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Abstract Rapid urbanization and increased tourism
around Nainital Lake in the Kumaun Himalayan
region in north India has raised concerns about
sediment and water pollution. Lead-210 dated sedi-
ment cores from the lake represent ~95 years of
accumulation and yield a mean sedimentation rate
of ~4.7 mm year '. Total organic carbon (TOC),
percent N and S and their atomic C/N and C/S ratios,
stable isotopes (513C, 8N, and 5348), and specific
biomarkers (n-alkanes and pigments) were measured
in the core. Organic matter is primarily derived from
in-lake algal production and TOC flux varies from 1.0
to 3.5 g m 2 year . Sediments are anoxic (Eh —328
to —187 mV) and have low (0.10-0.30 g m~2
year—") N, but high (0.37-1.0 g m— year™") S flux.
Shifts in 6'°C, 6'°N, and 'S suggest in-lake
microbial processes dominated by denitrification
and sulfate reduction. The sediments are dominated
by short-chain hydrocarbons with low Carbon Pref-
erence Index values. The pigments indicate a gradual
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shift to cyanobacterial domination of the phytoplank-
ton community in recent years. Despite an increase
in external input of nutrients, the trophic state of the
lake has remained largely unchanged, and the
perceived human-induced impacts are limited.
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Introduction

Environmental changes leave distinct geochemical
signals in sediments, which can be used to infer
paleoecological and paleoenvironmental histories in
lacustrine environments (Schelske and Hodell 1991;
Bernasconi et al. 1997; Tenzer et al. 1999; Routh
et al. 2004). Organic matter (OM) characteristics,
trace elements, and stable C and N isotope compo-
sitions are widely used as indicators of watershed
disturbance and primary productivity changes (for
reviews see Meyers and Lallier-Verges 1999; Boyle
2001; Meyers 2003). Although some of these paleo-
environmental proxies are relatively conservative,
others may be influenced by sediment—water interac-
tions, biological processes, and anthropogenic
activities. Nevertheless, these geochemical proxies
can provide reliable records of environmental change
in lakes over multi-million-year periods, even for
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sediments in which only a small fraction of OM is
preserved (Meyers 1994; Meyers et al. 1995).

Sediment OM in lacustrine environments provides
information about the origin of OM and the kinds of
biota that produce it. This information provides a
better understanding of various biogeochemical pro-
cesses, trophic state shifts, and natural and/or human-
induced effects in lacustrine environments (Meyers
1997; Tenzer et al. 1999; Meyers 2003; Das et al.
2008; Routh et al. 2008; Choudhary et al. 2008).
Notably, periods of high sedimentation rate and
greater primary productivity can preserve evidence of
processes that affect OM delivery and burial in
lacustrine sediments. Hence, lakes offer special
opportunities to study the response of sediment
geochemistry to environmental changes on short-
(annual to decadal), and even long-term (centennial
to millennial) time scales.

Lake Nainital, situated in the Kumaun Himalayan
region of northern India, has been affected by urban
development. In particular, water quality has deteri-
orated over the years (Ali et al. 1999; Gupta et al.
1999; Chakrapani 2002). We used various paleolim-
nological proxies to explore the recent history of
environmental changes in Lake Nainital. Our multi-
proxy approach included elemental ratios (C/N, C/S),
isotope signatures (C, N, and S), and specific bio-
markers (hydrocarbons and pigments), and was used
to characterize the OM in sediments. The results were
related to nutrient dynamics, paleoproductivity, and
probable anthropogenic effects. To the best of our
knowledge, this is one of the first such studies in a
Himalayan lake system. Hence, useful generalizations
can be drawn based on the sediment OM records.
Further, the study illustrates the potential of these
types of proxy-based analyses to reconstruct trophic
state changes in lakes in areas where hardly any water
column data are available. These concepts can be
extended to other lacustrine systems to understand
biogeochemical processes, particularly the effects of
human-induced activities in the catchment.

Study area

Nainital Lake (latitude 29°24'N, longitude 79°28'E)
is situated at the center of Nainital city in Uttarak-
hand state, India (Fig. 1). The crescent-shaped lake,
discovered in 1841 AD, is a warm monomictic,
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Fig. 1 Bathymetric map of Lake Nainital showing core
location (modified from Nainital Development Authority)

hyper-eutrophic water body situated at an altitude of
1,937 m (Pant et al. 1980; Singh and Gopal 1999;
Gupta et al. 1999). The lake is 1.4 km long, 0.45 km
wide, 27.3 m deep, and 0.46 km? in surface area. The
catchment area is 4.9 kmz, of which 48.4% is covered
by forests (oak and cypress), 18.3% is barren, 19.3%
is human settlements, and 10.4% is water body. The
catchment is home to over 700 plant species and 200
species of birds (Singh et al. 2001). The lake is the
main source of water supply for the local population
(~40,000 inhabitants; Singh and Gopal 1999). The
average annual rainfall in the basin is 2,271 mm, and
summer and winter temperatures average around
25°C and 10°C, respectively (Pant et al. 1980). The
lake remains thermally stratified for 7-9 months of
the year (March—October; Kumar et al. 2001).
There are 24 open drains in the catchment area.
Nine of these drains are permanent (Das et al. 1995)
and carry domestic waste, including town sewage,
run-off water, and eroded sediments into the lake
(Pant et al. 1980). The lake is essentially a flow-
through system, with substantial groundwater inflow
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and seepage. The hydrologic budget of the lake
shows that most of the lake water owes its origin to
surface run-off (25%), sub-surface inflow (43%), and
direct precipitation (15%) (Singh et al. 2001; Kumar
et al. 2001). The groundwater age is <14 years and
retention time is about 2 years (Kumar et al. 2001;
Nachiappan et al. 2002). Isotope studies reveal that
the slope of the 6'%0-6D water line in Nainital Lake
(7.1) is close to the LMWL (7.5), implying that
evaporation losses from the lake are insignificant
(Nachiappan et al. 2002).

The Lake Nainital basin is made up of folded and
faulted rocks of the Krol and Tal Formations (Valdiya
1988). The sub-rotational movements in the fault zone
were responsible for blocking the Gaula River in its
upper reaches, resulting in the formation of Nainital
Lake. The lake is divided into two sub-basins sepa-
rated by a 100-m wide, transverse underwater ridge,
which crops out at depths of 7-20 m. Northeastern
Sher-ka-dand-Naina ridge is made up almost exclu-
sively of the Lower Krol Formation and south-western
Deopatta—Ayarpatta ridge consists of the Middle and
Upper Krol and Tal Formations (Valdiya 1988). The
lithology consists of dolomites, argillaceous lime-
stone, marlites, gypsum, and black carbonaceous
slates, which are susceptible to extensive physical
and chemical weathering (Das et al. 1995; Chakrapani
2002). Because of high tectonic activity, the region is
prone to landslides (Valdiya 1988; Kumar et al. 2007).
Seven major landslides were reported within the last
century (Singh et al. 2001).

The idyllic setting of Lake Nainital attracts many
tourists (~ 300,000-400,000 people annually) during
summer (April-August). The population is spread
over a small area of 11-12 km”. Rapid urbanization
in the catchment has increased the construction of
buildings and roads, and human population has
doubled since the 1950s (Singh et al. 2001). This
has resulted in high input to the lake of heavy metals,
phosphate, and nitrate (Das et al. 1995; Ali et al.
1999; Chakrapani 2002). In fact, several planktonic
species commonly considered indicators of eutrophi-
cation are widely found in Lake Nainital, e.g.,
Microcystis, Anabaena, Chlamydomonas, and Clos-
tridium (Pant et al. 1980). Nutrients such as
phosphate, nitrate, and ammonium support luxuriant
phytoplankton and algal growth (2.4-37.6 x 10°
cells 17'; Sharma et al. 1982; Ali et al. 1999).
Previous studies also suggest that recent fish kills are

a consequence of long-term anoxia and presence of
toxic pollutants in the lake (e.g., Ali et al. 1999;
Singh et al. 2001; Nagdali and Gupta 2002). How-
ever, these studies do not elucidate the actual
source(s) of OM (or pollutants) in the lake, their
effect on nutrient dynamics, or in productivity shifts
affecting the lake’s trophic state.

Methodology

Sediment cores were collected from the deepest part
of the lake in December 2004. A gravity corer was
used to obtain two relatively undisturbed sediment
cores, 55 mm in diameter and 4045 cm long (NT 1
and NT 2; Fig. 1). Each core was sliced into 2-cm
sections in the field and Eh was measured immedi-
ately; the samples were packed into airtight plastic
bags and refrigerated. Loss-on-ignition (LOI) was
measured as described in Heiri et al. (2001). The bulk
density of sediments was measured by estimating the
water content (heating for 8 h at 105°C) and porosity.
Grain size was measured by sieving the sediments.

