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Sediment biomarkers record hydrological and anthropogenic-driven
environmental changes since 1800 AD in the Ili-Balkhash Basin,
arid Central Asia
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ABSTRACT

Human activity and hydroclimate change greatly influence the environment in a lake and its catchment, particularly in areas with
fragile ecosystems, such as arid Central Asia. In this study, lipid biomarkers (n-alkanes and n-fatty acids) were measured in a ?!'°Pb- and
137Cs-dated sediment core from Lake Balkhash to determine their environmental significance and infer the history of environmental
change over the last ~200 years. The terrestrial origin of long-chain n-alkanes and the aquatic origin of both n-fatty acids and mid-
/short-chain n-alkanes were inferred from molecular distributions and diagnostic ratios. Three major environmental phases were identified
over the past two centuries based on stratigraphic shifts in biomarker indicators. During 1800-1860 AD, the lake exhibited a high-water
level with abundant submerged/floating macrophytes and limited phytoplankton, as suggested by multiple indicators, e.g., high propor-
tions of aquatic macrophytes (Paq) and long-chain n-fatty acids (L-FAs). Overall, minor terrestrial inputs were revealed by low con-
centrations of long-chain n-alkanes (L-ALKs), suggesting dense vegetation cover in the catchment. The lake environment experienced
a pronounced change in the subsequent phase from 1860-1930 AD, during which the cover of submerged/floating macrophytes gradually
diminished, as revealed by the decreasing trend of aquatic proxies, e.g., L-FAs and Paq. In contrast, the number of emergent plants and
terrestrial inputs increased, as suggested by the decreased Paq values. A great variation in water levels likely resulted in the shrinkage
of the submerged/floating macrophyte cover. During 1930-2017 AD, anthropogenic impacts began to appear on the sediment profile.
The highest terrestrial inputs, as revealed by the maximum L-ALK abundance on record, indicated intensive exploitation of the catchment
during 1935-1959 AD. The lowest L-FA and Paq values suggested that submerged/floating macrophytes were at the lowest levels during
this phase, possibly in response to the decreased water levels
and increasing salinity. Increased human-induced nutrient load-
ing coupled with elevated regional temperature prompted the
lake to become an increasingly productive lake system, espe-
cially in more recent decades, as indicated by the highest levels
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*Corresponding author: w.jinglu@niglas.ac.cn

Citation: Zhang H, Wu J, Ma L, Zhan S, Jin M, Jin Z. Sediment
biomarkers record hydrological and anthropogenic-driven environ-
mental changes since 1800 AD in the Ili-Balkhash Basin, arid Cen-

tral Asia. J Limnol 2024,83:2106. INTRODUCTION

Edited by: Andrea Lami, National Research Council, Water
Research Institute (CNR-IRSA), Verbania Pallanza, Italy.

Arid Central Asia (ACA) is one of the most environmentally
sensitive areas on Earth, and lakes in ACA are especially impor-
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tions, such as local fisheries and irrigation agriculture but also for
maintaining biodiversity due to its enrichment of aquatic flora and
fauna (Imentai ez al., 2015). However, the whole basin is now fac-
ing several threats in the context of recent global warming trends
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agement strategies require understanding the history of environ-
mental changes in the lake, as well as its responses to natural and
anthropogenic stressors (Smol, 2019).

Paleolimnological methods based on multiple proxies in lake
sediments can provide valuable information about environmental
variation in lakes and their catchments (Brenner et al., 1999; Bat-
tarbee and Bennion, 2011; Wu et al., 2013; Liu et al., 2017).
Among the many proxies in lake sediments, n-alkanes and n-fatty
acids have received the most attention due to their source-specific
characteristics (Meyers, 2003). n-Alkanes can be biosynthesized
by multiple producers, such as phytoplankton/algae (Cranwell et
al., 1987), aquatic macrophytes (Cranwell, 1984; Ficken et al.,
2000), land plants (Eglinton and Hamilton, 1967), and bacteria
(Han and Calvin, 1969). The predominance of odd carbon num-
bers is a feature of biologically produced n-alkanes (Scalan and
Smith, 1970), which can indicate certain biogenic origins owing
to their source specificity (Meyers, 2003). It is widely accepted
that bacteria and phytoplankton/algae are characterized by short-
chain n-alkanes (n-C,s—n-C,,), aquatic macrophytes are the main
producers of mid-chain n-alkanes (n-C,,—n-C,;), and terrestrial
plants are commonly characterized by long-chain n-alkanes
(n-C,—n-Css) (Eglinton and Hamilton, 1967; Cranwell et al.,
1987; Meyers, 2003). n-Fatty acids are another lipid biomarker
for organic matter (OM) source tracing in sediments, and even-
carbon chain lengths can indicate biological origins (Volkman et
al., 1998; Meyers, 2003). Lipid biomarkers are thus regarded as
among the most effective indicators in lake sediments and are
widely applied in paleoenvironmental investigations to distinguish
between allochthonous (terrestrial plant-based) and autochthonous
(phytoplankton-, algae- and macrophyte-based) sources of OM
inputs, vegetation cover history in catchments (Schwark et al.,
2002), and anthropogenic impacts on terrestrial and aquatic
ecosystems (Lu and Meyers, 2009; Fang et al., 2017).

Previous studies on the Ili-Balkhash Basin have focused

mainly on evaluating recent environmental conditions, such as
concentrations and distributions of persistent organic pollutants
in water (Shen ef al., 2021a), spatial variations and controls on
the hydrochemistry of surface water (Shen et al., 2021b) and as-
sessments of natural resources in the basin (Pueppke ef al.,
2018a). Others have focused on environmental and climatic vari-
ability on a millennial scale (Chiba ef al., 2016; Mischke et al.,
2020). However, there are few continuous records documenting
environmental and ecological variations and the responses to
natural and anthropogenic impacts due to the limited scope and
timespan covered by instrumental records. In this study, the
abundance and composition of lipid biomarkers (including n-
alkanes and n-fatty acids) in a ~200-year high-resolution sedi-
mentary core from Lake Balkhash were analyzed to achieve the
following objectives: i) identify potential sources and environ-
mental significance of lipid biomarkers and trace their changes;
ii) reveal the history of environmental changes in the Ili-
Balkhash Basin over the past two centuries; and iii) determine
the possible forces that drove those changes.

