cal yr BP (Figure 5).

Discussion
Paleo-environment and vegetation changes from Banni sediments
Reconstructions of past vegetation and environmental conditions based on wetland sediment
cores indicate the prevalence of open grasslands with sparse woody vegetation during the mid
to late Holocene in the Banni. However, our results also indicate a mesic to arid shift in
vegetation during this period corresponding to climatic and weathering conditions, supported
by both pollen and geochemical proxies. These mesic periods were also associated with
increased weathering conditions, which we interpret as mediated by increased Indian Summer
Monsoon (ISM) precipitation. These results are further supported by precipitation
reconstructions for the region based on oxygen isotope indicators (Pillai et al., 2017). Our
results indicate that the period from 4600 cal yr BP to 2500 cal yr BP was characterized by
wet conditions with high abundance of arboreal taxa such as Syzygium. In contrast, the period
from ~2500 cal yr BP to the present is characterised by relatively lower weathering
conditions, and greater representation of arboreal taxa characteristic of Asian and African
savannas, including Combretaceae and Acacia species. Our results also indicate a shift in
dominance from broad-leaved (Combreatceae) to fine-leaved (Acacia) arboreal species in the
last 500 years, and an increase in the abundance of many arid taxa (Figure 4).

Zone 1(~4600–2500 cal yr BP)– a period of high moisture availability
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This period is characterised by pollen of mesic and arboreal taxa (Figure 4) and tree/shrub
phytolith morphotypes (~4600 to 3500 cal yr BP) that are suggestive of high moisture
availability. These data suggest that the Chachi catchment area was relatively mesic during
the mid-late Holocene transition period (ca.4600 cal yr BP to 2500 cal yr BP). However, the
mesic pollen taxa gradually started to decline from ~3000 cal yr BP. Likewise, Combretum
and Syzygium species and Malvaceae in contemporary African savannas are found in regions
with more than 600 mm/yr rainfall (White, 1983; Olson et al., 2001; Miller and Gosling,
2014). This period in the current study was also marked by the presence of Pinaceae pollen, a
temperate taxa brought in to the landscape by wind. Pinaceae pollen morphology supports
long distance wind dispersal and these pollen in the profile may have come during times of
stronger winds in the landscape (Figure 4). Increased grass phytolith abundance between
~4600-4200 cal yr BP and from ~3000 cal yr BP to ~2500 cal yr BP coincided with the lower
abundance of mesic pollen taxa, which could be due to the relatively arid conditions during
this time. (Figure 4).
Geochemical parameters also reflect what is seen in the pollen and phytolith data. High
values of Al2O3, Fe2O3, TiO2, Fe2O3/TiO2, CIA and CIW suggest intense chemical
weathering and erosion in the catchment (Figures 6 and 8). Lower CaO/TiO2 and CaO/MgO
also suggest higher precipitation and warmer-wetter conditions (Figure 8).
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Figure 8. CIA, CIW and other geochemical indices in Chachi core are plotted across age.

CIA: Chemical index of alteration; CIW: Chemical index of weathering.