In one of the cores (NT 1), sedimentation rate was
estimated using ?'°Pb. The measurement of *'°Pb was
based on the o-measurement of 210Po, which was
assumed to be in secular equilibrium with its parent.
The procedure involved adding **’Po as a tracer and
leaching the sediment sample with aqua regia (Kumar
et al. 2007). The residual solid was filtered and
treated with HCl. The Polonium nuclides (2]0P0 and
29po) were deposited on copper disks by adding
ascorbic acid in HCI solution prior to alpha counting.
The standard counting error was <10% in the upper
section of the core and slightly higher in the deeper
sections. The supported activity for 2'°Pb was
estimated from the asymptote, which was subtracted
from the total 2'°Pb activity to get the unsupported
210py, activity, i.e. excess 210py (210Pbex). To correct
for the effect of sediment compaction, 210Pbex at each
depth was multiplied by the dry density.

In the second core (NT 2), sediments were
centrifuged at 10,000 rpm (3,023 g) for 30 min to
extract the pore-water. Dissolved organic carbon
(DOC) concentration was measured with a Shimadzu
TOC 5000 analyzer. Reproducibility of duplicate
analysis was within £10%. The sediments were later
freeze-dried and used for characterizing the OM. The
C and N isotopic compositions of acid-treated
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samples were analyzed using a continuous flow
system consisting of a Carlo Erba elemental analyzer
coupled to a Finnigan MAT Delta Plus mass spec-
trometer. Data are reported in the conventional delta
(0) notation versus Vienna PeeDee Belemnite
(V-PDB) for C and atmospheric N, for total N. The
precision for C and N isotope analyses was 30.18%o
and £0.06%o, respectively. The sulfur isotopes were
measured in the sulfate and sulfide fractions. Sulfate
was extracted by treating the samples with hot (90°C)
6 M HCI for 2 h; the residue was filtered and washed
with deionized water. Barium sulfate was then
precipitated after addition of 0.25 M BaCl, to the
solution, and the precipitate was dried and weighed.
The remaining sulfide fraction was treated with
HNOj; and bromine, and the supernatant was oxidized
to form BaSO,. The S isotopes were analyzed by
combusting BaSO, mixed with an equal amount of
V,0s5 at 1,020°C in a Carlo Erba elemental analyzer
connected to a Finnigan MAT Delta Plus mass
spectrometer. The values were expressed in the
conventional 9**S notation relative to the Vienna-
Canyon Diablo Troilite (V-CDT) standard; the pre-
cision was 0.2%eo.

Approximately 1-2 g of freeze-dried sediment was
extracted with a mixture of CH,Cl, and MeOH (9:1
v/v) on a Dionex Automated Solvent Extractor 300
(three extraction cycles at 1,500 psi and 100°C). The
total lipid extracts were reduced using a Biichli
rotovapor and injected in pulsed splitless mode into
an Agilent 6890 gas chromatograph with a DB5-MS
column (30 m x 0.25 mm i.d. x 0.25 um film). The
oven temperature was held at 35°C for 6 min,
increased to 300°C at 5°C min~', and held for
20 min. The chromatograph was interfaced with an
Agilent 5973 mass spectrometer operated at 70 eV in
full-scan mode (m/z 50-500 amu). External and
internal standards (S-4066 from CHIRON, Norway
and deuterated perylene from Cambridge Laboratory,
USA) were used for quantification.

Pigments were extracted for 2 min by ultra-
sonication in acetone (2 ml g7l sediment), and stored
overnight. After filtration (0.02 um), the samples
were injected into a HPLC consisting of a Waters
2690 separation module coupled to a photodiode UV/
VIS detector (set at 450 nm). The injector was
connected to a RP-18 LiChroCART column (5 pum
particle size, 250 mm x 4.6 mm i.d.). The gradient
(1 ml min~") program began with 100% mobile
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phase A (80:20 MeOH:0.5 M ammonium acetate;
Westman et al. 2003). This was followed by 100%
mobile phase B (90:10 acetonitrile: water) for 4 min,
and 25% B and 75% C (100% ethyl acetate) for
28 min. The program was changed to 100% B for
5 min with a final ramping to 100% A for 4 min. The
pigment standards were obtained from DHI,
Denmark. Chlorophyll (Chl) was analyzed colorimet-
rically on a Hitachi U-1100 spectrometer following
the method by Dere et al. (1998; absorbance at 470,
645, and 662 nm). The pigment concentrations were
calculated according to (Lichtenthaler and Wellburn
1985):

C, = 11.75 Aggp — 2.350 Agus (1)
Cp = 18.61 Agss — 3.960 Aggn (2)
Total carotene = 1000 Ay79 — 2.270C,

— 81.4Cy/227 (3)

where C, is Chl a and C, is Chl b. Typical precision
of duplicate runs was <2%.

Results

The cores were dominated by <45-pum size clay +
silt fractions. Porosity varied from 40 to 69% (Fig. 2).
The LOI content in samples ranged from 2.1 to 7.6%.
The results were similar in both cores and reproduc-
ibility of duplicate runs was ca. + 3%.

Sedimentation rates

The total activity of 2'°Pb declined from a maximum
of 169 mbq g~ ' near the surface to 59 mbq g~ ' at
45 cm depth. The CRS (Constant Rate of Supply)
model was used to derive the sediment accumulation
rate. The model assumes a constant *'°Pb flux, but
variable sedimentation rate (Appleby and Oldfield
1978). The sedimentation rate was 4.7 4+ 0.04 mm
year_l, and the sediment accumulation rate was
56 +£ 0.3 gm ?year ' (Fig. 3). Based on these
values, the deepest part of the core was dated to be
~1908 AD.

Paleoproductivity

The rate of primary paleoproductivity (PP; g C m—2
year™ ') was originally calculated for marine sediments
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(Muller and Suess 1979), but later, the principle was
successfully applied to several freshwater lake systems
(e.g. Williams et al. 1993; Ishiwatari et al. 2005;
Das et al. 2008; Routh et al. 2008; Choudhary et al.
2008).

PP = (%TOC x D)/(0.0030 x $°%) (4)

where D is dry bulk density (gcm ™) and S is
sedimentation rate (cm kyr—'). PP was also calcu-
lated based on the distribution of hydrocarbons
(n->_Cjs.17.10) representing in-lake algal production.
Both profiles indicated a similar trend with the
maximum value occurring at 33 cm depth (Fig. 4).

Geochemical analyses

The sediments were anoxic and Eh varied between —
187 and —328 mV. Average DOC concentrations in

pore water were 36-131 mg 1™, TOC flux in sedi-
ments ranged between 1.0 and 3.5 g m™ 2 year™ ' with
a minimum value at 37 cm (Fig. 4). The total N flux
was between 0.1 and 0.3 g m~? year '; the values
were maximum (0. 3 g cm ™~ year™ ') between 31 and
33 cm. The total S flux was high and ranged from
037 to 1.0gm ?year '; the highest nrate,
1.0 g m? year ' S occurred at 29 cm. The atomic
C/N ratio in sediments ranged between 11 and 15,
and the atomic C/S ratio varied between 4.3 and 19
(Fig. 4).

The 6"°C of OM ranged from —26.5% to
—27.7%0; the values were low around two depth
intervals in the sediment core, 31-37 cm and 21—
25 cm (Fig. 5). The 0N values varied between
3.1%o and 9.2%o. The 6'°N values increased up-core
to a maximum value of 9.2%o at 35 cm. The 6'°N
values decreased, followed by another increase
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Fig. 3 Grain size, LOIL, and porosity in Lake Nanital sediments
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Sulfate and Sulfide

DOC in TOC flux N flux S flux flux
Eh (mV) pore water (mg 1) (gm?yrh (gm2yrh) (gm?yrh) (gm2yrh)
-400  -200 00 75 150 0 2 4 6 0 0.2 040 05 1 150 0.5 1 1.5
0 . | ) L . ! | | . - 2004
57 osulfate [ 1997
101 e sulfide | 1984
_ 15 L1972 g
£ 20 2
:;’/ s F 1960 &
= b >
=9 L =}
2 304 1952 &
354 F 1941
40 7 L1916
454 L 1908
50
Paleoproductivity (PP)
C/N (atomic) C/S (atomic) %C, (gCm2yrh)
0 10 20 0 10 20 0 50 100 0 10 20
0 | . . . 2004
5 + 1997
107 N n-Cys 1710 alk | 1984
=~ 151 * TOC (x 102
el 1% 972 o
g 2] 960 %
S rl —
£ :
30 1 F1952 =
351 1941
40 7 1916
45 - 1908
50

