Vegetation history and salinity gradient during the last
3700 years in Pichavaram estuary, India
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Palaeoclimate, palaeoecological and palaeoshoreline studies were carried out for a 2.5 m deep sediment
core deposited since ~3700 yrs BP in the central part of Pichavaram mangrove wetland, Cauvery river
delta. Presently, the study area is dominated by Awvicennia officinalis, A. marina and Suaeda sp. with
fringes of Rhizophora sp. along the backwater channel. Based on sedimentology, palynological and the-
camoebian analysis, it is inferred that since 2100 yrs BP the climate amelioration took place from warm
and humid with strengthened monsoon to a dry and arid climate coupled with weakened monsoon con-
dition inducing changes in ecology vulnerable for mangroves. Consequently, the vegetation too evolved
from moist deciduous/evergreen forest to mixed deciduous forest and a reduction in mangrove diversity.
The qualitative and quantitative study show a decline in the mangroves since the last millennium which
may be attributed to the increased salinity along with enhanced anthropogenic activities in Pichavaram
estuary. This is reflected by the dominance of salt tolerant mangrove associates since the last millennium.

1. Introduction

The Pichavaram mangrove wetland is highly pro-
ductive and occupies the intertidal zone in a trop-
ical region, characterized by small topographic
gradients and large tidal amplitude. The sediment
dynamics in such an ecosystem is largely regu-
lated by internal (flocculation, dissolution, mixing,
etc.) as well as external (e.g., river input, agricul-
tural run-off, pollution) factors. The interactions
of mangrove plants and sediments are complex and
dynamic as they deal with a harsh saline intertidal
environment (Saenger 2002) despite degradation
by human activities (Klekowski et al. 1994) and
by natural disturbances (Seralathan et al. 2006).
Anthropogenic pressures and sea level changes con-
trol the mechanism of salt-water intrusion and
freshwater run-off and the fate of mangroves in
the low-lying deltaic areas along the south-east

coast of India (figure 1b). The soil is frequently
flooded and well drained in the Pichavaram estu-
ary which supports luxuriant growth of mangroves.
The tidal amplitude of sea and freshwater input
keeps up an ecological balance for the sustenance
of this specialized ecosystem along this coast. The
composition of mangroves is mainly determined
by the tolerance of different species to substrate
and saline conditions, which in turn determines
the dominance of one or various species at a spe-
cific site. At present, most of the estuaries and
near shore wetlands along the south-eastern Indian
coast are covered by salinity tolerant mangrove
species such as Avicennia and Suaeda spp. Most of
the areas along the south-eastern coast were inhab-
ited by diverse species of mangroves in the past
(Farooqui and Vaz 2000; Farooqui and Achyuthan
2006) which are now either on the verge of decline
or have migrated to more conducive areas in small
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pockets due to rapid changes in the habitat. Thus
there is a need of more focused research on the low-
lying landforms along the south-east coast vulner-
able to a range of salinity pressures. The present
study reconstructs the past vegetation changes and
changes in the salinity gradient associated to the
changes in the NE-palaeomonsoon and in the inten-
sity of human impact during the last 3700 years
in SE India. These data will contribute to fill
a gap in south-India where Holocene records are
meagre.

2. Description of the study area

The Pichavaram mangrove wetland (latitude
11°25’N and longitude 79°47'E) is a shallow estu-
arine complex sandwiched between two prominent
estuaries, the Vellar estuary in the north and
Coleroon estuary in the south with a total area
of 1100 ha. It has 15 islets ranging in size from
10 m? to 2 km? separated by intricate waterways
that connect the Vellar estuary in the north and
the Coleroon estuary in the south (Ramanathan
1997). The Coleroon estuary part is largely dom-
inated by mangroves, while the Vellar estuary is
dominated by mud-flats. Tidal water enters the
Pichavaram mangrove through a small direct con-
nection with the Bay of Bengal at Chinnavaikal
and estuarine water finds its way through the two
adjacent river systems. Awicemnia marina is the
most dominant mangrove species followed by Awvi-
cennia officinalis, Excoecaria agallocha, Rhizophora
apiculata and Rhizophora mucronata. The tides in
the Pichavaram mangroves are semi-diurnal and
vary in amplitude from 0.15 to 1 m (Kathiresan
2000).