METHODS
Geographic setting and sampling

Lake Balkhash (approximately 73-80°N, 44-47°E; 342 m
above sea level) is situated in southwest Kazakhstan and is now
the largest water body in ACA (Fig. 1a). The lake is closed and
slightly saline. The mean surface area of the lake is 17,000 km?,
and there is no surface outlet (Sala et al., 2020). The water level
of the lake has varied between 340.5 and 344.4 m in the past ~140
years under climatic and anthropogenic impacts. Approximately
84% of the lake’s input water is derived from river inflows, and
the Ili River is the most important contributor, supplying ca. 78%
of the inflowing water to the lake (Sala et al., 2020).
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Fig. 1. a) Vegetation distribution of the Ili-Balkhash Basin, the land use data were obtained from the GlobeLand 30: http://www.global-
landcover.com/. b) Location of the study area in Central Asia. ¢) Coring site and bathymetry of the lake (modified after Chiba et al., 2016).
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Lake Balkhash has a catchment area of 501,000 km? (Fig.
1b), and the catchment is characterized by an arid to semiarid
climate, with a mean annual temperature of 17.5°C and a mean
annual precipitation of 110 mm (Sala et al., 2020). Under such
dry conditions, natural ecosystems and agricultural activities
(e.g., irrigation farming and animal herding) in the region are
largely dependent on water resources. The estuary delta formed
by the Ili River, with an area of approximately 8000 km?, is sig-
nificant for the biodiversity of the region (Imentai ez al., 2015).

Because of the continental arid climate, the vegetation near
the lake is composed of desert and steppe species, and riparian
forests are commonly found in the lake shore area. The Ili Delta
and shallow shore regions of the lake are densely covered by
emergent plants (e.g., Phragmites, Typha and Scirpus) (Imentai
et al., 2015). The common phytoplankton species in Lake
Balkhash include dinoflagellates, diatoms, blue—green algae and
green algae (Barinova ef al., 2017). The aquatic macrophytes
(free-floating and submerged) in the lake are composed of the
following species: Lemna minor (common duckweed), Utricu-
laria vulgaris (common bladderwort) and Ceratophyllum de-
mersum (hornwort) (Imentai ez al., 2015).

A 71-cm-long undisturbed sediment-water interface core
(BLK) was collected in 2017 from the western zone of Lake
Balkhash (45°41°N, 73°45’E; Fig. 1c) in 8 m of water using a
gravity corer (Uwitec, Mondsee, Austria). Subsamples were
taken at contiguous 1-cm intervals and refrigerated at -20°C
prior to analysis.

137Cs and 2'°Pb dating

Ten-gram samples of the dried subsamples were sealed and
stored at constant temperature and humidity for more than 30
days to maintain the radioactive equilibrium of ?*Ra and ?'°Pb.
The '¥7Cs and ?!°Pb activities were determined by direct gamma
spectrometry. The supported >!°Pb activity in each sample was
assumed to be in equilibrium with the in situ **Ra activity. The
unsupported *'°Pb activity at each depth was calculated by sub-
tracting the ?2°Ra activity from the total 2!°Pb activity. The
chronology models adopted for sediment dating were con-
structed with the serac package in the R software system (ver-
sion 4.0.3; Bruel and Sabatier, 2020).

Extraction and analysis of lipid biomarkers

Sediment samples were Soxhlet-extracted for 24 h with a
mixture of methylene chloride/methanol (v/v, 9:1) to obtain a
total lipid extract after adding known quantities of internal stan-
dards. The mixture of extracts was saponified with 5% KOH-
methanol solution by heating in a 100°C water bath. The neutral
fraction was isolated by extraction with hexane and fractionated
using silica gel column chromatography. The fatty acid (FA)
fractions were isolated with hexane after acidification to pH 1
with 3 N HCl and then methylated with 14% BF3/MeOH (60 C,
120 min) before being analyzed by gas chromatography-mass
spectrometry (GC-MS). Molecular identification was conducted
by GC-MS using an Agilent 5975 mass spectrometer coupled to
an Agilent 7890A gas chromatograph with a DB-5MS column
(30 m x 0.25 mm % 0.25 um). The GC-MS oven temperature
program for hydrocarbons was initiated at 80°C for 2 min and
increased at a rate of 3°C min™' up to 300°C, after which the
temperature was held for 20 min. To determine the FAs, the GC

oven temperature program started at 80°C (2 min), followed by
an increase to 290°C at 4°C min™, after which the temperature
was held for 15 min. The studied compounds were identified by
comparison with previously reported mass spectra and interpre-
tation of fragmentation patterns and chromatographic retention
behavior. Quantification was conducted by comparing the peak
areas of the studied compounds with that of the internal stan-
dard. Biomarker levels were normalized to total organic carbon
content (pug g! total organic carbon) to minimize the effect of
varying sedimentation rates and degradation on biomarker con-
tent (Zhang et al., 2021).

Determination of total organic carbon
and total nitrogen

Before determination, the selected samples were treated with
HCI to dissolve carbonate and then rinsed with distilled water
to eliminate chloride. The total organic carbon (TOC) and total
nitrogen (TN) concentrations were detected by a CE-440 ele-
mental analyzer. The molar C/N ratio was calculated in the pres-
ent study as follows: TOC/TN = (TOC/12)/(TN/14).