Fig. 4 Eh, dissolved organic carbon (DOC), total organic
carbon (TOC), total nitrogen, total sulfur, sulfate and sulfide,
C/N (atomic), C/S (atomic), algal organic matter (%C,), and

between 11 and 15 cm (up to 8.6%0). The 6°*S in
sulfides (534Sred) between 24 and 45 cm depth was
almost constant (~1.9%0); negative 5**S values
occurred at 23 cm (—0.9%0) and 1 cm (—6.3%o).
The average value of 534Sred between 21 and 3 cm
was ~ 3.6%o. The 5°*S in sulfates (°*S,;) from 27 to
45 cm was between —0.01%o0 and —0.9%o. In con-
trast, the 534soxi values above 26 cm ranged from
0.3%o to 3.8%o. In two samples, the amount of sulfate
extracted was too little to obtain reliable results.
The hydrocarbon concentrations in sediments were
normalized to TOC to compensate for depositional
variations, and to express the enrichment or depletion
of hydrocarbons relative to TOC (Fig. 6). Total
hydrocarbon concentrations varied from 1.8 to
5.9 pg mg~"' of TOC; the concentrations were high
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paleoproductivity in Lake Nainital sediments (Note that units
for some indicate accumulation rates—not concentrations)

in the 30-40 cm interval. The total concentration of
low, odd numbered n-alkanes (n-C;s,17,19) exhibited
variations with depth. Higher concentrations, 0.66—
0.80 ug mg~"' of TOC, occurred between 25 and
35 cm and near the surface (0.49-0.53 pg mg~"' of
TOC).

The Carbon preference index (CPI; Allan and
Douglas 1977), which represents the predominance of
odd (C,3—Cs3) over even (C,4—Cs,) n-alkanes was
calculated and the values were marginally high (2-3)
between 25 and 35 cm, but gradually decreased up-
core. The Terrigenous Aquatic Ratio (TAR; Bour-
bonniere and Meyers 1996) takes into account the
n-alkane signature of vascular plants (n-Cy7 9 31) and
phytoplankton (7-Cis 17.19); TAR ranged from 0.30 to
2.9 and showed a similar trend to CPIL.
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The concentrations of most pigments increased up-
core (Fig. 7). The only exception was zeaxanthin,
which was high (0.39-2.3 mmol g~') in bottom
sediments and decreased upwards. f,f-carotene was
present in high concentrations throughout the core
with concentrations varying between 0.24 and
5.8 mmol g~'. Echinenone, myxoxanthophyll, and
alloxanthin occurred in high concentrations, up to
5.1, 0.27, and 1.0 mmol g_l, respectively, in surface
sediments. Lutein was absent in most of the sediment
layers. However, lutein was high (0.09 mmol g~ ') at
a depth of 29 cm. Lutein was also found between 9

and 13 cm and varied from 0.02 to 0.03 mmol g~ ".

Chlorophyll a and b concentrations varied from
0.28 to 0.76 mmol g~ " and 0.02 to 0.17 mmol g™ ",
respectively. The maximum Chl a concentration
(0.76 mmol gfl) occurred between 31 and 33 cm.
The CD:TC (chlorophyll derivative:total carotenoid)
ratio in the core varied between 0.04 and 0.48; high
(0.11-0.48) values occurred near the mid-section of
the core. Similarly, the ratio between f,f-carotene/
zeaxanthin varied between 0.11 and 3.4. The values
were high, 2.0 and 3.4, at 39 cm and 41 cm,
respectively.

Fig. 6 Total hydrocarbon Tot HC Cis17.10
concentration (HC) and (ngmg'of TOC)  (ug mgfl of TOC) CPI TAR
their ratios (CPI, TAR, 0 5 10 00 05 1.0 0 2 4 0 2 4
and P,,) in Lake Nainital 0 . . . L ! 2004
sediments
54 - 1997
101 - 1984
157 1972
5 20 g
= - 1960 2
& 251 35
2 30 L1952 =~
354 - 1941
40 1916
45 L 1908
50
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Discussion
Sediment chronology

Porosity and loss-on-ignition measurements in sedi-
ments from both cores in Lake Nainital are
comparable (Fig. 2). Hence, extrapolating ages from
the dated core to the core in which the paleolimno-
logical variables were measured, while not ideal, is
acceptable. Moreover, these undisturbed parallel
cores were collected within 1 m distance of one
another, during the same sampling trip. The average
sedimentation rate based on the *'°Pb dates is
4.7 mm year ', which is comparable to previous
estimates (e.g. Kumar et al. 1999, 2007). They
observed that sedimentation rate is lowest (4.8 +
0.04 mm year™') in the deepest part of the lake, but
increases progressively towards the shore (10.2 +
0.04 mm yearfl). This is due to landslides, surface

run-off, and external input from the catchment, the
effects of which are most apparent near the periphery
of the lake (Kumar et al. 2007).

Elemental concentrations

TOC flux in Nainital Lake varies with depth in the
sediment (1.0 to 3.5 g m~2 year '), but is generally
low compared to eutrophic lakes (Brenner et al. 1999;
Punning and Tougu 2000; Vreca and Muri 2006;
Jinglu et al. 2007). It is unlikely that variation in TOC
can be due to differences in grain size since the
sediments are characterized by silt-to-clay size frac-
tions throughout the core (Fig. 3). The variation in
TOC could result from early stage diagenetic alter-
ation. Studies elsewhere suggest limited OM
degradation in deeper anoxic sediments (Hodell and
Schelske 1998; Harvey et al. 1995; Hedges et al.
1999; Meyers 2003). However, this is a contentious

Total pigments [.B-carotene Echinenone
(mmol g!) CD:TC B.B-carotene Zeaxanthin Zeaxanthin
0 10 20 0.0 05 0 40 2 40 20 40
0 L ! L 2004
5 L 1997
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E 20 g
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Fig. 7 Distribution of specific pigments (Chl a, Chl b, total carotene, f5,f-carotene, zeaxanthin, echinenone, alloxanthin, and lutein)
and ratios (CD/TC, Chl a/f,[f-carotene, f,[-carotene/zeaxanthin, and echinenone/zeaxanthin) in Lake Nainital sediments
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issue since recent studies indicate that OM degrada-
tion under anoxic conditions is equal to or sometimes
even greater than degradation under oxic conditions
(e.g. Pedersen and Calvert 1990; Hedges and Keil
1995; Bastviken 2004). In particular, the labile OM
fraction, which is presumably accessible to most
enzymes (regardless of the O, concentration), is
depleted rapidly. Hence, OM type and changes in
delivery rate largely affect the distribution of TOC.

Deposition of N in the lake indicates an up-core
increase. Maximum N flux (0.30 g m™? year ')
occurs during the 1950s, coinciding with increase in
TOC flux (up to 3.5 g m > year '). The increase in
N flux is most likely related to rapid urbanization that
started in the early 1950s (Pant et al. 1980). Urban
development led to deforestation and higher inputs of
nitrate-rich domestic waste into the lake, which
triggered the change.

The external sources of S input into the lake
include springs and ground water, which erode the
gypsum-rich Krol and Tal formations before draining
into the lake (Das 2005; Chakrapani 2002), as well as
anthropogenic input from the catchment. The flux for
total S in Nainital sediments does not show a specific
trend (Fig. 4). Because of reducing conditions and
sulfate reduction, the rate of sulfide accumulation in
these sediments is high (0.30-0.80 g m~> year ).
Presence of sulfate (0.01-0.21 g m~2 year™ ') in such
a reducing environment is, however, surprising,
especially in the deeper sediments (Fig. 4). Most
probably this is due to oxidation of sulfide minerals
during sample handling and represents an artifact.
The cores were sliced in the field and refrigerated.
After returning to the laboratory, the samples were
freeze-dried, which can affect the oxidation state of S
(Hjorth 2004).

Elemental ratios

The atomic C/N ratio in Nainital sediments is 1015
and suggests algal-derived material as the primary
source of sediment OM. This is consistent with other
studies, which indicate that atomic C/N ratios >20
imply input of vascular plants, whereas lower C/N
ratios (5-8) indicate principally algal-derived OM
(Meyers 1994, 2003). The presence of inorganic N in
sediments can, however, alter C/N ratios and thereby
confound the interpretation of OM sources (Talbot
2001). The regression line for the scatter plot between

Niota1 and C in Nainital sediments suggests an absence
of inorganic N because the intercept is low (0.009).
Because there is no inorganic N in these sediments,
and the C/N (atomic) of algal matter is ~8 and that
of terrigenous OM is ~25 (Meyers 2003), we can
estimate the percent of autochthonous, i.e. algal-
derived OM (%C,). The calculated %C, values
range from 52 to 80% (Fig. 4), and confirm that the
OM source in Lake Nainital sediments is essentially
autochthonous (algal-derived). Moreover, the C/N
ratios indicate that run-off waters from the catchment
do not increase the terrestrial OM component, even
though the lake is surrounded by mountains and
nearly 48% of the catchment is forested.