Zone 2(~2500 cal yr BP to the present)– a period of declining precipitation.
This phase is characterised by an overall decline in precipitation. However, there were
several intermediate fluctuations during this phase, with a slight increase in moisture
availability from ~1000 cal yr BP towards the present. The abundance of mesic herbaceous
taxa remained low during ~2500 to ~1000 cal yr BP with some intermediate fluctuations.
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However, pollen that are representative of arid climate did not show clear declines during this
period. Higher grass phytolith abundance in this phase relative to the previous phase can be
attributed to increased arid conditions, while periods of lower grass phytolith abundance from
~2000 to ~1600 cal yr BP, and the slight decline after ~1000 cal yr BP following a peak at
~1200 cal yr BP (Figure 4) may be due to both climatic and disturbance factors (Pillai et al.,
2017). The period from ~1000 cal yr BP towards the present is marked by an increase in all
other herbaceous taxa (Figure 4). This may have been caused by shifts in disturbance regimes
such as fire and herbivory (Pillai et al., 2017) coupled with climatic factors. Evidence from
contemporary studies suggests that changes in fire regimes and intense grazing by cattle can
allow shrubs and herbs to replace C4 grasses and encroach onto savannas (Roques et al.,
2001; Eldridge et al., 2011). Increased moisture availability can further accelerate shrub
encroachment (O’Connor 1995), while drought conditions can reduce shrub abundances by
imposing heavy mortality (Rouques et al., 2001). In the Banni, an increase in the abundance
of leguminous tree pollen taxa from around 600 cal yr BP towards the present may be due to
both climatic and edaphic conditions in the region. Acacia and Prosopis are common arid tree
genera in the Mimosoideae sub-family of Leguminosae and are capable of withstanding
drought and saline conditions (Munzbergova and Ward, 2002; Felker, 2009; Sprent, 2009).
Decreasing values of Al2O3, Fe2O3, TiO2, Fe2O3/TiO2, CIA and CIW and higher values of
CaO/TiO2, CaO/MgO, Na2O/TiO2, Na2O and CaO (Figures 6 and 8) in the Chachi core reflect
weaker hydrodynamics, poor chemical weathering, slower erosion and are suggestive of
reduced rainfall under semiarid to arid climatic conditions during this phase. However, the
period from ~ 500 cal yr BP towards the present shows slightly increased values of Al2O3 and
TiO2 which likely reflect increased regional precipitation and thus stronger chemical
weathering (Figure 6). The time periods from ~2200 to 2000 cal yr BP and ca.1700–1500 cal
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yr BP also show slight increases in mesic taxa, CIA, CIW and other indicators suggestive of
relatively higher precipitation (Figures 4, 6 and 8).
The Luna catchment area remained as open grassland characterised by grassy vegetation and
also other herbaceous and shrub taxa from ~1000 cal yr BP towards the present. The
increased abundance of herbaceous taxa and leguminous tree taxa coinciding with a decline
in grass phytolith abundance (Figure 5) may also be due to the cumulative effect of climatic
factors and biotic disturbances as in the case of the Chachi sediment profile.
Plant distributions are often governed by a combination of broad-scale bioclimatic and
historic factors as well as the local conditions at a particular site (Barbour et al., 1987). Our
results suggest that while regional climatic factors influenced broad-scale patterns of
vegetation composition and changes across this landscape, vegetation composition also
varied across catchments in response to local-scale differences in micro-climate and habitat
parameters. The two wetlands (Chachi and Luna) separated by a distance of ~70 km, show
variations in edaphic properties and micro-habitats. But the reconstructed climatic variability
across both the sediment profiles shows similar patterns of change through the late Holocene
(Pillai et al., 2017). The sites also show comparable trends of increases in herbaceous taxa
and disturbance tolerant leguminous taxa towards the present. Thus, while broad scale
biotic/abiotic drivers were reflected across both sites, minute fluctuations were not equally
captured in both the profiles, likely due to site specific changes in sediment accumulation
rates.

Regional comparison of paleo-environment and vegetation reconstruction
Vegetation and geochemical signals indicate that the period from ca. 4600-2800 cal yr BP
was relatively mesic in the Banni. Other pollen studies conducted across the arid and semiarid zones of Rajasthan also suggest that the period between ~4600 to ~3000 cal yr BP was
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marked by an increase in tree and shrub vegetation including genera Syzygium, Mimosa,
Acacia, Prosopis, Capparis, Tamarix etc. (Singh et al., in 1974). Likewise, this mesic phase
and subsequent arid phase have been reported from palynological and geochemical records
from the currently arid (Singh et al., 1974; Swain et al., 1983; Roy et al., 2009), semi-arid and
sub-humid ISM belts of western India (Laskar et al., 2013; Prasad et al., 2014b). A recent
multi-proxy study from the semi-arid region of Saurashtra coast in northwest India also
suggests a relatively humid climate and higher sea-level between 4710 and 2825 cal yr BP
followed by a gradual onset of aridity between 2825 and 1835 cal yr BP (Banerji et al., 2015).
A dry spell is also recorded between ~2300 and 1100 cal yr BP in another record from the
arid belt in Western India (Roy et al., 2009). These signals are found in the Chachi core with
the prevalence of an arid phase during 2500–1700 cal yr BP, associated with a decline in
mesic herbaceous taxa and a decline in weathering indices. A high resolution pollen,
biomarker and isotope record from central India indicates drought conditions between ~2000
and 600 cal yr BP (Prasad et al., 2014a). In the Chachi core, a relatively wet interval is
observed between 1700 and 1500 cal yr BP with the reappearance of all the arboreal pollen
taxa and a decline in the abundance of grass phytoliths. Likewise, slightly wet events are
captured in the geochemistry and palynological records from the Sourashtra coast from
~1800 to ~1500 cal yr BP (Banerji et al., 2015).
Other terrestrial records from regions receiving ISM rainfall also show similar patterns in
mid-late Holocene rainfall change. For instance, geochemical records from Eastern India also
show increased precipitation between 4600 and 3100 cal yr BP followed by a reduction in
monsoonal strength towards the present (Ankit et al., 2017). Studies based on palynology and
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Ocarb values from western and northwest Himalayas also show a progressive decrease in