Calculation of biomarker indicators
and statistical analyses

Several indices, e.g., the carbon preference index for high
molecular weight (CPIH) (Bray and Evans, 1961), the carbon
preference index for low molecular weight (CPIL) (Cranwell et
al., 1987), and the proportion of aquatic macrophytes (Paq)
(Ficken et al., 2000), were applied to distinguish OM sources
and infer environmental variation. The following equations were
used for the calculations:

CPIH = 1/2 x [(n-C,5 + n-C,, + n-Cyy + n-Cy,) / (n-C,, +
n-Coq + n-Cyg + n-Cyg) + (n-Cy5 + n-Cyy + n-Cyy + 1-Cy) /
(n-Cy + n-Cog + n-C3p + n-Cyy)] (eq. 1)
CPIL = (n-C|5 + n-C\; + n-C,,)/(n-C,s + n-C;s + n-Cy))  (eq.2)
Paq = (n-Cyy + n-Cys) / (n-Co3 + n-Cos + n-Cpy + n-Cyy) (eq.3)

L-ALKs = n-C,;+ n-Cy+ n-Cy, + n-Cy (eq.4)
M-ALKSs = n-C,;+ n-Cys (eq.5)
S-ALKs = n-C5+ n-Cy; + n-Cy (eq. 6)
L-FAs = n-Cy,+ n-Cys+ n-Cy + n-Cy (eq.7)
S-FAs = n-C,; + n-C,g+ n-Cyy+ n-Cy, (eq. 8)

where C; represents the concentration of the n-alkane (odd) and
n-fatty acid (even) with 7 carbon numbers.

To discriminate sources of lipid biomarkers and further in-
terpret the associated environmental variability, principal com-
ponent analysis (PCA) with varimax rotation was conducted
with both n-alkane and n-fatty acid data (normalized) using the
statistical program SPSS Statistics 26.0 (SPSS, Inc., Chicago,
USA). An eigenvalue greater than one was selected to explain
the percentage of the total variation among the parameters. Con-
strained incremental sum-of-squares clustering analysis
(CONISS) based on the vegan and rioja packages in the R soft-
ware system was also conducted to investigate the environmen-
tal evolution process and characteristics at different time periods
(version 4.0.3; Juggins, 2015). The significance of the three
phases identified was then confirmed by the broken stick model.
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RESULTS

Chronology

The age-depth model of the BLK core was based on ?!°Pb and
137Cs radionuclide determination. '¥’Cs activity was first recorded
at 22 cm, corresponding to the beginning of atmospheric nuclear
weapons tests (1954 AD) (Appleby, 2001). We interpreted a *’Cs
peak at 17 cm as the record of the peak in global atmospheric ther-
monuclear weapon tests (GTWT) in 1964 AD (Lan et al., 2020)
and another '*’Cs peak at 8 cm as a potential record of the Cher-
nobyl accident (1986 AD) (Fig. 2a; Garcia-Orellana et al., 20006).
The 21°Pb,, activity in the BLK core ranged from 0.9 Bq kg! at
47 cmto 162.8 Bq kg™ near the top and exhibited an exponential
decreasing trend with depth (Fig. 2a). To acquire a more accurate
chronology, we applied the constant rate supply (CRS), constant
initial concentration (CIC) and piecewise constant rate supply
(CRS;y) age models to the core. According to the CRS and CIC
models, we calculated that the sediment core from 47 to 1 cm cov-
ers 128 years (1890-2017 AD) and 98 years (1920-2017 AD), re-
spectively. However, the results were inconsistent with both the
137Cs time markers at the depths of 22 ¢cm (1954 AD) and 17 cm
(1964 AD), suggesting that the direct application of the CRS and
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CIC models is inappropriate in our study. Therefore, the CRSpy,
model was subsequently employed to obtain a reliable dating se-
quence (Appleby, 2001; Bruel and Sabatier, 2020), with two seg-
ments in the BLK core separated by a ¥’Cs time marker in 1964
AD (17 cm in depth). According to the CRS,y, model, we calcu-
lated that the sediment core from 47 to 1 cm covers 146 years
(1872-2017 AD) (Fig. 2b), and 22 cm corresponded to 1954 AD,
which was consistent with the time marker of '*’Cs appearance.
The chronology of sediments below 47 cm was extrapolated using
the average sedimentation rate (0.30 cm a™') between the depths
of 22 and 47 cm. The bottom of the sediment core (71 cm) was
assigned to ca. 1800 AD (Fig. 2b). Notably, the 2!°Pb,, activity in
this study did not show a strict exponential decline with depth
(R?=0.70), which may influence the sediment age estimated from
the radioisotope data. However, the objective of this study was to
focus on reconstructing the main evolutionary stages of the envi-
ronment over the past two centuries instead of estimating the exact
timing of environmental and ecological changes, and the chronol-
ogy of the studied core seems to be adequate.

Bulk organic matter parameters

The TOC and TN contents ranged from 0.78% to 1.69% and
0.08% to 0.14%, respectively, and exhibited similar patterns in
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Fig. 2. The geochronology of BLK core for Lake Balkhash. a) Activities of 2'°Pb,, and '*’Cs versus sediment depth. b) Age-depth model

calculated from 2'°Pb CRS;y, model and '*’Cs.
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the BLK core (Fig. 3), with the lowest concentrations occurring
before 1860 AD and the highest concentrations occurring during
1860-1930 AD. Following a period of relatively low levels occur-
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Fig. 3. Variation in TOC, TN and TOC/TN from the BLK core.
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ring between 1930 and 1959 AD, the TOC and TN contents
showed an increasing trend toward the core top, and the TN con-
tent displayed a more pronounced acceleration after 2000 AD
(Fig. 3). The TOC/TN ratio ranged from 9.2 to 16.0 (averaged at
12.3) and fluctuated significantly before 1930 AD, with lower lev-
els occurring during 1800-1860 AD and the highest levels occur-
ring during 1860-1930 AD (Fig. 3). During 1930-2017 AD, the
TOC/TN ratio remained relatively stable, except for a declining
trend in more recent sediments (2000-2017 AD) (Fig. 3).