Sub-aquatic springs with high sulfate concentra-
tions (2-4 mmol 17') derived from weathering of
dolomites and limestones enriched in gypsum feed
Lake Nainital (Das 2005; Chakrapani 2002). Hence,
large inputs of S affect the C/S ratio in this lake, and
the ratio deviates from values typically observed in
freshwater sediments (typically >20; Berner and
Raiswell 1984; Urban et al. 1999). Moreover, strati-
fication by mid- to late-summer causes seasonal
anoxia in the hypolimnion, and incorporates S as
sulfide (pyrite) in bottom sediments. Thus, the atomic
C/S ratio decreases with depth (Fig. 4), and the low
(4.3-18) values represent a reducing environment
associated with eutrophic conditions (Putschew et al.
1995; Urban et al. 1999). The increase in S accumu-
lation with depth could also result from preferential
mineralization of C relative to S. Consistent with this
observation, there is a decrease in pore water DOC
levels with depth (Fig. 4). Urban et al. (1999) reported
a decrease in C/S ratios with depth in Swiss lakes, and
correlated this to human-induced trophic state shifts.
In particular, Lake Nainital has a striking similarity
with the alpine Lake Cadango, which has C/S ratios
between 5.9 and 11 (Putschew et al. 1995). The upper
part of Lake Cadango mixes regularly, whereas the
lower part remains stagnant and is anoxic.

Productivity changes

The PP equation proposed by Muller and Suess
(1979) does not take into account variations in
terrigenous input, but rather, provides information
on the integrated preserved total carbon. Hence, it is
important to compare the PP trend based on produc-
tion of autochthonous OM, and then relate the PP
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values to the lake’s trophic status. Because OM
deposited in these sediments is primarily from in-lake
production (low C/N ratio and high %C,, values), PP
calculated based on the n-Y C;s.17.19 values indicates
a similar trend to the TOC-derived PP (Fig. 4).

Paleoproductivity estimates in Lake Nainital based
on TOC do not vary much (average 675 g C m™>
year '), except for increases that occur around
~1950 and ~2000. The increase in PP around
1950 coincides with the beginning of increased
urbanization in the catchment. Although human
population and urbanization in the catchment
increased steadily (Singh and Gopal 1999), the
reason(s) for a decrease in PP in subsequent years
(1960-1980) is unknown. Meyers (1997) indicated
that primary production in mesotrophic freshwater
bodies is from 100 to 310 g C m~2 year™ ', whereas
in eutrophic systems it is from 370 to 640 g C m™>
year . Based upon these rough estimates, the
eutrophic status in Lake Nainital has remained mostly
unchanged over the last ~95 years.

Stable isotope records
Carbon isotopes

The 6"C values of sediment OM show little variation
(—26.5%0 to —27.8%0) with depth. Based on these
o3¢ values, it is impossible to determine whether C;
vascular plants or phytoplankton are the primary
sources of OM because they use isotopically identical
sources of inorganic carbon, i.e. atmospheric CO, or
dissolved CO, in lake water. The d'°C values of OM
in Nainital Lake are, however, similar to values in
many eutrophic lakes affected by external input of
nutrients (Schelske and Hodell 1995; Brenner et al.
1999; Routh et al. 2004; Vreca and Muri 2006;
Choudhary et al. 2008). Under eutrophic conditions,
elevated productivity in the lake is related to
preferential removal of dissolved '*CO, by primary
producers from water, which leaves the dissolved
inorganic C enriched in '*C. As the availability of
'2C0, gradually diminishes in the lake, a progres-
sively greater fraction of the '*CO, is incorporated
into OM. Furthermore, additional in-lake processes
could involve active uptake of bicarbonate (Law et al.
1998) and release of isotopically light biogenic CH,4
(Kendall et al. 2001). This phenomenon is common
when lakes become eutrophic and anoxic conditions
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develop (Gu and Schelske 1996; Brenner et al. 1999;
VreCa and Muri 2006). However, we have not
measured methane in Nainital sediments or in the
water column, and hence, the role of methanogenesis
in affecting 6'°C of sedimentary OM is speculative.
There is a decrease in 6'°C values from 1972 to
the early 1980s, after which they increase to higher
values in surface sediments; this period in the 1970s
and 1980s coincides with enrichment of &'°N
(Fig. 5). The variability in 6'°C values perhaps
results from input of soil-derived or terrestrial OM
with lighter isotopic composition that was incorpo-
rated due to major landslides in this region during
1982 and 1987 (Singh et al. 2001), assimilation of
3C-depleted CO, formed during degradation of
sinking OM (Hollander and Smith 2001), or contri-
bution of isotopically-depleted CO, from use of fossil
fuels (Schelske and Hodell 1995; Vreca and Muri
2006). The decrease in d'°C and C/N values coupled
with an increase in 6'°N values in this interval most
likely indicates enhanced algal productivity. Consis-
tent with this idea, algal-derived PP also increases
during this period (Fig. 4). Likewise, other studies
have also proposed a similar relationship between
stable isotopes, elemental concentrations, and PP
(e.g. Herczeg et al. 2001; Routh et al. 2004, 2008;
Brenner et al. 2006; Choudhary et al. 2008).

Nitrogen isotopes

In Lake Nainital, the '°N values increase up-core
from 3.1 to 5.1%0 (Fig.5) with elevated values
occurring at depths of 30-35 cm (1941-1952) and
10-15 cm (1972-1990). Higher 6"N values in these
intervals coincide with elevated N input (particularly
at 30-35 cm), which affect in-lake productivity. The
8"°N value of sedimenting OM is typically related to
the supply and utilization of the dissolved inorganic
nitrogen (DIN) pool. When the DIN pool is small, the
preferential uptake of "“N by algae diminishes, and
6"°N values become larger. Elevated 6'°N values can
result from anthropogenic inputs of sewage and soil-
derived nitrate, yielding values as high as 10%o in
sedimenting OM (Teranes and Bernasconi 2000;
Talbot 2001; Routh et al. 2007). Previous studies
have reported an increase in inputs of sewage and
nitrogenous wastes into Lake Nainital in recent years
(Ali et al. 1999; Chakrapani 2002). Similarly,
enrichment of 6'°N in the sediments due to loss of
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isotopically light ammonia by degassing can lead to
isotopic enrichment of the DIN pool (Teranes and
Bernasconi 2000). Consistent with this idea, Pant
et al. (1980) reported an increase in ammonia
concentration from 19 to 156 pg 17" between the
period 1954 and 1975. Likewise, NLRSADA (2002)
indicated 0.10 mg 1™' of ammonia in the water
column, implying ammonification as an important
process in Lake Nainital.

Notably, the 6'°N values in Nainital Lake suggest
algal material from primarily non-N,-fixing phyto-
plankton (3N is typically >2%o; Talbot and Laerdal
2000; Herczeg et al. 2001). Although cyanobacterial
pigments echinenone and zeaxanthin are abundant
(see below), their role in N, fixation is open to
question. Typically, the 6'°N value of sedimented
OM produced by N,-fixing cyanobacteria is between
—3 and 1%0 (Fogel and Cifuentes 1993), which is
outside the range of '°N values observed in Nainital
sediments. However, the core exhibits a trend
towards lower 0'°N values in recent years; this
coincides with an increase in abundance of N,-fixing
cyanobacteria since the 1980s.

Sulfur isotopes

Occurence of microbial sulfate reduction in Lake
Nainital is based on indirect geochemical evidence
(low Eh, decrease in DOC, H,S emanation, and high
sulfide flux in sediments; Fig. 4). As bacterial sulfate
reduction progresses, the 5°*S of dissolved sulfate
becomes unusually high, exceeding the 6°*S of
evaporite (10-30%o) and sulfide (—40 to 10%o)
minerals (Grossman and Desrocher 2001). Sulfate
reduction in surface sediments in Nainital Lake
results in decrease of sulfate (Fig.4) and low
(—6.4%0) 6°*S in the sulfide fraction (Fig.5). In
contrast, there is little difference between the 58 of
sulfate and sulfide fractions in deeper anoxic sedi-
ments. This is consistent with other studies, which
indicate that sediments from lakes with anoxic
bottom waters display less overall isotopic fraction-
ation (Fry et al. 1995; Urban et al. 1999). The authors
suggest that most of the sulfate in deeper anoxic
sediments is reduced, involving little fractionation,
whereas in near-surface sediments, less rapid sulfate
consumption allows larger isotopic fractionation.
Lack of 6°*S fractionation in deeper sediment implies
that sulfate that enters the lake is quickly reduced

because the water above is reducing, and conditions
are suitable for sustaining sulfate reduction (avail-
ability of OM and sulfate). The small §°*S frac-
tionation (~ 1.5-2%o; Fig. 5) in deeper sediments, is
most likely due to oxidation from sample handling as
discussed earlier. Consistent with this, Fry et al.
(1995) also suggested that sulfide oxidation after the
formation of reduced S exerts a relatively minor
effect on the 5°*S composition of sulfide minerals.

