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Lahuradewa lake deposits, adjacent to the Lahuradewa archaeological site were rich in diatoms, going
back to about 10 kyrs. The diatoms are grouped into
four categories, namely, planktic, benthic, paddy field
and anthropogenic-influenced. The variation in planktic and benthic forms reflects changes in the water
budget of the lake in response to the change in rainfall, viz. more planktic in humid phases and less
planktic in dry phases. These changes correspond to
the changes identified by other proxies, namely phytolith. Paddy field diatoms are present in good numbers
since about 8 ka along with anthropogenic diatoms;
their numbers increase during dry phases and decrease
in humid phases. This supports the contention that
humans were living in this area since early Holocene
and agriculture activity started around 8 ka. Presence
of paddy field diatoms in lake sediments is rather
unique. It is argued that the lake margin was used for
paddy cultivation. Intermittently, sediment and organic
remains namely paddy field diatoms, rice phytoliths
and grass microcharcoal were washed from lake margin agricultural fields into deeper parts of the lake to
be preserved in lake sediments.
Keywords: Agriculture, diatoms, Holocene, Lahuradewa
lake, paddy field.
DIATOMS are siliceous microorganisms living in a variety
of physico-chemical conditions both in marine as well as
in freshwater conditions. They are sensitive to environmental conditions, and are both benthic and planktic in
their habit. On land, diatoms occur mainly in rivers and
lakes. Further, paddy fields which have water most of the
time during the growth of paddy show specific types of
diatoms, designated as paddy field diatoms.
The Lahuradewa archaeological site, Sant Kabir Nagar
district, Uttar Pradesh is located adjacent to the Lahuradewa lake. The base of the Lahuradewa lake profile is
dated about 10 ka BP and has been studied for phytolith
and pollens to reconstruct the palaeoclimate, palaeovegetation and agricultural activity of the Holocene time1–4.
The diatoms, including paddy field diatoms have been
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recorded1,2,4. In the present study, studies on diatoms
were carried out and an attempt was made to reconstruct
the evolution of the lake, paddy field cultivation and
anthropogenic activity (organic pollution) around the
Lahuradewa lake during the last 10 ka.
Paddy field diatoms can withstand the highly fluctuating water levels of paddy fields and are considered as
indicators of rice cultivation in the past, when present in
fossil assemblages4. A unique and interesting ecosystem
is formed in paddy fields. The paddy field environment
undergoes distinct seasonal changes caused by both natural conditions and human manipulations. One of the most
important characteristics of the paddy field environment
is the seasonal variation in water level 5. Diatoms survive
in paddy fields because they grow in water-logged condition. Most paddy-field diatoms belong to the benthic and
tychoplanktonic communities which are tolerant to highly
fluctuating water levels6. In India, the record of paddy
field diatoms from the lake profile section is hitherto
unavailable. However, few studies on the present day
paddy field diatoms and their distribution in south India
have been carried out in the Kuttanadu paddy fields
(Kerala)7 and in Rasipuram area (Tamil Nadu)8.
The evidence for paddy field cultivation is substantiated by the occurrence of rice phytoliths recorded from
the lake profile. In this study, based on rice phytolith, rice
cultivation in the Ganga Plain (India) dates back to
~8300 years BP (ref. 1). Tracing the origin of domestication of rice, when, where and how it was brought into
domestication and subsequent cultivation are extremely
debatable9–12. Current findings from archaeology and
genetics from Yangtze River valley (South China), suggest
that rice was cultivated as early as 8000 years BP (ref. 9).
However, recent studies from South East Asia and China
argue that rice cultivation in China seems to predate that
of India and is the most likely source of rice in Southeast
Asia13.