Distribution patterns of n-alkanes
and n-fatty acids

On average, the n-alkanes in samples from the BLK core were
characterized by a bimodal distribution, with chain lengths rang-
ing from n-C,; to n-Cs;. Long-chain homologs (> n-C,,) of n-alka-
nes showed a strong odd-over-even predominance throughout the
sediment core, whereas short- and middle-chain length parts
(< n-C,;) displayed an even-carbon predominance (Fig. 4a). In
contrast to that of n-alkanes, the average n-fatty acids distribution
exhibited a unimodal pattern, with homologs ranging from »-C,4
to n-Cs, and displayed a strong even-carbon predominance (Fig.
4b). The variations in predominant n-alkanes and n-fatty acids
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Fig. 4. Carbon molecule composition characteristics and Cmax of n-alkanes and n-fatty acids in BLK core. a) Carbon length distribution
of n-alkanes. b) Carbon length distribution of n-fatty acids. ¢) Cmax profiles of n-alkanes. d) Cmax profiles of n-fatty acids.
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(C,.a) throughout the core are shown in Fig. 4c and 4d. In most
samples, n-C,, was the predominant n-alkane of long-chain ho-
mologs (> n-C,,), except for two samples (43 and 61 cm) in which
n-C,, dominated (Fig. 4c). Mid- and short-chain n-alkanes
(£ n-C,)) rarely exhibited C,,, values at either n-C,, or n-C,, (Fig.
4c¢). Short-chain homologs of n-fatty acids (< n-C,,) were domi-
nated by n-C,, in most sediment samples. Long-chain homologs
of n-fatty acids (> n-C,) exhibited C,,,, values at n-C,, and n-C,,
in most sediment samples and occasionally at n-C,g, n-C,¢and
n-Cy, in a few samples. Notably, the C,,, of long-chain homologs
of n-fatty acids generally exhibited two distinct intervals, with
n-C,, dominating in pre-1930 sediment samples and n-C,, domi-
nating in after-1930 samples (Fig. 4d).

Concentrations of individual n-alkanes
and n-fatty acids

Considering the principle that biogenic-sourced n-alkanes and
n-fatty acids generally exhibit odd and even carbon preferences,
respectively (Meyers, 2003), we mainly focused on odd-carbon
n-alkanes and even-carbon n-fatty acids in the studied core. In ad-
dition, n-C,, and n-C,, alkanes, which significantly contributed to
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the n-alkane profile, were also included. The variations in indi-
vidual n-alkanes and n-fatty acids are shown in Fig. 5. Concen-
trations of n-C,s, n-C,; and n-C,, alkanes (short-chain) were
generally low, averaging 0.03, 0.15 and 0.13 pg g! TOC, respec-
tively. Abundance variations in 7-C,5 and n-C; alkanes exhibited
a similar pattern, with low levels occurring during 1800-1920 AD,
increased levels occurring during 1920-1970 AD, and a low level
occurring during 1970-1990 AD, and an increasing trend occur-
ring during 1990-2017 AD. n-C,, alkanes exhibited relatively high
levels during 1800-1970 AD and then a lower level during 1970-
1990 AD. The abundance of n-C,, alkanes also exhibited an in-
creasing trend during 1990-2017 AD. n-C,,and n-C,, alkanes
yielded relatively high concentrations averaging 0.56 and 0.65 pg
g ! TOC, respectively, and displayed a similar variation pattern,
with generally lower levels occurring before 1930 AD and
markedly increased values recorded during the period 1930-2017
AD. In addition, two synchronous concentration peaks of n-C,,
and n-C,, were observed during 1898-905 AD and 1935-1959 AD.
The concentrations of n-C,,, n-C,; and n-C,5 alkanes (mid-chain)
averaged 0.07, 0.15 and 0.18 pg g! TOC, respectively. The n-C,
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Fig. 5. The variations in individual n-alkanes (ug g! TOC) and n-fatty acids (ug g™' TOC) concentration from the BLK core. a) Variations
in individual n-alkane concentrations. b) Variations in individual n-fatty acid concentrations.
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and n-C,; alkanes exhibited the highest levels before 1860 AD,
then slightly declined between 1860 and 1930 AD and reached
the lowest levels after 1930 AD. Similarly, the abundances of
n-C,, alkanes were relatively lower, exhibited a decreasing trend
before 1930 AD and fluctuated significantly thereafter. The n-C,;,
n-Cy, n-C;; and n-Csy; alkanes (long-chain) yielded average con-
centrations of 0.30, 0.37, 0.26 and 0.09 pg g! TOC, respectively.
A similar variation trend among those components was also
recorded, with moderate concentrations before 1860 AD, slightly
decreased levels during 1860-1930 AD and the highest concen-
trations after 1930 AD. It is worth noting that two concentration
peaks of long-chain n-alkanes were consistent with those of n-C,,
and n-C,, during 1898-1905 AD and 1935-1959 AD.

The concentrations of sedimentary n-fatty acids in the studied
core were generally much greater than those of n-alkane ho-
mologs. The average concentrations of n-C,4, n-C,g and n-C,,
(short-chain) were 167.2, 83.6 and 13.9 pug g™ TOC, respectively,
and exhibited similar variations in abundance, with generally
lower levels before 1990 AD and markedly increased levels dur-

ing 1990-2017 AD. The concentrations of n-C,, averaged 23.41
pg g! TOC, with relatively higher concentrations before 1860
AD, lower levels during 1860-1990 AD and then increased con-
centrations in more recent sediments during 1990-2017 AD. The
average concentrations of 1n-C,,, n-C,q, n-C, and n-C;, (long-
chain) yielded average concentrations of 24.80, 20.33, 16.48 and
2.21 pg g ' TOC, respectively. Long-chain n-fatty acids generally
exhibited similar abundance variations, with the highest concen-
trations occurring before 1860 AD and decreased levels occurring
from 1860-2017 AD.