Biomarker records
n-Alkanes

The total hydrocarbon content in Nainital sediments
shows an up-core increase to a depth of 35 cm.
Above this depth, there is little variation in total
hydrocarbon content (Fig. 6). Total hydrocarbon
concentration covaries with n-Y Cjs 17,19 and implies
a gradual shift in algal productivity. The sediments
indicate low CPI (average 1.5) and TAR (average
1.7) values, and represent OM produced by in-lake
sources (i.e. algae, submerged and emergent fresh-
water plants). Consistent with this evidence, different
species of algae (Microcystis aeruginosa, Spirogyra
adnata, Mougeotia scalaris, and Oedogonium sp.),
photosynthetic bacteria, and floating and submerged
macrophytes (Polygonum amphibium, Potamogeton
pectinatus, and P. crispus) thrive in the lake (Pant
et al. 1980; Singh and Gopal 1999; Gupta et al. 1999).

Increased CPI values at specific intervals in the core
imply higher input of terrestrial OM (particularly
n-Cy72931 alkanes; Fig. 6). This interpretation is
probably flawed based on the other lines of evidence
(C/N, %C,, in-lake productivity, and pigments), which
imply limited terrestrial input. Because diagenetic
losses of the non-hydrocarbon components of total OM
exaggerate the importance of different OM sources
based on absolute amounts of specific hydrocarbons,
interpretation of OM sources must be carefully veri-
fied. This exaggeration is especially true for land
plants (Meyers 2003), which tend to produce propor-
tionally more hydrocarbons (particularly n-y Cs7 29 31
alkanes) than algae, and consequently, over-represent
the fraction of land-derived OM, particularly in small
lakes. Moreover, short-chained n-alkanes are likely to
degrade faster during early diagenesis (Meyers and
Ishiwatari 1993; Peters et al. 2005).
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Pigments

The total concentration of pigments is relatively high
(1.2-12.5 mmol g71 of TOC), and is consistent with
high primary productivity in the lake (Fig. 7). The
CD:TC ratio suggests autochthonous sources of
sediment OM and reducing conditions (Rybak et al.
1988). Moreover, the CD:TC ratio represents typical
eutrophic conditions as indicated by Sanger and
Crowl (1979).

The Chl trends demonstrate considerable variability.
This is expected because Chl degrades rapidly to form
pheophytin and pheophorbide, and is rarely well-
preserved in sediment records (Leavitt 1993). More-
over, fluctuations in the zooplankton population, e.g.
Brachionus, Rotatoria, Phillodina, Cyclops, Bodo,
Eutricha, Epistylis, and Vorticella (Pant et al. 1980),
which feed on green algae, can lead to significant
alterations in the distribution of Chl (Drenner and
Hambright 1999). The high concentrations of Chl a, Chl
b, and f3,f-carotene and their ratio (Chl a/pf, f-carotene)
around 27-33 cm and 5-13 cm suggests elevated
productivity (Griffiths 1978; Kowalewska 2001; Bian-
chi et al. 2002). The concentration of f,-carotene
remains almost constant (0.98 mmol g_l) until 13 cm,
except for some variations between 29 and 31 cm; after
this f,f-carotene indicates a steady increase in con-
centration. f3,-carotene is very stable and it can persist
even under oxygenated conditions, unlike other pig-
ments (Hodgson et al. 1998; Bianchi et al. 2000; Leavitt
and Hodgson 2001). Low concentration of f§,f-carotene
in deeper sediments may be due to less phototrophic
organisms in the water column.

The appearance of lutein, myxoxanthophyll, and
alloxanthin in the upper half of the core suggests an
increase in productivity, and a possible change in the
phytoplankton community in response to high nutri-
ent influx and sewage disposal (Ali et al. 1999;
Chakrapani 2002; Fig. 7). The presence of these
pigments suggests a change in phytoplankton species
to a system dominated by green algae and Crypto-
phytes and cyanobacteria (Leavitt and Hodgson
2001). The absence of these carotenoids in deeper
sediments is most likely due to their low stability
(Leavitt and Hodgson 2001). Particularly, sugar-
containing functional groups and polyene side-chains
make these carotenoids susceptible to oxidative
degradation (Leavitt et al. 1989; Leavitt and Hodgson
2001).
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Echinenone and zeaxanthin are the more abundant
carotenoids and they occur in variable concentrations
throughout the core. Echinenone is considered a
specific marker for filamentous N,-fixing cyanobac-
teria (e.g. Anabaena, Aphanizomenon), whereas
zeaxanthin is more characteristic of non-N,-fixing,
colonial species (e.g. Microcystis, Oscillatoria; Paerl
1988; Leavitt 1993; Bianchi et al. 2000, 2002.
Nagdali and Gupta (2002) indicated that Cyanophy-
ceae represents about 51% of the total phytoplankton
population in this lake. The sediment depths above
25 cm, however, show a marked increase in echine-
none, with a corresponding decrease in zeaxanthin
concentrations, and thus an increase in the echine-
none/zeaxanthin ratio (Fig. 7). This suggests a
gradual shift in the phytoplankton community to
filamentous, N,-fixing cyanobacteria, which thrive in
highly competitive environments relative to colonial
species (e.g. Microcystis, Synechococcus) because of
their symbiotic relationship with aquatic plants
(Masepohl et al. 1997). The increase in cyanobacteria
is probably related to elevated P inputs. Phosphate
concentrations in wastewater discharged into the lake
(mainly from sewage drains) have an average value
of 210 pg1™" (NIH 1999). Similarly, phosphate
concentration measured by Nagdali and Gupta
(2002) in the water column was >46 ng 17!, which
is higher than the critical P loading value for a lake
of this mean depth (Vollenweider 1976). Finally,
denitrification processes in the sediments favor
cyanobacteria because during respiration, they use
dissolved nitrate or nitrite instead of oxygen.

Human-induced effects?

Previous studies in Lake Nainital indicated heavy
metal pollution, an increase in sewage discharge, and
other problems associated with urban development in
the catchment (Pant et al. 1980; Ali et al. 1999;
Chakrapani 2002). The perceived impacts of these
changes on the sediment and water quality, however,
need to be reexamined. For example, although heavy
metal concentrations in Nainital sediments are
reportedly high (Das et al. 1995; Chakrapani 2002),
metal fractionation experiments reveal that most of
the heavy metals are present in the residual phase
(Patra et al. 2006). The residual fraction is mostly
immobile and therefore, less bioavailable. Moreover,
since the surrounding lithology is prone to chemical
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weathering (Chakrapani 2002) and land slides, heavy
metals will continue to accumulate in these fine-
grained lake sediments.

Paleolimnological findings in this study yielded a
few surprises. There has been little change in the
input of terrestrial OM into the lake from external
runoff; OM in the lake sediment consists primarily of
algal-derived matter. Although there has been a
change in the phytoplankton community (increase in
cyanobacteria population), the trophic status of the
lake has been eutrophic and remained largely
unchanged over the last nine decades. Unlike other
urban water bodies in the region (e.g. Lake Sattal,
Choudhary et al. 2008), Lake Nainital does not seem
to have been strongly impacted by human activities in
the catchment. Instead most of the changes in the
geochemical proxies are related to ongoing bio-
geochemical processes in the water-column and
sediments. Nachiappan et al. (2002) completed
detailed isotope mass balance studies on Lake
Nainital, and came to the similar conclusion that
Lake Nainital is not seriously impacted by anthropo-
genic activities.

Conclusions

The different geochemical variables investigated in
this study provide a detailed record of biogeochem-
ical changes in Lake Nainital spanning the last
~95 years. Geochemical proxies indicate anoxic
conditions in bottom sediments influence in-lake
processes. Deposition of organic C and N shows
some variations, particularly in the deeper layers—
these changes coincide with eutrophic conditions and
higher productivity in the lake. Sulfur is added to the
lake mainly from weathering processes.