Area of study
The Ganga Plain makes the central part of the IndoGangetic foreland basin. It shows a large variety of alluvial landforms, namely active river channels, abandoned
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channels, meander cut-off, bhur ridges and water bodies
(lakes and ponds). The present-day geomorphology of
Ganga Plain is a result of climate change, tectonic activity and base level changes in the last 100,000 years14,15.
Most of the lakes were formed during latest Pleistocene–
Holocene due to channel abandonment related to the tectonics and changing climate15. Pollen studies, phytolith,
geochemistry and C–O isotope study of the lake sediments of the Ganga Plain have helped in the reconstruction of palaeovegetation 3,16–20. The vegetation of the
Ganga Plain witnessed changes in the last few millennia
due to climate change. It has been demonstrated that
since at least 40,000 years BP the Ganga Plain was a
grassland with few thickets21. Evidence of anthropogenic
activity in the Ganga Plain is available in the form of
microcharcoal (evidence of slash-burning activity) and
Cerelia pollens since about 15,000 years BP (ref. 17).
The Lahuradewa lake (lat. 2646N; long. 8257E) is
located adjacent to the Lahuradewa archaeological site
near Lahuradewa village in Sant Kabir Nagar district
(Figure 1). It is significant to note that the lake sediments
and archaeological site at Lahuradewa both provide information on environmental changes and anthropogenic

activity for the last 10,000 years. An attempt has been
made to compare the results of the study of the lake sediments and the archaeological site22.
The Lahuradewa area receives an annual rainfall of
about 1400 mm (Figures 2 and 3). The lake is located on
the upland interfluve surface and receives its water
budget essentially from the monsoon rainfall. During
monsoon season the lake expands on its margins. Later it
becomes small and in extreme dry months it holds water
only in a small part. The western part of the lake holds
water in all the seasons, but eastern and northern parts of
the lake are shallow and become dry after the monsoon.

Sampling and method of study
A 2.8 m deep trench was dug on the eastern dry part of
the lake, where 28 samples at 10 cm interval were collected (Figure 4). Six samples were collected at different
depths for radiocarbon dating. The samples were analysed for pollen studies, grain size, phytoliths and microcharcoal1–4. Lithologically, the lake profile is divided into
three zones. The sediments are mainly silt and clay with
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Location map of the Lahuradewa lake1 .

Distribution pattern of annual rainfall in the Ganga Plain21 .
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Figure 4. Lithological profile of Lahuradewa lake deposit along with
14
C dates and estimated ages (on the basis of sedimentation rate) 2 .
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Figure 5.

Range chart of the diatoms.

very little sand2. The three zones are: Zone 1 (0.00–
0.90 m) – dark mud with rootlets; zone 2 (0.90–2.00 m) –
dark mud; zone 1 (2.00–2.80 m) – black organic mud.
In the present study the diatoms of all the 28 samples
were analysed. For diatom study, sediment samples were
prepared using standard digestion procedures23–25. The
identification was carried out using light microscopy
(Olympus BH-2) with 100 oil immersion objective. In
total, 300–500 diatom frustules per sample were counted
for statistical and graphical representations (Table 1). The
identification, classification and counting of diatom frustules were as per standard procedure26–28.