PCA and CONISS analysis

We carried out PCA on individual n-alkanes and n-fatty acids
to identify potential source organisms of biomarkers and further
explore their environmental significance. Based on the PCA re-
sults, the first four principal components (PCs) for the biomarker
groups were extracted and explained approximately 73.7% of the
total variance (Fig. 6 a,b). PC1 accounted for 22.7% of the total
variance, with the most positive loading on n-C,,, n-C,,, n-C,,,
n-C,, n-Cs, and n-C,; alkanes. PC2 accounted for 20.9% of the
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total variance and yielded high loadings on n-C,; and n-C,s alka-
nes and n-C,,, n-C,g, n-C,g and n-C, fatty acids. PC3 and PC4 ex-
plained 16.8% and 8.8%, respectively, of the total variance, with
the most positive loadings on n-C,4, n-Cig, n-C,, and n-C,, fatty
acids and on n-C5, n-C,,, and n-C,, alkanes.

Based on the PCA, we conducted a CONISS on the scores of
each PC to investigate the environmental evolution process and
characteristics during different periods. Three distinct phases
(1800-1860 AD, 1860—1930 AD, and 1930-2017 AD) were iden-
tified, as shown in Fig. 6¢. The three distinct phases were clearly
distinguished by the PC1-PC2 coordinate system (Fig. 6d). Sed-
iment samples generally yielded high PC2 scores during the pe-
riod 1800-1860 AD and were characterized by high PC1 scores
in the period 1930-2017 AD, whereas 1860-1930 AD had low
PCI and PC2 scores.

DISCUSSION

Sources and environmental significance
of lipid biomarkers

Lipid biomarkers in lake sediments originate primarily from
plants living in lakes and the surrounding areas and from microor-
ganisms in the water column. Variations in their abundance and
composition could provide important information about possible
sources and environmental changes despite their rather small pro-
portion of total OM (Meyers, 2003). In this study, the PCA results
showed that the n-C,,, n-C,,, n-C;, n-C,y, n-C,, and n-C;; alkanes
clustered together and yielded high positive loadings on PCI,
which indicates that those components probably have a common
source (Fig. 6a). Generally, long-chain n-alkanes (n-C,;, n-C,,,
n-C;, and n-Cy;, L-ALKSs) in lake sediments are commonly re-
garded to be derived from land plant leaf wax. Moreover, long-
chain homologs of the n-alkane group in the BLK core were

maximized at n-C,, and showed a strong odd carbon advantage
(Fig. 4a), which is a common feature of long-chain n-alkanes orig-
inating from leaf wax constituents of terrestrial plants (Eglinton
and Hamilton, 1967). The CPIH is a valuable proxy for determin-
ing n-alkane sources, with those of terrestrial plant origin gener-
ally exhibiting CPIH>4 and those of petroleum origin displaying
CPIH closer to 1 (Freeman and Pancost, 2014). Generally, the
CPIH values obtained in this study averaged 3.7, indicating that
the long-chain n-alkanes in the BLK core mainly originated from
terrestrial plants in the catchment (Fig. 7a). Two intervals with
relatively lower CPIH values (1800-1860 AD and 1980-2017 AD)
indicated fewer terrestrial signals during these periods (Fig. 7a).
Therefore, variations in long-chain n-alkanes and associated prox-
ies may serve as effective indicators of terrestrial plants. Notably,
the n-alkane profile in our core displays an unusual pattern in the
n-C,,—n-C,, range, with the predominant n-alkane being either n-
C,, or n-C,, throughout the core (Fig. 4¢). Previous investigators
have documented the unusual distribution of n-alkane profiles in
the n-C,,—n-C,, range, with strong maxima of one or two even-
numbered n-alkanes, and attributed this pattern to inputs from mi-
croorganisms inhabiting the water column (Affouri and Sahraoui,
2017; Wan et al., 2018). Considering the close connection be-
tween n-C,, and n-C,, and terrestrial plant-derived n-alkanes, it is
reasonable to attribute the differences in n-C,, and n-C,, to the
microbial reworking of terrestrial OM.