The study area consists of flood plain, sedimen-
tary plain and beach sand. Most of the soil along
the western part is alluvium whereas fluvial marine
and beach sand dominates in the eastern part. The
climate is sub-humid and the ratio of precipitation
to evapo-transpiration (P/Etp) ranges from 0.5-
0.75 (Selvam 2003) with maximum precipitation all
through the northeast monsoons. The annual tem-
perature variation is 18.2°-36°C. The biogeochem-
ical processes in this ecosystem are governed by a
heavy input of sediments and anthropogenic dis-
charges from the Vellar and Coleroon rivers. Uppa-
nar River and Khan Saheb Canal contribute the
discharge during monsoon season. The main rea-
son for the changed landscape in the recent past is
perhaps the introduction of irrigation and hydro-
logical works in the rivers of the Cauvery delta
system, which caused the change in water supply
(Ferdin et al. 2010). This resulted in a reduction of
water discharge downstream in the river. Thus the
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recent environmental changes in this area can be
attributed to human activities rather than natural
climatic development.

3. Materials and method

A 2.5 m deep sediment core P2 was collected and
studied from an exposed swampy area (figure 1a)
with an objective to understand the salinity pat-
tern and vegetation succession in the estuary. The
site P2 is located in the central part of Pichavaram
estuary and is mainly inhabited by Avicennia offic-
inalis, A. marina and Suaeda sp. with fringes
of Rhizophora sp. along the backwater channel
(figure 1c). The sediment core was obtained using
hand operated augur cum piston corer (Eijelkamp,
Netherlands). Immediately after collection, the
cores were sub-sampled at 2 cm and 5 cm interval,
respectively. The samples were stored in air-tight
polythene bags without any preservative. 1*C dates
of the organic carbon were obtained from Birbal
Sahni (BS) Institute of Palaeobotany, India and
calibrated following Stuiver et al. (1998). In labo-
ratory, sediment colour was identified using Mun-
sell colour chart (Munsell and Farnum 1941) and
texture was analyzed on the basis of percentage of
sand in the sediment following soil density method
(USDA 1992). Salinity was measured in 10 g of air
dried soil sample dissolved in 100 ml of deionized
water. The samples were homogenized for 30 min-
utes before measuring the salinity using ‘Orion-5
star (Thermo-Orion, Scientific Equipment, USA)
at standardized 25°C temperature.

For palynological and thecamoebian study, 10 g
soil samples were treated with warm 10% potas-
sium hydroxide and later sieved through 150 mesh
(105 wm). The filtrate was settled overnight
and the supernatant drained. The residue was
treated with 40% Hydrofluoric acid. The sample
was then acetolysed, following Faegri and Iver-
son (1989). The acetolysed samples were passed
through 650 mesh (10 pm) and the residue was
mounted on glass slides in glycerine jelly for study.
The samples were studied under a high power light
microscope (Olympus BX-52). Pollen atlases of
Thanikaimoni (1966), Thanikaimoni et al. (1973),
Tissot et al. (1994) and reference slides from the
Herbarium of Birbal Sahni Institute of Palaeob-
otany were consulted for the identification of paly-
nomorphs. The pollen/spore spectra prepared is
the percentage of total palynological counts in
the air dried 10 g sample. The minimum pollen
sum of 300 grains was aimed, but this was not
achieved in all samples. Data is represented in the
pollen diagram as an average percentage of the
pollen sum and arranged in different groups such as
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mangroves, evergreen/moist deciduous, dry decid-
uous (Champion and Seth 1968) and nonar-
boreal taxa. Various non-pollen palynomorphs
such as freshwater algae, thecamoebians (Ogden
and Hadley 1980; Patterson and Kumar 2002),
dinoflagellate cysts, foraminiferal linings, pterido-
phytic and fungal spores were also studied but were
not included in the pollen sum.

4. Results and discussion

The age of the oldest sediment in the core P2
is 3700 cal years BP. In order to express the
finer biostratigraphic units and to decipher sig-
nificant events and episodes since the time of
deposition of these sediments, the whole pollen
diagram has been classified into four pollen zones

Age (Cal yrs B.P.)
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in ascending chronological sequence. All the pollen
zones have been prefixed with site initials, P2-1 to
P2-1V.