Diatom analysis
The diatoms are categorized into four groups namely:
(i) Planktic (centric): They are free floating and thrive
in lake waters. Cyclotella meneghiniana, Aulacoseira
granulate.
(ii) Benthic (pennate): They live on the top surface of
lake sediments. Eunotia, Achnanthidium, Anomoeoneis,
Tabellaria, Bacillaria, Brachysira, Epithemia, Neidium,
Diploneis, Psammothidium.
(iii) Paddy field diatoms: They occur in the paddy
fields. In case of Lahuradewa lake profile they are transported from lake margin paddy fields into the deeper part
of the lake. Navicula, Nitzschia, Eunotia, Achnanthes,
Frustulia, Caloneis, Cocconeis, Amphora, Encyonema,
Pinnularia, Surirella, Stauroneis, Tryblionella, Cymbella,
Hantzschia, Gyrosigma.
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(iv) Anthropogenic diatoms: They occur in lakes where
organic pollution is high. They are benthic in nature.
Gomphonema, Synedra.
In the present study TILIA ver. 1.7 was used for preparation of graph and cluster analysis (CONISS) using square
root transformation with dissimilarity coefficient (Edwards
and Cavalli-Sforza’s chord distance) to delineate zones
for the diatoms. The CONISS cluster analysis was
applied on the raw counts rather than percentages in order
to get a holistic view of the diatoms in the study site. The
distributions of different types of diatoms in the lake profile are shown in Figure 5. In all, 7 zones were identified
for the 28 samples and 32 diatom datasets (Figure 5). The
diatom diversity recovered from the Lahuradewa lake
profile is shown in Figure 6.
Zone-1 (LRD-28-LRD-26, ~10,600–9900 cal years
BP) – In this zone broken diatoms were recorded but in very
low frequencies. These diatom frustules cannot be precisely
identified. In addition, a significant proportion of freshwater sponge spicules was also recorded in this zone.
Zone-2 (LRD-25-LRD-22, ~9250–7000 cal years BP) –
The zone was characterized by high frequencies of planktic (centric) diatoms dominated by Cyclotella meneghiniana and Aulacoseira granulata. However, their
frequency reduced considerably in the topmost part of
this zone. Few benthic forms and paddy field diatoms
were also identified but with low counts.
The benthic forms were comprised of Eunotia,
Achnanthidium, Frustulia, Pinnularia, Stauroneis,
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Figure 6. Diatom diversity recovered from the sediments of the Lahuradewa lake profile. 1, Cyclotella meneghiniana; 2, Aulacoseira
granulata (chain form); 3, Aulacoseira granulata (girdle view); 4, Diploneis smithii; 5, Cocconeis placentula; 6, Caloneis sp.; 7, Amphora
exigua; 8, Amphora coffeaeformis; 9, Pinnularia acrosphaeria; 10, Craticula cuspidate; 11, Eunotia soleirolii; 12, Eunotia curvata; 13,
Gomphonema augur; 14, Pinnularia acrosphaeria; 15, Gomphonema subtile; 16, Eunotia duplicoraphis; 17, Gomphonema augur; 18,
Eunotia; 19, Gomphonema angustum; 20, Eunotia duplicoraphis; 21, Eunotia praerupta; 22, Encyonema minutum; 23, Pinnularia; 24,
Pinnularia acrosphaeria; 25, Eunotia; 26, Eunotia diodon; 27, Eunotia zygodon; 28, Eunotia sp.; 29, Navicula viridula; 30, Navicula
cincta; 31, Gomphonema affine; 32, Gomphonema; 33, Nitzschia sp.; 34, Achnanthes sp.; 35, Eunotia praerupta; 36, Nitzschia accuminatum; 37, Stauroneis anceps; 38, Amphora praelata; 39, Epithemia sp.; 40, Gomphonema sp.; 41, Surirella gemma; 42, Craticula subhalophila; 43, Frustulia sp.
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Gomphonema. Amongst the paddy field diatoms, Navicula, Nitzschia, Eunotia, Frustulia, Cocconeis,
Stauroneis, Gyrosigma were also recorded in this zone
but with low frequencies. The anthropogenic diatom
Gomphonema appeared in sample no. LRD-24 (~8300 cal
years BP) and thereafter it was represented in all the samples. In the lower part of this zone the benthic and paddy
field diatoms were recorded in very low frequencies but
their diversity and frequency increased at the top (LRD22) during ~7000 cal years BP.
Zone-3 (LRD-21-LRD-19, ~6400–5200 cal years BP) –