Aquatic macrophyte-derived n-alkanes are often dominated
by mid-chain homologs (Ficken et al., 2000), such as n-C,; and
n-C,s (M-ALKSs), which are grouped together with n-C,,, n-C,,
n-C,g and n-C,, fatty acids (L-FAs) and have high positive load-
ings on PC2, indicating that those components mainly originated
from aquatic macrophytes. Typically, Paq values vary distinctly
when n-alkanes are derived from terrestrial plants (<0.1), emer-
gent macrophytes (0.1-0.4) or submerged/floating macrophytes
(>0.4) (Ficken ef al., 2000). In agreement with these findings,
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Fig. 7. Diagnostic ratios of biomarker source identification from the BLK core. a) CPIH. b) Paq. ¢) CPIL.
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the Paq values in this study averaged 0.35, reflecting the signif-
icant contribution of aquatic macrophytes, especially in the pe-
riod 1800—-1860 AD, which yielded higher Paq values averaging
0.41 (Fig. 7b). Previous investigations revealed that aquatic
macrophytes can produce abundant long-chain n-fatty acids, es-
pecially n-C,, and n-C,; homologs (Ficken et al., 2000; Liu and
Liu, 2017). In agreement with these findings, n-C,, and n-C,,
fatty acids exhibited relatively high abundances in the
n-C,;—n-C;, range (Fig. 4b). The CPIL is commonly used to de-
termine the origin of n-alkanes in the n-C,;—n-C,, range. Petro-
leum-derived n-alkanes yielded CPIL values close to 1.0, while
n-alkanes of phytoplankton and aquatic photosynthetic bacteria
origin are typically dominated by odd-carbon-number com-
pounds (n-C,s, n-C,, and n-C,,), with CPIL>1.0 (Cranwell ez al.,
1987). For example, n-C,; and n-C,, are commonly thought to
be cyanobacterial in origin (Santos Neto ef al., 1998). Non-pho-
tosynthetic bacteria in the water column are also significant pro-
ducers of n-alkanes in the n-C,—n-C,, range and are usually
dominated by even-carbon compounds, with maxima occurring
at n-C,4, n-C,5 or n-C,, and CPIL<1.0. In this study, the relatively
low CPIL values (<1.0) reflected relatively strong microbial ac-
tivity in the water column, which was consistent with the high
concentrations of n-C,, and n-C,, alkanes (Figs. 7c and 4a). Odd-
carbon-number n-alkanes (n-C,s, n-C,; and n-C,o, S-ALKS) in
the n-C,5—n-C,, range were clustered together with high loadings
on PC3 in this study (Fig. 6b), indicating a typical phytoplankton
origin feature and providing valuable information about varia-
tions in phytoplankton biomass in the lake ecosystem. Short-
chain n-fatty acids (n-C,q, n-C5, n-C,, n-C,,, S-FAs) were
clustered together and constituted the main components of PC4
(Fig. 6b). In general, n-C,,—n-C, fatty acids are reported to be
the dominant lipid components of phytoplankton, algae and bac-
teria. For example, n-C,; predominates in green algae, and n-C
is abundant in diatoms and cyanobacteria (Volkman et al., 1998).
Therefore, these components were also closely associated with
phytoplankton algae and bacteria. However, short-chain n-alka-
nes and n-fatty acids were not clustered together and exhibited
different variation trends throughout the core, as displayed in
Figs. 5 and 6b. This discrepancy could be attributed to two main
reasons. First, short-chain n-fatty acids are generally regarded
as ubiquitous components of biota that are less source specific
than other compounds and may obscure their origin. In addition,
short-chain n-fatty acids are more susceptible to degradation and
modification than short-chain n-alkanes are, especially in older
sediments deposited in the lower part of the core, which could
explain both the higher concentration levels of short-chain
n-alkanes and n-fatty acids in more recent sediments (e.g., de-
posited in 1990-2017 AD). This discrepancy may indicate that
short-chain n-alkanes and n-fatty acids had different source or-
ganisms before the 1980s according to their abundance varia-
tions (Fig. 5). A previous study conducted in Lake Balkhash
revealed that diatoms dominate in spring and autumn, green
algae dominate during periods of increasing temperature, and
blue—green algae dominate in summer (Mischke, 2020). A pos-
sible explanation was that short-chain n-alkanes were mainly
contributed by diatoms before the 1980s because the lake was
oligotrophic and because the regional temperatures were rela-
tively low. In recent decades, green algae and cyanobacteria that
prefer higher temperatures may be the common sources of both
short-chain n-alkanes and n-fatty acids as a result of marked in-

creases in regional temperature and nutrient levels in the lake
(Moberg et al., 2005; Krupa et al., 2020).

Environmental change and its possible driving
force in the Ili-Balkhash Basin since 1800 AD

Temporal variations in sedimentary biomarkers in the BLK
core reveal three main historical phases of environmental change
in the Ili-Balkhash Basin over the past ~200 years. To describe
the environmental characteristics of each phase and further discuss
possible driving forces, we compared our results with climate data
and historical records in the region.

Phase I (1800-1860 AD)

In this phase, the evidence presented herein indicates a high-
water-level lake system with abundant aquatic macrophytes
(submerged and floating) and an overall minor terrestrial signal.
The higher abundance of M-ALKs and higher Paq ratios suggest
that aquatic macrophytes were abundant and were a dominant
contributor to the organic component of the sediment record
(Fig. 8 b,c), which likely indicates that the lake was in a clear-
water status during this period (Toivonen and Huttunen, 1995).
A higher L-FA abundance coupled with a lower TOC/TN ratio
(average 13.1) recorded in this phase further confirm that aquatic
macrophytes were dominant (Fig. 8 e,h). This is also supported
by the n-fatty acid C,,, that typically occurs at aquatic macro-
phyte-derived n-C,, during this phase (Fig. 4d). In turn, evidence
presented by a lower abundance of S-ALKs and S-FAs suggests
limited overall phytoplankton productivity in the lake during
this period (Fig. 8 d,f). This interpretation, coupled with the
aquatic proxies (e.g., Paq and L-FAs), suggests a high-water-
level and relatively clear lake with good light penetration that
allows dense aquatic macrophytes and a minor phytoplankton
state during this phase. A previous paleolimnological study re-
vealed that the ostracod assemblage in the sediments deposited
ca. 1757-1880 AD was dominated by Ilyocypris spp., L.
inopinata, C. torosa and N. neglecta, suggesting a lower salinity
and higher water level (Mischke et al., 2020), which provides
strong evidence supporting our interpretations. In addition, ac-
cording to the data estimated by former Soviet Union experts,
the water level was much higher in 1840 AD (Propastin, 2012).
This period was during the Little Ice Age (LIA; from ~1500 to
1850 AD) in ACA and was generally associated with wet con-
ditions revealed by numerous studies (Chen et al., 2010; Aichner
et al., 2015), which may offer a reasonable explanation for gen-
erally high lake levels during this phase.