4.1 Core P2

4.1.1 Pollen zone P2-1 (250-200 c¢m):
Rhizophoraceae-Avicennia-Sonneratia- Excoecaria-
Barringtonia-Hopea-Euphorbiaceae-Asteraceae-
Solanum-Cyperaeae-Cheno/Ams-ferns-
Eichhornia-Typha-Pediastrum-Thecamoebian
assemblage

This zone spanning 1600 years between ca. 3700
and 2100 cal years BP encompasses a 50 cm
deep sediment layer. The basal part of the pro-
file recorded an average salinity of 3.2, a sandy
clay sediment texture (figure 2) with sand (41.5%),
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Figure 2. Sediment parameters of the core P2 from Pichavaram estuary, India.
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silt (6.2%) and clay (52.3%) and 5Y2/2 (blackish)
Munsell colour code. The latter part of the zone
(~3000 yrs BP) shows an average salinity of 3.3 in
the aqueous soil solution with a maximum of 3.3
and a minimum of 2.1 in clayey sediment with a
Munsell colour code of 5Y3/2 (table 1). The salin-
ity result suggests a stabilized estuarine ecosys-
tem with a mixed water column as evidenced by
the presence of signatures of marine dinoflagel-
late cysts (4.8%) such as Spiniferites, Operculo-
dinium and brackish water foraminiferal chitinous
linings (25.8%) of Ammonia. The zone shows dom-
inance of mangroves (29.9%) mainly Rhizophora
sp., Sonneratia apetala, S. caseolaris, Avicennia
marina, A. officinalis, Bruguiera cylindrica, Ceri-
ops decandra, Lumnitzera racemosa, FEzcoecaria
agallocha, Nypa fruticans and Acanthus ilici-
folius. The non-mangrove tree pollen taxa includes
Anacardium occidentale, Apocynaceae, Barringto-
nia racemosa, Cedrela odorata, Hopea and other
Dipterocarpaceae members, Azadirachta indica,
Artocarpus heterophyllus, Palmae, Sapotaceae,
Syzygium gardneri, Conocarpus erectus, Mallotus
beddomet, Hibiscus tiliaceus and Thespesia pop-
ulnea whereas the nonarboreals (7.1%) include
Asteraceae, Artemisia nilagirica, Caryophyllus,
Convolvulus alsinoides, Clerodendrum inerme,
Derris trifoliata, Liliaceae Urtica dioica and
Solanum nigrum (figure 3a). The presence of
fungal spores (21.7%) and pteridophytic fern
spores (10.2%) along with Poaceae/Cyperaceae
and Cheno/Ams (43.5%) together suggests a stabi-
lized climate that favoured evergreen/moist decid-
uous forest characterized by Dipterocarpaceae
and Sapotaceae members (13.9%) along with a
sparse dry deciduous forest marked by Mallotus
and Conocarpus (5.0%). Presence of macrophytes
(1.0%) such as Eichhornia and Typha along with
algae (16.5%) Pediastrum, Coelastrum, Botryococ-
cus and thecamoebians (21.0%) like Cyclopyuis,
Nebela and Arcella indicate freshwater input in the
ecosystem from land (figure 3b). All the above
evidences indicate a warm and humid climate
with a strong monsoon leading to an oligosaline
condition.
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4.1.2 Pollen zone P2-1I (200-75 cm):
Avicennia-Suaeda-Meliaceae- Euphorbiaceae-
Borreria-Justicia-Liliaceae-Poaceae/Cyperaceae-
Pediastrum-Cyclopyzis-marine dinoflagellate
cysts-Ammonia lining assemblage