precipitation and (I/E) ratios ((meltwater + monsoon precipitation)/evaporation) during the
mid-late Holocene (Leipe et al., 2014; Mishra et al., 2015; Demske et al., 2016; Figure 9).
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Isotopic records from northeast Himalaya also show a shift towards arid conditions from
~2700 cal yr BP to ~1300 cal yr BP (Agrawal et al., 2015). Several marine and terrestrial
records explaining ISM variability show millennial-scale climate fluctuations during the
Holocene, with drier conditions from ~2500 to ~1500 cal yr BP and ~1000 to 650-450 cal yr
BP from different regions (Patnaik et al., 2012).
Several well dated records of paleoclimate variability from the Arabian Sea suggest an
increase in aridity after the mid Holocene associated with a weakening of the summer
monsoon winds (Naidu, 1996; Lückge et al., 2001; Gupta et al., 2003). A high resolution
record from the northeastern Arabian Sea off Pakistan showed increased aridity from ~3000
cal yr BP to ~2000 cal yr BP, followed by a period of enhanced summer monsoon rainfall
until ~1500 cal yr BP (Lückge et al., 2001). Another record from the Arabian Sea near the
Oman margin shows several abrupt fluctuations in the Asian southwest monsoon during the
mid-late Holocene and an overall trend of gradual decline in rainfall after ~4600 cal yr BP to
the present (Gupta et al., 2003).
In the Banni, the period between 1500 to 600 cal yr BP experienced relatively arid climate
with more grassy vegetation and arid taxa. There was an increase in pollen abundance of
Ephedra and arid taxa, but also of legumes and some mesic taxa. From ~1200 cal yr BP to
the present, there was a decrease in grass phytoliths. These trends cannot be attributed only to
the slight increase in precipitation, but may have also been influenced by multiple
environmental factors acting on the ecosystem. The slight increase in precipitation since ~600
cal yr BP as shown by the geochemical data is associated with an increase in the abundance
of herb/shrub taxa in the pollen records. This may have been due to changes in biotic
disturbance regimes (Pillai et al., 2017) and other human mediated processes acting on the
ecosystem. Records from the arid, semi-arid belt in western India suggest that a mix of C3
and C4 vegetation during the late Holocene shifted to more C3 vegetation towards the present
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(Laskar et al., 2013). Likewise, a record from the semi-arid region in the central India also
suggests an increase in C3 isotopic signal and in herbaceous pollen records from ~1200 cal yr
BP to the present (Prasad et al., 2014a). These recent increases in C3 signals are attributed to
anthropogenic activities replacing grasses with herb and woody taxa (Laskar et al., 2013,
Prasad et al., 2014a).

Figure 9. Spatio-temporal comparison of Banni climate data with other paleoclimate records: (a). Al2O3
(%)of Chachi core (present study); (b). palynology, phytolith and carbon isotope data from Wadhwana Lake in
the semi-arid region of mainland Gujarat, western India (Prasad et al., 2014b); (c). presence of evaporite
minerals in Lonar lake, central India (Anoop et al., 2013; Prasad et al., 2014a); (d). geochemical signature from
Thar Desert, western India (Roy et al, 2009); (e). Al2O3 (wt%) from continental shelf sediments near Rushikulya
river, eastern India (Ankit et al. 2017); (f). 18Ocarb data from Tso Moriri Lake, northwest Himalayas (Mishra et
al., 2015); (g). carbon isotope data from biomarkers derived from the Godavari catchment (Ponton et al., 2012);
(h). geochemical evidence from northeastern Arabian sea (Lückge et al, 2001) (i). palynological, geochemical
and other paleoenvironmental records from tropical Africa (Kröpelin et al., 2008; Waller et al., 2007).