Overall, a minor terrestrial signal in this phase is suggested
by the low abundance of L-ALKs (Fig. 8a), from which a period
with generally dense catchment vegetation cover may be inferred.
Relatively wet conditions during this phase may promote the
growth of vegetation in the catchment and prevent soil erosion,
thus permitting overall limited terrestrial inputs. Further evidence
to support this deduction includes pollen data, from which a pe-
riod with relatively higher concentrations was detected ca.
1800~1890 AD (Feng et al., 2013), and geochemical evidence of
relatively low and stable concentrations of terrestrial materials
represented by conservative elements, e.g., Al, Ti and K (Huang
et al., 2020). Despite low terrestrial inputs, two fluctuations with
relatively higher levels occurring in the periods 1800-1818 AD
and 1848-1860 AD were still recorded (Fig. 8a, gray bars). Inter-
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estingly, by comparison with reconstructed runoff from the Ili
River (Panyushkina et al., 2018), we found that the periods of
higher terrestrial input corresponded to those of higher runoff (Fig.
81). In general, the transport of leaf waxes to lake sediments in-
volves three primary modes: direct deposition of leaf litter, acrosol
deposition and surface flow carrying soil OM (often containing
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Fig. 8. Biomarker records indicative of environmental changes at
Lake Balkhash over the last ~200 years. a) Long-chain n-alkanes
(L-ALKS). b) Mid-chain n-alkanes (M-ALKs). ¢) Proportion of
aquatic macrophytes (Paq). d) Short-chain n-alkanes (S-ALKSs).
e) Long-chain n-fatty acids (L-FAs). f) Short-chain n-fatty acids
(S-FAs). g) TOC contents. h) TOC/TN. i) Reconstructed discharge
in the Ili River (Panyushkina et al., 2018). The gray bars indicate
periods with high terrestrial inputs and blue bar indicates the pe-
riod of filling of the Kapchagay Reservoir.

terrestrial plant residues) (Diefendorf and Freimuth, 2017). Which
mechanism prevails depends on the lake setting. In this study, sur-
face flow is likely the primary mode for the following reasons.
First, the Ili River, as the most significant contributor to the inflow
of water to Lake Balkhash, supplies ca. 78% of the inflowing
water to the lake and subsequently exerts considerable influence
on the transport of land-derived debris. Moreover, the sampling
site of the BLK core is close to the mouth of the Ili River and is
likely susceptible to the impact of inflowing rivers. In addition,
land-derived long-chain lipids are more likely to be transported
to lakes via surface runoff under conditions of greater precipita-
tion, which was demonstrated by an investigation conducted in
the Issyk-Kul Basin (Zhang et al., 2021). Therefore, synchronous
fluctuations in terrestrial inputs and reconstructed runoff during
this phase highlight that hydrological variability is an essential
factor influencing the delivery process of terrestrial material.

Phase 11 (1860-1930 AD)

Phase II was associated with the gradual degradation of sub-
merged/floating macrophytes and the increasing importance of
emergent plants and terrestrial inputs. Overall, the decreases in
aquatic proxy (Paq and L-FAs) values suggest that there were
fewer submerged/floating macrophytes in this phase than in Phase
I (Fig. 8 c,e), which may have been driven by periodic variations
in water levels during this phase. A previous study indicated that
the lake experienced the most significant water level change dur-
ing this period (Propastin, 2012; Sala et al., 2020). Such a signif-
icant variation in water level is likely to inhibit the growth of
submerged/floating macrophytes. Furthermore, decreased water
levels provide abundant habitat for emergent plants, leading to an
increasing contribution of emergent plants (vascular plants) to
sedimentary organic records. This is supported by moderate Paq
values (average of 0.38), suggesting that emergent plants living
on the shallow shoreline of the lake and in the Ili Delta (e.g.,
Phragmites and Typha) increase in importance in terms of contri-
bution to the organic geochemical record (Fig. 8c). A decrease in
lake level would also permit an increasing dominance of terrestrial
inputs, as reflected by the increasing trend in L-ALK concentra-
tions (Fig. 8a), although terrestrial inputs are also low (with values
similar to those observed in Phase I). The deduction of an expan-
sion of terrestrial and emergent plants was also evidenced by the
highest TOC and TOC/TN ratio in this phase (Fig. 8 g,h). Similar
to the previous stage, in the 1890-1905 AD, the synchronous
peaks in terrestrial inputs and reconstructed runoff also emphasize
that higher runoff promoted the delivery of terrestrial material
(Fig. 8 a,i; gray bar). In addition, additional terrestrial inputs partly
override the M-ALK signal (submerged/floating macrophytes)
because land plant leaf wax also contains a large amount of
M-ALKs, which may offer a reasonable explanation for the dis-
crepant trend between M-ALKs and other aquatic proxies (e.g.,
Paq, L-FAs). In turn, phytoplankton productivity was also gener-
ally limited compared to that in the previous phase, except at the
end of this phase (1924~1930 AD), as reflected by an increase in
S-ALKs (Fig. 8d). Additionally, it is worth noting that S-ALKs
appear to reflect a phytoplankton bloom in the 1870s (Fig. 8d),
which may be attributed to the extremely low water level, as re-
vealed by both the water level record and reconstructed runoff
(Fig. 8i; Propastin, 2012). A possible mechanism is that lower lake
levels lead to occasional mixing of nutrient-rich deeper waters,
providing an internal source of nutrients that may have resulted
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in a phytoplankton bloom (Mills et al., 2018). Therefore, during
Phase II, Lake Balkhash experienced a decrease in the cover of
submerged/floating macrophytes and an expansion in that of
emergent plants compared to those in the previous phase.

Phase ITI (1930-2017 AD)