This zone lasted for about 1480 years between ca.
2100 and 620 cal years BP and is characterized
by the very rapid deposition of 125 cm of sedi-
ment. The zone shows clay to sandy clay texture
with sand (43.6%), silt (4.8%) and clay (51.7%)
and a Munsell colour code of 5Y3/2 (blackish to
brown). It reveals the abundance of mangroves
(39.1%), mainly the salt tolerants such as Awvi-
cennia marina and Suaeda spp. along with some
true mangroves like Sonneratia apetala, S. caseo-
laris, Ceriops decandra, Fxcoecaria agallocha and
mangrove associate Acanthus ilicifolius. The max-
imum salinity of the aqueous soil solution is 3.6
and a minimum of 2.5 leading to an average salin-
ity of 2.8 suggesting an oligosaline condition. Other
tree taxa include Azadirachta indica, Dipterocarpus
spp-, Artocarpus heterophyllus, Sapotaceae, Casua-
rina equisetifolia, Terminalia arjuna and Mallotus
beddomei. A good percentage of nonarboreal taxa
(8.3%) such as Asteraceae, Borreria, Caryophyl-
lus, Boerhavia, Derris trifoliata, Justicia betonica,
Liliaceae, Polygonum, Solanum nigrum, Tabernae-
montana gamblei and ubiquitious taxa (33.2%) like
Poaceae/Cyperaceae along with fungal (20.8%)
and pteridophytic spores (13.1%) indicate a mixed
forest with the presence of both moist (15.4%) and
dry deciduous (3.8%) taxa along with a greater
diversity of non-arboreals. The presence of Casua-
rina equisetifolia in the latter part of the zone
is a good indicator of human impact on the
study area. Low percentage of freshwater forms
like the macrophyte Eichhornia (0.2%) and Pedi-
astrum boryanum (6.0%), wide fluctuations in the
dominance of thecamoebian (34.8%) like Arcella,
Cyclopyzis and Nebela along with their marine
counterparts Ammonia linings (19.1%) through-
out the zone suggests climatic amelioration from
warm and humid to dry and arid. Emergence of
organic-walled dinoflagellate cysts of Spiniferitis

Table 1. Lithostratigraphical sediment description of the core P2 from

Pichavaram estuary.

Depth (cm)

Phase (cm) Description

v 0-25 Blackish-to-brown (5Y3/2) fine sticky clay

111 25-75 Brownish (5Y4/2) fine-to-coarse sand punctuated by
broad to thin bands of blackish to brown sticky clay

I 75-200 Blackish-to-brown (5Y2/2) silty clay with
brownish fine sand (5Y4/2)

I 200-250 Blackish-to-brown (5Y2/2) silty clay
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and Operculodinium in the latter part of the zone
(~1000 yrs BP) depicts marine incursion due to
drier conditions.

4.1.3 Pollen zone P2-III (75-25 ¢m): Avicennia-
Sonneratia- Palmae-Casuarina-Asteraceae-
Liliaceae-Cheno/Ams-Poaceae/Cyperaceae-marine
foraminiferal linings

This zone lasted about 420 years between ca. 620
and 200 cal years BP and encompasses 50 cm of
sediment. The average salinity of the aqueous soil
solution of the sediment in this zone is 4.5 with a
maximum of 5.1 and a minimum of 3.9. The sedi-
ment reveals a silty clay texture with sand (4.0%),
silt (28.6%) and clay (67.4%) and the Munsell
colour code for this zone is 5Y3/2 (blackish brown).
A good percentage of salt tolerant mangroves
(41.4%) such as Avicennia and Suaeda as compared
to other mangroves like Sonneratia apetala, S.
caseolaris, Ceriops decandra and FEzxcoecaria agal-
locha along with the non-mangrove tree pollen
like Cedrela odorata, Palmae, Sapotaceae, Casua-
rina equisetifolia indicating anthropogenic activ-
ity, Conocarpus erectus, Mallotus beddomei, Pinus,
Scyphiphora hydrophyllacea along with nonarbo-
reals (3.2%) such as Asteraceae, Justicia beton-
ica, Liliaceae, Scrophulariaceae, Solanum nigrum,
Ocimum sanctum ~450 yrs BP and ubiquitious
taxa (47.8%) like Poaceae/Cyperaceae along with
fungal (17.8%) and pteridophytic spores (11.4%)
indicates a mixed forest with low diversity of ever-
green/moist deciduous (12.3%) taxa represented
by Meliaceae and Anacardium pollen and dry
deciduous (4.6%) taxa marked by Casuarina equi-
setifolia and Euphorbiaceae. The dominance of
Ammonia foraminiferal linings (51.6%) along with
less abundant dinoflagellate cysts (1.4%) and a
reduction in the freshwater thecamoebians (2.9%)
and other aquatic taxa (4.8%) indicates a dry and
arid climate due to weakened monsoon with an
increase in salinity.