In this zone only one sample recorded slightly high
planktic diatoms (LRD-21); however, in the rest of the
samples (LRD-20 and LRD-19) their counts were reduced
to a great extent. The planktic diatoms in this zone were
represented by Cyclotella meneghiniana and Aulacoseira
granulata. However, there was a steady increase in benthic diatoms particularly Eunotia. The other benthic
forms present in this zone were Tabellaria, Achnanthidium and Diploneis. This zone recorded increased diversity and frequency of the paddy field diatoms namely,
Navicula, Nitzschia, paddy field Eunotia, Achnanthes,
Frustulia, Craticula, Caloneis, Cocconeis, Amphora,
Encyonema,
Pinnularia,
Surirella,
Tryblionella,
Stauroneis, Cymbella, Hantzschia and Gyrosigma. The
anthropogenic diatom Gomphonema and Synedra were
present in varying proportions.
Zone-4 (LRD-18-LRD-17, ~4600–4050 cal years BP) –
This zone comprised of only two samples. A decrease in
the planktic diatoms, i.e. Cyclotella meneghiniana and
Aulacoseira granulata was recorded. The benthic diatoms
showed enhancement in their occurrences mainly of
Eunotia forms. The other benthic diatoms recorded were
Achnanthidium, Tabellaria, Diploneis, etc. The paddy
field diatoms were recorded maximum in terms of frequencies and species diversity. The rise in paddy field
diatoms was noted by Navicula, Nitzschia, Eunotia, Cocconeis, Craticula, Amphora, Pinnularia, Tryblionella,
Caloneis and others. In this zone the anthropogenic diatom indicator Gomphonema showed high frequency.
Zone-5 (LRD-16-LRD-14, ~3450–2300 cal years BP) –
This zone represented differential diatoms recorded in the
samples. The planktic diatom Cyclotella meneghiniana
showed an overall decrease in frequency whereas Aulacoseira granulata showed very low counts. The benthic
diatoms showed low diversity and were represented
mainly by Eunotia and Achnanthidium. Diploneis and
Bacillaria (Benthic forms) were encountered in one sample only. The diversity of paddy field diatoms was high,
represented by Navicula, Eunotia, Achnanthes, Frustulia,
Craticula, Caloneis, Cocconeis, Amphora, Encyonema,
Pinnularia, Surirella, Tryblionella, Stauroneis, Cymbella,
Hantzschia. Among these, Navicula and Eunotia were
prominent. The anthropogenic indicator diatom Gomphonema and Synedra ulna also became prominent in this
zone.
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Zone-6 (LRD-13-LRD-3, ~2100–500 cal years BP) –
This zone showed variable counts of various types of
diatoms. The planktic diatoms Cyclotella meneghiniana,
Aulacoseira granulata and Stephanodiscus were recorded
in low frequency. The benthic diatom assemblage comprised chiefly of Eunotia and Diploneis with variable frequencies of Achnanthidium, Anomoeneis, Tabellaria,
Bacillaria, Brachysira, Epithemia, Neidium, Diploneis
and Psammothidium. The benthic diatoms showed
variable proportions from the base to the top of this zone.
The paddy field diatoms showed increase in this zone,
represented mainly by Navicula, Eunotia and Nitzschia,
with frequent but low counts of Craticula, Encyonema,
Pinnularia, Stauroneis and occasionally occurring Caloneis, Amphora, Surirella, Frustulia, Amphora, Encyonema, Stauroneis and Hantzschia. However, the diversity
of the paddy field diatoms was reduced in this zone. The
frequency of anthropogenic diatoms Gomphonema and
Synedra ulna was also fluctuating throughout this zone.
Zone-7 (LRD-2 - LRD-1, ~500 cal yrs BP – present) –
In this zone the planktic diatoms showed a weak but fair
rise towards the top. The benthic diatoms also rose in this
zone towards the top and the major forms recorded were
Eunotia, Achnanthidium, Anomoeneis, Tabellaria, Bacillaria and Brachysira. The paddy field diatoms in this
zone were represented primarily by Navicula, Nitzschia
and Eunotia. However, low occurrences of Achnanthes,
Frustulia, Craticula, Amphora, Encyonema, Pinnularia,
Surirella, Tryblionella, Stauroneis, Cymbella and Hantzschia were recorded. The anthropogenic diatom records
also showed increase at the top with Gomphonema and
Synedra ulna species.