The final phase was a period associated with strong distur-
bance in the catchment and could mainly be attributed to increas-
ing anthropogenic impacts. The most striking feature of this phase
is the significantly increased contribution of terrestrial inputs to
the lake compared to that in the previous phases, with L-ALK
abundance being the highest on record during 1935-1959 AD
(Fig. 8a). Terrestrial material mobilization to aquatic systems is
largely promoted by anthropogenic catchment alteration, and ev-
idence is widespread, such as in records from Lake Nyamogusin-
giri (Mills ez al., 2018), Lake Murten (Haas ez al., 2020) and Lake
Skottenesjon (Yang et al., 2021). The impact may be acute, par-
ticularly in ACA. An extremely uneven rainfall distribution often
leads to heavy seasonal rainfall, which facilitates transport, deliv-
ering large amounts of land-derived material to lakes, especially
in arid regions with loose soil and sparse vegetation cover. Ac-
cording to historical documents, 1935-1959 AD corresponds to
the beginning of large-scale exploitation in Central Asia supported
by the former Soviet Union, associated with the rapid develop-
ment of reclaimed agriculture and the livestock industry in the Ili-
Balkhash Basin (Propastin, 2012; Pueppke et al., 2018b), which
likely resulted in widespread soil disturbance and exposure of
more plant residues. Moreover, the logging and utilization of ter-
restrial vegetation, such as Phragmites australis (an important
fodder plant) and H. aphyllum (fuel wood), by local people may
also lead to enhanced soil erosion and the production of more ter-
restrial material (Imentai et al., 2015). More terrestrial material
coupled with the higher reconstructed runoff of the Ili River led
the highest terrestrial inputs on record during this time (Fig. 8a,
i). Interestingly, there was an anti-correlation between the
TOC/TN values and the reconstructed runoff from the Ili River,
which may have been caused by elevated inputs of phytoplank-
ton-derived OM (protein-rich) as the result of the increased nu-
trient loads delivered by river inflows. In agreement with these
findings, the high river discharge basically corresponded to the
high contents of S-ALKs and S-FAs (such as during 1800-1820
AD and 1930-1960 AD) (Fig. 8 d,f,i).

Several of the indicators (e.g., M-ALKs and L-FAs) pre-
sented herein suggest that submerged/floating macrophytes were
at their lowest levels on record during Phase III (Fig. 8 b,e). This
is also supported by the lowest Paq values (average of 0.28), from
which a significant contribution by emergent plants can be further
inferred (Fig. 8c). These changes may be driven by further de-
creases in water levels and increasing salinity during this phase
(Propastin, 2012; Myrzakhmetov et al., 2017). The overall status
of the aquatic proxies (e.g., Paq and L-FAs) remaining relatively
stable during Phase III likely suggests that the modern aquatic
macrophyte community had formed since the beginning of the
phase (Fig. 8 c,e). In contrast, markedly elevated S-ALK values
suggest that the lake experienced an increase in phytoplankton
productivity during this phase (Fig. 8d). In particular, the period
1986-2016 AD was characterized by the rapid accumulation of
short-chain lipids (S-ALKs and S-FAs) and an increase in TN
content, suggesting that the lake has become an increasingly pro-
ductive system in recent decades (Figs. 3 and 8§ d,g). There are

three main probable reasons for the increasingly productive lake
system. First, compared with that in the previous phases, the re-
gional climate shifted to warmer conditions, especially after the
1980s (Moberg et al., 2005), which would directly promote the
growth of phytoplankton and bacteria (Bornette and Puijalon,
2011). Second, increased nutrient loading due to the massive de-
ployment of chemical fertilizers in the catchment and the devel-
opment of fisheries since the late 1920s and early 1930s may
serve as another important trigger (Pueppke ez al., 2018a, 2018b).
Moreover, the shrinkage of the submerged/floating macrophyte
cover may provide better conditions for the growth of the phyto-
plankton community. This degradation in submerged/floating
macrophyte cover accompanied by an increase in phytoplankton
abundance is also reflected in the C_,, of n-fatty acids switching
from n-C,, (aquatic macrophytes) to n-C,, (phytoplankton) (Fig.
4d). Notably, aquatic material appears to remain the dominant
contributor to sedimentary organic components, as suggested by
the relatively low TOC/TN values (average 14.4) despite in-
creased terrestrial inputs (Fig. 8h).

During this period, construction of the Kapchagay Reservoir
on the [li River in 1970 AD and the subsequent filling of the reser-
voir (1970-1988 AD) caused an ecological crisis for Lake
Balkhash, leading to lake level decline, salinity rise and biodiver-
sity loss, which have been revealed by many investigations (Krupa
et al.,2014; Imentai et al., 2015; Mischke et al., 2020). These sig-
nificant changes were also recorded by the sedimentary biomark-
ers in our study. According to a previous study, the phytoplankton
productivity in the western part of the lake decreased by 50% with
increasing salinity in the 1970s (Krupa et al., 2014), which was
also reflected by the sharp decrease in the abundance of S-ALKs
in this study (Fig. 8d, blue bar).

CONCLUSIONS

In this study, we examined the composition and abundance
of sedimentary lipid biomarkers (n-alkanes and n-fatty acids) in
the BLK core to discuss their environmental significance and
further reveal the history of environmental evolution over the
past two centuries. The two main conclusions are as follows: 1)
The application of both n-alkane and n-fatty acid profiles per-
mitted better discrimination of sedimentary OM sources. Long-
chain n-alkanes in the BLK core mainly represent terrestrial
inputs, and both n-fatty acids and mid-/short-chain n-alkanes
mainly contain aquatic signals. ii) Three distinct phases (1800—
1860 AD, 1860-1930 AD and 1930-2017 AD) were identified.
During Phase I (1800-1860 AD), Lake Balkhash was a high-
water-level lake system with abundant aquatic macrophytes
(submerged and floating) and minor phytoplankton. Overall, the
minor terrestrial inputs suggest dense vegetation in the catch-
ment as the result of wet conditions. Several synchronous fluc-
tuations between terrestrial inputs and reconstructed runoff
highlight that hydrological variability plays a crucial role in pro-
moting the delivery of terrestrial material in the study area. The
subsequent Phase II (1860-1930 AD) corresponds to a period
featuring the decreased importance of submerged/floating
macrophytes and the increasing importance of emergent plants
and terrestrial inputs. A great variation in water levels likely led
to the shrinkage of submerged/floating macrophyte cover. Phase
III (1930-2017 AD) was characterized by the strong influence
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of anthropogenic disturbances within the last ~200 years of the
lake's history. The highest terrestrial inputs on record highlight
intensive exploitation of the catchment during 1935-1959 AD.
Increased human-induced nutrient loading coupled with elevated
regional temperature prompted the lake to become an increas-
ingly productive lake system. Submerged/floating macrophytes
during this phase were at the lowest levels in response to the de-
creased water levels and increasing salinity.
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