Organic matter deposited on the lake bottom is
primarily from in-lake algal material. Stable C and N
isotopes indicate positive shifts in their values
coinciding with microbial processes, productivity
shifts, and OM degradation. In particular, agricultural
and sewage input have increased the 6'°N values. The
S isotopes indicate sulfate reduction associated with
anoxic degradation of OM. Specific biomarkers such
as hydrocarbons and pigments signify algal-derived
material and elevated productivity towards the
start of rapid urbanization in the lake’s catchment
(during the 1950s). The pigments signify a change in

phytoplankton community to a cyanobacterial-dom-
inated system in recent years. However, the trophic
state of the lake has remained largely unchanged over
the last several decades. Finally, we conclude that the
overall impact of human-induced changes in the
lake’s catchment is most likely limited.

Acknowledgements We thank P. Purushothaman and R.
Saini for their help in sampling the lake. Supriyo Das helped
with pigment analysis. Klara Hajnal and Heike Seigmund are
acknowledged for their help in the laboratory. Discussion with
Peter Torssander and Volker Bruchert was helpful. We are
grateful to both reviewers for providing valuable suggestions
and Mark Brenner for editorial handling. The Swedish
Research Link-Asia program funded the study. PC was
supported on a CSIR fellowship.

References

Ali MB, Tripathi RD, Rai UN, Pal A, Singh SP (1999) Phys-
ico-chemical characteristic and pollution level of lake
Nainital (UP, India): role of macrophytes and phyto-
plankton in biomonitoring and phytoremediation of toxic
metal ions. Chemosphere 39:2171-2182. doi:10.1016/
tS0045-6535(99)00096-X

Allan J, Douglas AG (1977) Variations in the content and
distribution of n-alkanes in a series of Carboniferous
vitrinites and sporinites of bituminous rank. Geochim
Cosmochim Acta 41:1223-1230. doi:10.1016/0016-7037
(77)90068-0

Appleby PG, Oldfield F (1978) The calculation of *'°Pb dates
assuming a constant rate of supply of unsupported >'°Pb
to the sediments. Catena 5:1-8. doi:10.1016/S0341-
8162(78)80002-2

Bastviken D (2004) Degradation of dissolved organic matter in
oxic and anoxic lake water. Limnol Oceanogr 49:109-116

Bernasconi SM, Barbieri A, Simona M (1997) Carbon and
nitrogen isotope variations in sedimenting organic matter
in Lake Lugano. Limnol Oceanogr 42:1755-1765

Berner RA, Raiswell R (1984) C/S method for distinguish-
ing freshwater from marine sedimentary rocks. Geology
12:365-368. doi:10.1130/0091-7613(1984)12<365:CMF
DFF>2.0.CO;2

Bianchi TS, Westman P, Rolff C, Engelhaupt E, Andrén T,
Elmgren R (2000) Cyanobacterial blooms in Baltic Sea:
natural or human induced? Limnol Oceanogr 45:716-726

Bianchi TS, Rolff C, Widbom B, Elmgren R (2002) Phyto-
plankton pigments in Baltic Sea seston and sediments:
seasonal variability, fluxes and transformations. Estuar
Coast Shelf Sci 55:369-383. doi:10.1006/ecss.2001.0911

Brenner M, Whitmore TJ, Curtis JH, Hodell DA, Schelske CL
(1999) Stable isotope (8"3C and 4°N) signatures of sed-
imented organic matter as indicators of historic lake
trophic state. J Paleolimnol 22:205-221. doi:10.1023/
A:1008078222806

Brenner M, Hodell DA, Leyden BW, Curtis JH, Kenney WF,
Gu B, Newman JM (2006) Mechanisms for organic matter

@ Springer


http://dx.doi.org/10.1016/S0045-6535(99)00096-X
http://dx.doi.org/10.1016/S0045-6535(99)00096-X
http://dx.doi.org/10.1016/0016-7037(77)90068-0
http://dx.doi.org/10.1016/0016-7037(77)90068-0
http://dx.doi.org/10.1016/S0341-8162(78)80002-2
http://dx.doi.org/10.1016/S0341-8162(78)80002-2
http://dx.doi.org/10.1130/0091-7613(1984)12%3c365:CMFDFF%3e2.0.CO;2
http://dx.doi.org/10.1130/0091-7613(1984)12%3c365:CMFDFF%3e2.0.CO;2
http://dx.doi.org/10.1006/ecss.2001.0911
http://dx.doi.org/10.1023/A:1008078222806
http://dx.doi.org/10.1023/A:1008078222806

584

J Paleolimnol (2009) 42:571-586

and phosphorous burial in sediments of a shallow, sub-
tropical, macrophyte dominated lake. J Paleolimnol
35:129-148. doi:10.1007/s10933-005-7881-0
Bourbonniere RA, Meyers PA (1996) Sedimentary geolipid
records of historical changes in the watersheds and pro-
ductivities of Lake Ontario and Erie. Limnol Oceanogr
41:352-359
Boyle JF (2001) Inorganic geochemical methods in paleolim-
nology. In: Last WM, Smol JP (eds) Tracking
environmental change using lake sediments. Volume 2:
Physical and geochemical methods. Kluwer Academic
Publishers, Dordrecht, pp 83-141
Chakrapani GJ (2002) Water and sediment geochemistry of
major Kumaun Himalayan lakes, India. Environ Geol
43:99-107. doi:10.1007/s00254-002-0613-0
Choudhary P, Routh J, Chakrapani GJ (2008) A paleoenvi-
ronmental record of human-induced changes in
sedimentary organic matter from Lake Sattal in Kumaun
Himalayas, India. Sci Total Environ. doi:10.1016/
j.scitotenv.2008.12.020s
BK (2005) Environmental pollution impact on water and
sediments of Kumaun lakes, lesser Himalaya, India: a
comparative study. Environ Geol 49:230-239. doi:
10.1007/s00254-005-0077-0
BK, Singh M, Grieken RV (1995) The elemental chem-
istry of sediments in Nainital Lake, Kumaun Himalaya,
India. Sci Total Environ 168:85-90. doi:10.1016/0048-
9697(95)04242-S
s S, Routh J, Roychoudhary AN (2008) Biomarker evi-
dences of macrophyte and plankton community changes
in a shallow lake, Zeekoevlei, South Africa. J Paleolim-
nol. doi:10.1007/s10933-008-9241-3
Dere S, Giines T, Sivaci R (1998) Spectrophotometric deter-
mination of chlorophyll-a, b and total carotenoid contents
of some algae species using different solvents. Turk J Bot
22:13-17
Drenner RW, Hambright KD (1999) Review: biomanipulation
of fish assemblages as a lake restoration technique. Arch
Hydrobiol 146:129-165
Fry B, Giblin A, Dornblaser M, Peterson B (1995) Sulfur
isotopic compositions of chromium reducible sulfur in
lake sediments. In: Vairavamurthy MA, Schoonen MAA
(eds) Geochemical transformations of sedimentary sulfur.
ACS Symposium Series 612, pp 397-410
Fogel ML, Cifuentes LA (1993) Isotope fractionation during
primary production. In: Engel MH, Macko SA (eds)
Organic geochemistry principles and applications. Ple-
num, New York, pp 73-94
Griffiths M (1978) Specific blue-green algal carotenoids in sedi-
ments of Esthwaite Water. Limnol Oceanogr 23:777-784
Grossman EL, Desrocher S (2001) Microbial sulfur cycling in
terrestrial subsurface environments. In: Fredrickson JK,
Fletcher M (eds) Subsurface microbiology and biogeo-
chemistry. Wiley-Liss Inc., pp 219-248
Gu B, Schelske CL (1996) Temporal and spatial variations in
phytoplankton carbon isotopes in a polymictic subtropical
lake. J Plankton Res 18:2081-2092. doi:10.1093/plankt/
18.11.2081
Gupta PK, Nagdali SS, Singh SP (1999) Limnology of lakes.
In: Singh SP, Gopal B (eds) Nainital and Kumaun
Himalaya lakes. NIE Publication, New Delhi

Da

@»

Da

@»

v
2

@ Springer

Harvey HR, Tuttle JHJ, Bell T (1995) Kinetics of phyto-
plankton decay during simulated sedimentation: changes
in biochemical composition and microbial activity under
oxic and anoxic conditions. Geochim Cosmochim Acta
59:3367-3377. doi:10.1016/0016-7037(95)00217-N

Hedges JI, Keil RG (1995) Sedimentary organic matter pres-
ervation: an assessment and speculative synthesis. Mar
Chem 49:81-115. doi:10.1016/0304-4203(95)00008-F

Hedges JI, Hu FS, Devol AH, Hartnett E, Tsamakis E, Keil RG
(1999) Sedimentary organic matter preservation: a test for
selective degradation under oxic conditions. Am J Sci
299:529-555. doi:10.2475/ajs.299.7-9.529