4.1.4 Pollen zone P2-1V (25-0 c¢m):
Avicennia-Rhizophoraceae-Poaceae/Cyperaceae-
Cheno/Ams-thecamoebian-marine foraminiferal

linings-dinoflagellate cysts

This zone covered 25 cm of sediment and spanned
from 200 cal years BP until the present. The
average salinity of the aqueous soil solution is
3.7 with a maximum of 4.3 and a minimum
of 2.8. It represents a clayey texture with sand
(12.9%), silt (3.6%) and clay (83.4%) and a Mun-
sell colour code of 5Y3/2 (blackish to brown).
This zone shows the abundance of mangroves
(30.6%) mainly the salt tolerants such as Avicennia
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and Suaeda and a lower percentage of Rhi-
zophora sp., Sonneratia apetala and FExcoecaria
agallocha. Low percentage of hinterland tree
taxa such as Apocynaceae, Azadirachta indica,
Syzygium gardneri, Palmae, Rosaceae, Casuarina,
Caesalpinia bonduc, Mallotus beddomei, Hibiscus
tiliaceus, Pinus and nonarboreal taxa (3.7%) like
Asteraceae, Caryophyllus, Clerodendrum inerme,
Derris trifoliata and Solanum nigrum along with
ubiquitous taxa (53.0%) like Poaceae/Cyperaceae
reveals an open forest condition with less abun-
dant evergreen/moist deciduous (5.1%) and dry
deciduous (6.7%) forest. Low abundance of aquatic
taxa like Typha (0.8%), alga Pediastrum boryanum
(9.6%) and thecamoebian (10.4%) Cyclopyxis indi-
cates a lotic condition with low fresh water influx
whereas a good percentage of chitinous linings of
Ammonia (40.0%) and dinoflagellate cysts (3.8%)
depict marine influx in the ecosystem suggesting a
climate less wet and humid than pollen zone II with
weak monsoon leading to an increase in salinity.

5. Development of the vegetation

Lithofacies analysis, geochemical analysis, pollen
assemblages and radiocarbon dates of the sediment
core P2 from Pichavaram estuary has been used to
infer the evolutionary history of the Late Holocene
vegetation succession.

5.1 Zone I (Upland forest + mangroves)

This zone shows an unstable depositional environ-
ment evidenced by heterogeneous sediment con-
stituting fine silty clay with occasional bands of
fine sand. Core P2 shows the presence of sand
at 220 cm interspersed between the broader clay
bands which indicate a high fluvial energy condi-
tion in the ecosystem. Salinity also showed a fluctu-
ating condition with higher in the clayey layer and
lower in the sandy band. Presence of mangroves
along with a good percentage of hinterland moist
deciduous and evergreen taxa indicates a warm
and humid climate with a strong monsoon condi-
tion. A good percentage of freshwater thecamoe-
bians along with marine dinoflagellate cysts and
foraminiferal linings depicts an estuarine condition.
The present study shows an estuarine ecosystem
in Zone I due to high tidal influx as well as good
freshwater run-off from land with a relatively high
fluvial energy indicating a strong monsoon condi-
tion. Warm and humid climate around 5000 yrs
BP (Vishnu-Mittre and Sharma 1975; Singh et al.
1974; Bhattacharya and Chauhan 1997) and dry
and cool around 1500 yrs BP from southern India
has also been accounted (Bera et al. 1995, 1997;
Bera and Farooqui 2000).
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5.2 Zone II (Mized forest + back mangroves)