Discussion
Change in diatom population and climate change
Planktic diatoms thrive in the lake waters while benthic
diatoms are present on the sediment bottom of the lake. If
the lake expands, planktic forms become more common,
while reduction in lake causes increase in the benthic
forms29. The anthropogenic influenced diatoms thrive in
the lake, if organic pollution of the lake increases30,31.
The paddy field diatoms are present in lake margins
which are agricultural fields in several places in eastern
India. They are washed into deeper parts of the lake along
with sediment and organic matter of the paddy fields.
Changes in the proportion of paddy field diatoms are
essentially linked to the agricultural activity of the
humans living in the area. The changes in the frequency
and nature of diatoms through the lake profile during last
10 kyrs is a reflection of climate change affecting the
water budget of the lake and anthropogenic activity,
especially paddy field cultivation (Figure 7).
During ~10,600–9900 cal years BP (Zone 1) the lake
was shallow, but possibly perennial in nature. The diatom
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Figure 7.

Variation of planktic, benthic, paddy field and anthropogenic diatoms in the Lahuradewa lake sediments.

population was relatively poor during this period but the
sponge spicules were found to be dominating in this zone.
In several other studies as well, the diatom poor samples
were often rich in freshwater sponge spicules32–34. It
appears that if the lake is shallow and rich in organic matter
the sponge spicules dominate and diatoms are poor 33.
Planktic diatoms were high during ~9250–7000 cal
years BP (Zone 2) indicating that the water in the lake
was high. It was probably due to high rainfall during the
time2,29. Evidence of agricultural practice was present
since ~9250 cal years BP in the form of paddy field
diatoms. The anthropogenic activity was supported by the
presence of anthropogenic influenced diatoms, i.e. Gomphonema species around ~8300 cal years BP. The favourable climate with high rainfall was also indicated by
increase in diatom population. Pollen records of Lahuradewa lake profile suggest the appearance of Cheno/Am
pollen since 7822 cal yrs BP and Cerelia pollen since
~7500 cal years BP. Similarly, the phytolith records of
Lahuradewa lake also indicate the period of strong monsoon ~7000 cal years BP (ref. 2). The multiproxy study of
Sanai Tal deposits of Ganga Plain has also reported
strengthened monsoon during the Early Holocene around
7000 cal years BP (refs 35, 36). Correlatable records of
2112