Herczeg AL, Smith AK, Dighton JC (2001) A 120 year record
of changes in nitrogen and carbon cycling in Lake Alex-
andrina  South Australia: C:N, 0N and 6C in
sediments. Appl Geochem 16:73—-84. doi:10.1016/S0883-
2927(00)00016-0

Heiri O, Lotter André F, Lemcke G (2001) Loss on ignition as
a method for estimating organic and carbonate content in
sediments: reproducibility and comparability of results. J
Paleolimnol 25:101-110. doi:10.1023/A:1008119611481

Hjorth T (2004) Effects of freeze-drying on partitioning pattern
of major and trace metals in lake sediments. Anal Chim
Acta 526:95-102. doi:10.1016/j.aca.2004.08.007

Hodell DA, Schelske CL (1998) Production, sedimentation and
isotopic composition of organic matter in Lake Ontario.
Limnol Oceanogr 43:200-214

Hodgson DA, Wright SW, Tyler PA, Davies N (1998) Analysis
of fossil pigments from algae and bacteria in meromictic
Lake Fidler, Tasmania, and its application to lake man-
agement. J Paleolimnol 19:1-22. doi:10.1023/A:1007
909018527

Hollander DJ, Smith MA (2001) Microbially mediated carbon
cycling as a control on 8"3C of sedimentary carbon in
eutrophic Lake Mendota (USA): new models for inter-
preting isotopic excursions in the sedimentary record.
Geochim Cosmochim Acta 65:4321-4337. doi:10.1016/
S0016-7037(00)00506-8

Ishiwatari R, Yamamoto S, Uemura H (2005) Lipid and lignin/
cutin compounds in Lake Baikal sediments over the last
37 kyr: implications for glacial-interglacial palaeoenvi-
ronmental change. Org Geochem 36:327-347. doi:
10.1016/j.orggeochem.2004.10.009

Jinglu W, Chengmin H, Haiao Z, Schleser GH, Battarbee R
(2007) Sedimentary evidence for recent eutrophication in
the northern basin of Lake Taihu, China: human impacts
on a large shallow lake. J Paleolimnol 38:13-23. doi:
10.1007/s10933-006-9058-x

Kendall C, Silva SR, Kelly VJ (2001) Carbon and nitrogen
isotopic compositions of particulate organic matter in four
large river systems across the United States. Hydrol Pro-
cess 15:1301-1346. doi:10.1002/hyp.216

Kowalewska G (2001) Algal pigments in Baltic sediments as
marker of ecosystem and climate changes. Clin Res
18:89-96. doi:10.3354/cr018089

Kumar B, Rai SP, Nachiappan Rm P, Kumar SU, Singh S,
Diwedi VK (2007) Sedimentation rate in North Indian
lakes estimated using '*’Cs and 2'°Pb dating techniques.
Curr Sci 92:10-25

Kumar SU, Navada SV, Rao SM, Nachiappan RP, Kumar B,
Krishnamoorthy TM, Jha SK, Shukla VK (1999)


http://dx.doi.org/10.1007/s10933-005-7881-0
http://dx.doi.org/10.1007/s00254-002-0613-0
http://dx.doi.org/10.1016/j.scitotenv.2008.12.020s
http://dx.doi.org/10.1016/j.scitotenv.2008.12.020s
http://dx.doi.org/10.1007/s00254-005-0077-0
http://dx.doi.org/10.1016/0048-9697(95)04242-S
http://dx.doi.org/10.1016/0048-9697(95)04242-S
http://dx.doi.org/10.1007/s10933-008-9241-3
http://dx.doi.org/10.1093/plankt/18.11.2081
http://dx.doi.org/10.1093/plankt/18.11.2081
http://dx.doi.org/10.1016/0016-7037(95)00217-N
http://dx.doi.org/10.1016/0304-4203(95)00008-F
http://dx.doi.org/10.2475/ajs.299.7-9.529
http://dx.doi.org/10.1016/S0883-2927(00)00016-0
http://dx.doi.org/10.1016/S0883-2927(00)00016-0
http://dx.doi.org/10.1023/A:1008119611481
http://dx.doi.org/10.1016/j.aca.2004.08.007
http://dx.doi.org/10.1023/A:1007909018527
http://dx.doi.org/10.1023/A:1007909018527
http://dx.doi.org/10.1016/S0016-7037(00)00506-8
http://dx.doi.org/10.1016/S0016-7037(00)00506-8
http://dx.doi.org/10.1016/j.orggeochem.2004.10.009
http://dx.doi.org/10.1007/s10933-006-9058-x
http://dx.doi.org/10.1002/hyp.216
http://dx.doi.org/10.3354/cr018089

J Paleolimnol (2009) 42:571-586

585

Determination of recent sedimentation rates and pattern in
lake Naini, India by ?'°Pb and '*’Cs dating techniques.
Appl Radiat Isot 15:97-105. doi:10.1016/S0969-8043
(98)00148-1

Kumar SU, Jacob N, Navada SV, Rao SM, Nachiappan RP,
Kumar B, Murthy JSR (2001) Environmental isotope
study on hydrodynamics of Lake Naini, Uttar Pradesh,
India. Hydrol Process 15:425-439. doi:10.1002/hyp.158

Law EA, Thompson PA, Popp BN, Bidigare RR (1998) Source
of inorganic carbon for marine micoalgal synthesis: a
reassessment of 6'°C data from batch culture studies of
Thalassiosira pseudonana and Emiliana huxleyi. Limnol
Oceanogr 43:136-142

Leavitt PR, Hodgson DA (2001) Sedimentary pigments. In:
Smol JP, Birks HJB, Last WM (eds) Tracking environ-
mental change using lake sediments. Volume 3:
Terrestrial, algal and siliceous indicators. Kluwer Aca-
demic Publishers, Dodrecht, The Netherlands, pp 255-262

Leavitt PR (1993) A review of factors that regulate carotenoid
and chlorophyll deposition and fossil abundance. J Pa-
leolimnol 9:109-127. doi:10.1007/BF00677513

Leavitt PR, Carpenter SR, Kitchell JF (1989) Whole-lake
experiments: the annual record of fossil pigments and
zooplankton. Limnol Oceanogr 34:700-717

Lichtenthaler HK, Wellburn AR (1985) Determination of total
carotenoids and chlorophylls a and b of leaf in different
solvents. Biol Soc Trans 11:591-592

Masepohl B, Gorlitz K, Monnerjahn U, Mosler B, Bchme H
(1997) The ferredoxin-encoding fdxN gene of the fila-
mentous cyanobacterium Anabaena variabilis ATCC
29413 is not essential for nitrogen fixation. New Phytol
136:419-423. doi:10.1046/j.1469-8137.1997.00771.x

Meyers PA (1994) Preservation of elemental and isotopic
source identification of sedimentary organic matter. Chem
Geol 114:289-302. doi:10.1016/0009-2541(94)90059-0

Meyers PA (1997) Organic geochemical proxies of paleocea-
nographic, paleolimnologic, and palaeoclimatic processes.
Org Geochem 27:213-250. doi:10.1016/S0146-6380(97)
00049-1

Meyers PA (2003) Applications of organic geochemistry of
paleolimnological reconstructions: a summary of exam-
ples from the Laurentian Great Lakes. Org Geochem
34:261-289. doi:10.1016/S0146-6380(02)00168-7

Meyers PA, Ishiwatari R (1993) Lacustrine organic geochem-
istry—an overview of indicators of organic matter sources
and diagenesis in lake sediments. Org Geochem 20:867—
900. doi:10.1016/0146-6380(93)90100-P

Meyers PA, Lallier-Verges E (1999) Lacustrine sedimentary
organic matter records of late Quaternary paleoclimates.
J Paleolimnol 21:345-372. doi:10.1023/A:10080737321
92

Meyers PA, Leenheer MJ, Bourboniere RA (1995) Diagenesis
of vascular plant organic matter components during burial
in lake sediments. Aquat Geochem 1:35-52. doi:10.1007/
BF01025230

Muller PJ, Suess E (1979) Productivity, sedimentation rate, and
sedimentary organic matter in the oceans—I. Organic
carbon preservation. Deep Sea Res 26A:1347-1362. doi:
10.1016/0198-0149(79)90003-7

Nachiappan RMP, Kumar B, Manickavasgam RM (2002)
Estimation of subsurface components in the balance of

Lake Nainital (Kumaun Himalaya, India) using environ-
mental isotopes. Hydrol Sci 47:541-S54

Nagdali SS, Gupta PK (2002) Impact of mass mortality of a
mosquito fish Gambusia affinis on the ecology of fresh
water eutrophic lake (Lake Nainital, India). Hydrobiologia
468:45-52. doi:10.1023/A:1015270206187

NLRSADA (2002) Nainital lake region special area develop-
ment authority. Internal Report, p 7