Zone II shows heterogeneous sediment constituting
fine silty clay with occasional bands of sand which
indicates a high fluvial energy condition at 140 cm
and 185 cm interspersed between the broader clay
bands indicating low fluvial energy in the ecosys-
tem (figure 3a). Salinity also shows a fluctuat-
ing condition with higher in the clayey region and
lower in the sandy bands. The presence of a broad
band of sandy sediment from 125 to 95 cm reveals
high tidal influx with a low salinity due to larger
pore size of sand particles which does not allow
the accumulation of salts in the sediment causing
downward percolation of salts in the deeper layers.
This part of the core also showed a comparatively
less percentage of palynotaxa along with other
biotic forms which indicates a fluctuating condi-
tion of an estuarine ecosystem. The zone shows an
unstable depositional environment with wide fluc-
tuations in salinity along with abundance of salt
tolerants like Suaeda spp., back mangroves and a
mixed forest dominated by mixed deciduous taxa
due to occasional high tidal influx and freshwa-
ter input from land suggesting a climatic amelio-
ration from warm and humid to a comparatively
drier environment. A gradual weakening of Asian
summer monsoon between 3700 and 1500 cal yr
BP has been reported from lower and middle lati-
tudes in India and China (Selvaraj et al. 2008; Liu
et al. 2009) which attributes to the change in cli-
mate in the present study area. This weakening
of monsoon is generally interpreted as a response
to decreasing summer insolation (Overpeck et al.

1996).

5.3 Zone III (Open forest + salty marshes)

This zone in core P2 shows a stabilized ecosystem
with the overall dominance of fine sticky clay sedi-
ment with an increased salinity condition. Clay due
to its strong tendency to bind with salts caused the
accumulation of salts in the sediment layers lead-
ing to an increased salinity condition. The entire
zone shows the dominance of salt tolerant Suaeda
spp. along with hinterland taxa and a good per-
centage of foraminiferal linings with a decline in
the fresh water thecamoebians. The dominance of
salt tolerant species along with foraminiferal lin-
ings and a decline in true mangroves and freshwater
forms together indicate that the fluvial process in
the river system was weak, perhaps responding to
weak monsoon and drier climates. Several records
using varied proxies from Asia and Africa also
show a severe and lasting drought during Middle—
Late Holocene (Booth et al. 2005; Kaniewski et al.
2008).

Jyoti Srivastava et al.

5.4 Zone IV (Open forest + mangroves
+ salty marshes)

Zone IV in core P2 again shows the dominance
of fine sticky clay sediment with a short span of
high fluvial energy at 15 cm depth in the last mil-
lennium. High salinity in the present zone may be
attributed to the high temperature conditions cou-
pled with weakened monsoon favouring higher rate
of evaporation in the soil. In clayey soil, salt accu-
mulation is common due to the development of
strong aggregates which causes less percolation of
salts into the deeper layers leading to a hypersaline
condition in the clayey fractions. The presence of
true mangroves along with the salt tolerant species
and a lower percentage of thecamoebians indicate
a warm and humid climate leading to a stabilized
estuarine condition. Hence this zone is character-
ized by rejuvenation of true mangroves and a high
percentage of salt tolerant plants with low percent-
age of thecamoebians thereby indicating a less wet
and humid climate than Zone I induced by weak-
ened monsoon and enhanced anthropogenic activ-
ity. The pollen/spore study from the lacustrine
sediments in south-western ghats, India also con-
firms a reduction in rainfall and arid climatic con-
ditions in the beginning of Late Holocene which
gradually ameliorated to warm and humid condi-
tions until 780 yrs BP (Bera and Farooqui 2000).
Earlier records also suggest monsoonal circulation
and intensification since 1500 yrs BP and reduc-
tion during Little Ice Age in the records from
Dandak, India (Sinha et al. 2007), Dongge (Wang
et al. 2005) and Yemen and Oman Margin
(Fleitmann et al. 2003).

6. Conclusion

Palynostratigraphical and geochemical evidences
from Pichavaram estuary show that during the past
3 millennium the climate has ameliorated from
warm and humid to comparatively drier condi-
tion. Consequently, the vegetation too evolved from
moist deciduous/evergreen forest to mixed decidu-
ous forest. The qualitative and quantitative study
shows a decline in the mangrove diversity which
may be attributed to the increased salinity condi-
tions in the north-eastern part of Pichavaram estu-
ary making it highly vulnerable for the mangroves.
This is reflected by the dominance of salt toler-
ant mangrove associates in the area since the last
millennium which is attributed to the increased
anthropogenic activities in the upland areas and
restriction of fresh water by damming in paddy
fields and aquaculture, etc., which is eventually
increasing the salinity in the estuary.
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