The mesic period in the Chachi core during ~4600 cal yr BP to ~2800 cal yr BP also matches
trends reported from the tropics and sub-tropics of Africa and other regions of Asia.
Increased precipitation in parts of tropical Africa and the greening of Sahara and Sahel have
been documented during the mid-Holocene (Gasse, 2000), alongside increased lake levels
throughout East Africa (Verschuren et al., 2009; Tierney et al., 2011; Berke et al., 2012) and
West-central Africa (Schefuß et al., 2005; Shanahan et al., 2006). Multiple records from the
tropics and sub-tropics in Asia also suggest the presence of increased precipitation during the
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mid-Holocene (Singh et al., 1974; Swain et al., 1983; Roy et al., 2009; Laskar et al., 2013;
Prasad et al, 2014b; Figure 9). As in the case of the Banni records, arid conditions occurred
progressively after the mid to late Holocene in north and western Africa (Kröpelin et al.,
2008; Waller et al., 2007). Studies from the northwestern Arabian sea, Peninsular India and
Himalayan regions demonstrate the beginning of aridity by around 4000–3500 cal yr BP
(Gupta et al., 2003; Staubwasser et al., 2003; Caratini et al., 1994; Phadtare, 2000; Prasad et
al., 2014b). Studies from the northern sub-tropics suggest that there was an abrupt decline in
the intensity of Asian monsoon by around 3500 cal yr BP (Dykoski et al., 2005). The mesic
period was followed by a noticeable weakening of summer monsoon in Africa and Asia
resulted in the increasing aridity of these regions due to the progressive southward shift of
northern hemisphere summer positions of Intertropical Convergence Zone (ITCZ) (Gasse,
2000; Wanner et al., 2008). Similar to the recorded slight increase in precipitation in Banni
sediment from 600 cal yr BP to the present, equatorial east Africa remained humid during
600–150 cal yr BP (Verschuren et al., 2000), which may be due to more complex
mechanisms than the classic “cool poles, dry tropics” pattern (Mayewski et al., 2004).
The mid-late Holocene weakening of summer monsoon in the current study can be explained
by the weakening of summer monsoon caused by southward latitudinal shift in the annual
mean position of ITCZ and orbitally forced reduction in solar insolation (Haug et al., 2001).
This affected precipitation across the tropics in the northern hemisphere by causing an
increase in ISM precipitation in regions closer to the equator and a reduction in precipitation
in regions near the northern transition zone of ISM domain (Fleitmann et al., 2007). Apart
from this, ENSO has been reported as a significant climatic forcing controlling the variability
of ISM precipitation (Kumar et al., 1999; Prasad et al., 2014a). ENSO events associated with
the warmest sea surface temperature (SST) anomalies in the central equatorial Pacific have
been reported to cause significant reductions in ISM rainfall (Kumar et al., 2006). Several
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independent studies suggest that the frequency of ENSO events increased after the midHolocene (Haug et al., 2001; Moy et al., 2002; Rein et al., 2005), with associated increases in
arid conditions and climatic variability during the mid-late Holocene (Haug et al., 2001). In
the current study, arid conditions associated with frequent fluctuations in the climate records
during ~2800 to ~1500 cal yr BP may be a coupled effect of changes in ENSO and solar
insolation.

Conclusions
This study shows that the Banni region remained a ‘grass and shrub savanna’ throughout the
mid- late Holocene with some compositional shifts captured mainly by temporal fluctuations
in the relative abundances of grass, woody, mesic and arid taxa. Variations in the
geochemical compositions of the sediments, mediated mainly by chemical weathering
indicate increased rainfall in the region during mid-Holocene (~4600–2500 cal yr BP), which
then gradually decreased towards the present. Shifts in vegetation composition broadly match
that of rainfall, with more woody taxa during mid-Holocene from ~4600–2500 cal yr BP,
more grassy vegetation and arid herbaceous taxa during ~2500 to 1200 cal yr BP and
followed by a gradual decrease in grassy vegetation, fluctuations in arid and mesic
herbaceous taxa and increases in leguminous woody taxa, especially form ~600 cal yr BP to
the present. Overall, vegetation responses to precipitation change were most prominent
during the mid-late Holocene transition period (~4600–2800 cal yr BP). The pronounced
fluctuations in the vegetation composition of key taxa during the late-Holocene (~2500 cal yr
BP to the present), rather than being in response to rainfall alone, may also have been in
response to edaphic factors like salinity and human use of the landscape for herbivory and
charcoal. The recent increases in drought-tolerant leguminous woody taxa and herbaceous
taxa in the landscape are also likely to be due to factors other than rainfall. At the present
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time, a major vegetation change in the ecosystem is the spread of an introduced, invasive
species (Prosopis juiflora) and the cascade of events associated with this; this spread is
driven by a combination of anthropogenic and climatic factors. Thus, changes in the recent
past and present are likely driven by cumulative effects of climatic, landscape and
anthropogenic factors; it will be important to disentangle these for the future management of
this ecosystem.
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