Paerl WK (1988) Nuisance phytoplankton blooms in coastal,
estuarine and inland waters. Limnol Oceanogr 33:823—
847

Pant MC, Sharma AP, Sharma PC (1980) Evidence for the
increased eutrophication of lake Nainital as a result of
human interference. Environ Pollut 1:149-161 Series B

Patra AK, Pendkar N, Chakrapani GJ (2006) Heavy metal
fractionation and mineralogy in sediments of Nainital
lake, Kumaun Himalaya. Geol Soc India 68:181-185

Pedersen TF, Calvert SE (1990) Anoxia versus productivity:
what controls the formation of organic-carbon rich sedi-
ments and sedimentary rocks? Am Assoc Pet Geol Bull
74:454-466

Peters KE, Walters CC, Moldowan JM (2005) The biomarker
guide. Volume 2: Biomarkers and isotopes in petroleum
exploration and earth history. Cambridge University
Press, Cambridge

Putschew A, Scholz-Bottcher BM, Rullkotter J (1995) Organic
geochemistry of sulfur-rich surface sediments of mero-
mictic Lake Cadango, Swiss Alps. In: Vairavamurthy
MA, Schoonen MAA (eds) Geochemical transformations
of sedimentary sulfur. ACS Symposium Series 612, pp
59-79

Punning JM, Tougu K (2000) C/N ratio and fossil pigments of
some Estonian Lakes: an evidence of human impact and
Holocene environmental change. Environ Monit Assess
64:549-567. doi:10.1023/A:1006325606289

Report NIH (1999) Hydrological studies of Lake Nainital,
Kumaun Himalayas Uttar Pradesh (1998-1999). National
Institute of Hydrology, Roorkee (UP)

Routh J, Meyers PA, Gustafsson O, Baskaran M, Hallberg R,
Scholdstrom A (2004) Sedimentary geochemical record of
human induced environmental changes in the Lake Bru-
nnsviken watershed, Sweden. Limnol Oceanogr 49:1560—
1569

Routh J, Meyers PA, Hjorth T, Baskaran M, Hallberg R (2007)
Sedimentary geochemical record of recent environmental
changes around Lake Middle Marviken, Sweden. J Pa-
leolimnol 37:529-545. doi:10.1007/s10933-006-9032-7

Routh J, Choudhary P, Meyers PA, Kumar B (2008) An
organic geochemical record of eutrophic changes in Lake
Norrviken, Sweden. J Paleolimnol. doi:10.1007/s10933-
008-9279-2

Rybak M, Rybak I, Zadronza M (1988) Plaeolimnology of a
small oligotrophic lake on Wolin Island, Baltic Sea,
Poland. Hydrobiologia 146:169-179. doi:10.1007/BF0000
8765

Sanger JE, Crowl GH (1979) Fossil pigments as a guide to the
paleolimnology of Browns Lake, Ohio. Quat Res 11:342—
352. doi:10.1016/0033-5894(79)90079-6

Schelske CL, Hodell DA (1991) Recent changes in produc-
tivity and climate of Lake Ontario detected by isotopic
analysis of sediments. Limnol Oceanogr 36:961-975

@ Springer


http://dx.doi.org/10.1016/S0969-8043(98)00148-1
http://dx.doi.org/10.1016/S0969-8043(98)00148-1
http://dx.doi.org/10.1002/hyp.158
http://dx.doi.org/10.1007/BF00677513
http://dx.doi.org/10.1046/j.1469-8137.1997.00771.x
http://dx.doi.org/10.1016/0009-2541(94)90059-0
http://dx.doi.org/10.1016/S0146-6380(97)00049-1
http://dx.doi.org/10.1016/S0146-6380(97)00049-1
http://dx.doi.org/10.1016/S0146-6380(02)00168-7
http://dx.doi.org/10.1016/0146-6380(93)90100-P
http://dx.doi.org/10.1023/A:1008073732192
http://dx.doi.org/10.1023/A:1008073732192
http://dx.doi.org/10.1007/BF01025230
http://dx.doi.org/10.1007/BF01025230
http://dx.doi.org/10.1016/0198-0149(79)90003-7
http://dx.doi.org/10.1023/A:1015270206187
http://dx.doi.org/10.1023/A:1006325606289
http://dx.doi.org/10.1007/s10933-006-9032-7
http://dx.doi.org/10.1007/s10933-008-9279-2
http://dx.doi.org/10.1007/s10933-008-9279-2
http://dx.doi.org/10.1007/BF00008765
http://dx.doi.org/10.1007/BF00008765
http://dx.doi.org/10.1016/0033-5894(79)90079-6

586

J Paleolimnol (2009) 42:571-586

Schelske CL, Hodell DA (1995) Using carbon isotopes of bulk
sedimentary organic matter to reconstruct the history of
nutrient loading and eutrophication in Lake Erie. Limnol
Oceanogr 40:918-929

Sharma AP, Jaiswal S, Negi V, Pant MC (1982) Phytoplankton
community analysis in lakes of Kumaon Himalaya. Arch
Hydrobiol 93:173-193

Singh SP, Gopal B (1999) Nainital and Himalayan Lakes. NIE
and WWEF, New Delhi, p 62

Singh SP, Gopal B, Kathuria V (2001) Integrated management
of water resources of Lake Nainital and its watershed: an
environmental economics approach. EERC, Indira Gandhi
Institute for Developmental Research, Mumbai

Talbot MR (2001) Nitrogen isotopes in paleolimnology. In: Last
WM, Smol JP (eds) Tracking environmental changes using
lake sediments. Physical and geochemical methods, vol 2.
Kluwer Academic Publishers, Dordrecht, pp 401-439

Talbot MR, Laerdal T (2000) The late pleistocene—holocene
palaeolimnology of Lake Victoria East Africa based upon
elemental and isotopic analyses of sedimentary organic
matter. J Paleolimnol 23:141-164. doi:10.1023/A:10080
29400463

Tenzer GE, Meyers PA, Ribbins JA, Eadie BJ, Morehead NR,
Lansing MB (1999) Sedimentary organic matter record of
recent environmental changes in the St. Marys River
ecosystem Michigan—Ontario border. Org Geochem
30:133-146. doi:10.1016/S0146-6380(98)00209-5

Teranes JL, Bernasconi SM (2000) The record of nitrate uti-
lization and productivity limitation provided by §'°N

@ Springer

values in lake organic matter—a study of sediment trap
and core sediments from Baldeggersee Switzerland.
Limnol Oceanogr 45:801-813

Urban NR, Ernst K, Bernasconi S (1999) Addition of sulfur to
organic matter during early diagenesis of lake sediments.
Geochim Cosmochim Acta 63:837-853. doi:10.1016/
S0016-7037(98)00306-8

Vollenweider RA (1976) Advances ion defining critical load-
ing levels of phosphorous in lake eutrophication. Mem Ist
Ital Idrobiol 33:53-83

Valdiya KS (1988) Geology and natural environment of
Nainital hills, Kumaun Himalaya. Gyanodaya Prakashan,
Nainital, India

Vreca P, Muri G (2006) Changes in accumulation of organic
matter and stable carbon and nitrogen isotopes in sedi-
ments of two Slovenian mountain lakes (Lake Ledvica
and Lake Planina) induced by eutrophication changes.
Limnol Oceanogr 51:781-790

Westman P, Borgendahl J, Bianchi TS, Chen N (2003) Prob-
able causes for cyanobacterial expansions in the Baltic
Sea: role of anoxia and phosphorus retention. Estuaries
26:680-689. doi:10.1007/BF02711979

Williams DF, Qui L, Karabanov E, Gvozdkov A (1993) Geo-
chemical indicators of productivity and sources of organic
matter in surficial sediments of Lake Baikal. Russ Geol
Geophys 33:665-669


http://dx.doi.org/10.1023/A:1008029400463
http://dx.doi.org/10.1023/A:1008029400463
http://dx.doi.org/10.1016/S0146-6380(98)00209-5
http://dx.doi.org/10.1016/S0016-7037(98)00306-8
http://dx.doi.org/10.1016/S0016-7037(98)00306-8
http://dx.doi.org/10.1007/BF02711979

	Biogeochemical records of paleoenvironmental changes �in Nainital Lake, Kumaun Himalayas, India
	Abstract
	Introduction
	Study area
	Methodology
	Results
	Sedimentation rates
	Paleoproductivity
	Geochemical analyses

	Discussion
	Sediment chronology
	Elemental concentrations
	Elemental ratios
	Productivity changes
	Stable isotope records
	Carbon isotopes
	Nitrogen isotopes
	Sulfur isotopes

	Biomarker records
	n-Alkanes
	Pigments
	Human-induced effects?


	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