strengthened monsoon during this period are observed in
the Ganga Plain based on lacustrine multiproxy studies17,20,37; eastern margin of the Thar Desert38 and from
other parts of the Indian subcontinent39,40. This period
broadly corresponds to the early Holocene Climatic
Optima observed in most monsoon affected regions41.
The period from ~6400 to 5200 cal years BP (Zone 3)
showed reduction in planktic diatoms which may be due
to lower rainfall. It caused reduction in the lake, but
expansion of lake margin used as paddy fields. Though
total diatom count showed a decline; the paddy field
diatoms showed a prominent increase in number and
species diversification. The anthropogenic diatoms
showed variable frequencies during this period.
The time span of ~4600 to 4050 cal years BP (Zone 4)
showed a prominent decrease in the frequency of planktic
diatoms, but on the contrary the benthic diatoms
increased in number, though the diversity was not
increased. The paddy field diatoms showed enhanced
diversity. The pattern of frequency changes in paddy field
diatoms corresponds to the frequency changes of anthropogenic diatoms.
A decline in rainfall related to SW monsoon showed
prominent reduction in ~5800–3000 cal years BP (ref. 41).
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This caused reduction in the volume of Lahuradewa lake,
but provided more area for paddy cultivation along the
lake margin. However, in our study, effect of reduced
rainfall was reflected in diatoms during 4600–4050 cal
years BP and became very prominent during 3400–
2300 cal years BP (Zone 5) when both planktic and
benthic diatoms decreased. Palynological records of the
studied lake also reveal increase in arboreal pollen taxa
and decrease in the marshy elements around 5000 years
BP (ref. 3). A similar climatic trend was observed in the
phytolith records which suggest the prevalence of aridity
around 5000–4000 cal years BP (ref. 2). Oxygen isotope
analysis of teeth enamel recovered from the archaeological sites of Ganga Plain revealed a less humid trend from
3600–2800 cal years BP (ref. 36).
The period from ~2300 to 500 cal BP (Zone 6) was a
period of centennial scale rainfall variation 42 . The
diatoms during this time showed a fluctuating pattern
of decline and rise in their frequency and diversity.
Around 2100–1800 cal years BP, the paddy field diatoms
showed an overall declining trend followed by an
increase around 1300 cal years BP. This suggests changes
from more humid monsoon to weaker monsoon conditions. The oxygen isotopic records of bovid tooth enamel
from Ganga plain also indicate more humid trend between 2800 and 1500 cal years BP followed by less humid
conditions36.
After 1800 cal years BP there was an increase in the
count of diatoms, particularly the paddy field diatoms.
However, the count of planktic forms was low. This indicates weaker monsoon and reduced lake level. The phytolith records of Lahuradewa lake also show reduced
monsoon during 1650–1200 cal years BP as indicated by
high value of Phytolith index (Iph ), followed by a small
humid event 1200–950 years BP which is evident by low
Iph values. In addition, the presence of Eunotia in abundance around 2300 cal years BP, suggests relatively pristine lake water conditions, which strongly deteriorated
later on, as made evident by increased frequencies of
Navicula and Nitzschia species. It seems that lake size
decreased and increased in response to the century-scale
changes in rainfall. Human activity increased in the area,
which is reflected in the increase in the count of anthropogenic influenced diatoms18. Around 1200–950 cal
years BP, increased monsoon precipitation was observed
from the pollen record of Mesa Tal42.
The period from ~500 cal years BP to present (Zone 7)
showed some enhancement in rainfall and there was a rise
in diatom counts. This rise was noticed in both planktic
and benthic diatoms which occurred naturally in the lake
environment. The paddy field diatoms also showed increased diversity along with increase in anthropogenic
diatoms. Similar trends of enhanced monsoon were also
observed ~400 years BP (1420–1620 AD) inferred on the
basis of pollen records of Nikhari Tal, Eastern Ganga
Plain18.
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Paddy field identification in Lahuradewa
Several studies at global scales on paddy field ecology
using diatoms have been conducted5,6,43–45. In India studies on the day paddy field diatoms have been carried out
from Kuttanadu Paddy fields (Kerala)7. Usually, paddy
field diatoms are restricted to the paddy fields and are
preserved in their sediments. Paddy field diatoms in
archaeological sites occur in areas identified as ancient
paddy fields5,6,43,44. The paddy field diatoms and anthropogenic diatoms in conjunction provide evidence of
human activity in the Lahuradewa area since ~9250 cal
years BP.
Occurrence of large number of paddy field diatoms in
the Lahuradewa lake sediment is quite unique. The question is how paddy field diatoms were deposited in large
numbers in lake sediments?
The Lahuradewa lake, like most lakes of Ganga Plain
is very shallow, mostly few metres deep and possesses
flat extensive lake margins. Lake margins are mostly used
as agricultural fields21. The lakes receive their water
budget during monsoon season. During early monsoon
(July) season, due to increase in water budget, the lake
water expands on the margins. The lake margins with 10–
20 cm deep water are used as paddy fields and paddy is
transplanted in these areas. During monsoon months with
availability of rain water the paddy grows without any
artificial irrigation. The paddy is harvested in the month
of October when lake margins become dry. Most of these
lakes also grow wild rice (the Tinni rice), which is carefully harvested by the local population46. During floods,
sediments along with microcharcoal, rice phytolith and
paddy field diatoms are transported into the deeper part
of the lake. Hence, the sediments of deeper parts of the
lake contain microcharcoal, phytolith and paddy field diatoms in large number.
We would like to argue that the population living at the
Lahuradewa archaeological site used the lake margin as a
paddy field since about 9000 years BP. The paddy field
cultivation showed increase and decrease with changing
climate during Holocene. The human activity near the
lake led to organic pollution of lake water. Hence anthropogenic-influenced diatoms flourished and increased
through time. The anthropogenic diatoms showed increase during ~8300–7000 cal years BP and thereafter a
decrease at ~5800 cal years BP. They increased from
~5200 to 3450 cal years BP reaching their maximum in
the entire profile. The anthropogenic diatoms became low
around ~2300 cal year BP and exhibited an increasing
trend from ~2100 to 1900 cal years BP. They decreased
during ~1800 cal year BP and increased around ~1700 cal
year BP. A prominent decrease was noticed from ~650–
500 cal years BP and increase from ~350 till present day.
The increasing and decreasing trends of anthropogenic
diatoms correspond broadly to that of the paddy field
(Figure 7).
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The study of rice phytoliths, pollen studies in the lake
sediments and the presence of cultivated rice in Lahuradewa archaeological site also strongly indicate agricultural activity in the area since about 9000 years BP (refs 1
and 22). Early domestication and rice cultivation activity
in China was discussed earlier. Identification of paddy
fields indicating rice cultivation in China has been dated
8000 years BP in Yangtze Valley, South China9 and in
East China since ~7000 years BP (5000 BC)47. The oldest
rice field in China has been identified in lower Yangtze
valley dated about 8400 years BP (ref. 48).
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