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Abstract

Lakes, as integral social-ecological systems, are hotspots for exploring climatic and
anthropogenic impacts, with crucial pathways revealed by continuous sediment
records. However, the response of multi-proxies in large shallow lakes to typical
abrupt events and sustained drivers since the Anthropocene remains unclear. Here,
we explored the driver-identification relationships between multi-proxy peaks and
natural and anthropogenic events as well as the attribution of short-term perturbations
and long-term pressures. To this end, sediment core records, socio-ecological data,
and documented events from official records were integrated into a large shallow lake
(Dongting Lake, China). Significant causal cascades and path effects (goodness-of-fit:
0.488; total effect: -1.10; p<.001) were observed among catchment environmental
proxies, lake biogenic proxies, and mixed-source proxies. The peak-event identification
rate (PEIR) and event-peak driving rate were proposed, and values of 28.57%-46.43%
and 50%-81.25% were obtained, respectively. The incomplete accuracy of depicting
event perturbations using sediment proxies was caused by various information filters
both inside and outside the lake. PEIRs for compound events were 1.41 (+0.72) and
1.09 (+0.46) times greater than those for anthropogenic-dominated and natural-
dominated events, respectively. Furthermore, socio-economic activity, hydrologic
dynamics, land-use changes, and agriculture exerted significant and persistent
pressures, cumulatively contributing 55.3%-80.9% to alterations in sediment proxies.
Relatively synergistic or antagonistic trends in temporal contributions of these forces
were observed after 2000, which were primarily attributed to the “Grain for Green”
project and the Three Gorges Dam. This study represents one of the few investigations
to distinguish the driver-response relationship of multiple proxies in large shallow
lakes under typical event perturbations and long-term sustained pressures since the
Anthropocene. The findings will help policymakers and managers address ecological
perturbations triggered by climate change and human activities over long-term

periods.
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1 | INTRODUCTION

The Anthropocene (after ~1950) is an imporant epoch of human
activities further confirmed by the “golden spike” announced by
the Anthropocene Working Group (Witze, 2023). Human activi-
ties have transformed many of Earth's ecosystems across local to
global scales, resulting in irreversible anthropogenic alterations
(Mammides, 2020; Monastersky, 2015). Unraveling the impacts of
natural variability and human activities on terrestrial and aquatic
ecosystems has been a pivotal and ongoing focus of interdisciplin-
ary scientists specializing in climate, ecology, and limnology; their
efforts are directed toward attributing changes to Earth's systems
(Dubois et al., 2017). Lake sediments, as natural archives, reveal the
predominant influence of anthropogenic forcing on environmen-
tal changes at global and regional scales for decades, even in the
face of climate warming and increased frequency of extreme events
(Smol, 2010). However, an obvious research gap persists regarding
the response of multiple proxies of lake sediments to typical abrupt
events and long-term sustained drivers, further hindering a compre-
hensive understanding of the attributes of aquatic ecosystems and
environmental changes.

Lakes often integrate and regulate aquatic ecosystems, and
their formation and evolution are characterized by regional quasi-
synchrony and events (Loewen, 2023; Williamson et al., 2009;
Woolway et al., 2020). Pulsed mutations in lake sediments are
theoretically feasible rather than a hypothesis for the recording
and identification of events; thus, they could offer valuable op-
portunities to reconstruct the magnitude, frequency, and mecha-
nisms of past event-related deposits (Batt et al., 2017). Research
on lake sediment proxies has highlighted the timely or lagged re-
cording of catchment natural-dominated abrupt events (such as
extreme floods, earthquakes, and fires) and their quantitative re-
construction (Gilli et al., 2013; Martins et al., 2023). Large-scale
events caused by human activities, officially documented as dam
construction and afforestation, have frequently been described
via sediment records (Dearing et al., 2012; Simon et al., 2023).
The timely or lagged recording of events has led to uncertainty
regarding the magnitude of typical anthropogenic events recorded
in lake sediments, particularly during the Anthropocene, when
human activity intensified. Furthermore, various information fil-
ters exist in lake watershed systems that can influence the ex-
tent to which sediment proxies capture information (McLauchlan
et al., 2013; Mills et al., 2017). The identification of typical events
by sediment proxies exhibits differences between the proxy and
event types. Therefore, it is necessary to conduct in-depth inves-
tigations into the degree of identification of both naturally and
anthropogenically dominant typical events using multiple proxies
in lake sediments.

Climate change and human activities threaten 87% of the Earth's
liquid surface waters (Mammides, 2020; Yao et al., 2023). Both lake
mass and energy fluxes are controlled by alterations in the catch-
ment environment, including abrupt events and long-term sustain-
able pressures (Leavitt et al., 2009). Collins et al. (2011) defined
the driving mechanism for long-term socio-ecological research in
biophysical systems, such as lakes, as the “press-pulse dynam-
ics” framework. Sudden natural and anthropogenic events, such
as floods, droughts, damming, and wars, can induce pulsed peaks
in sediment properties, which are short-term abrupt perturbations
(Sabatier et al., 2022). External pressures such as population growth,
land-use changes, and nutrient loading have long-term persistent
effects on sediment dynamics (Anderson et al., 2020). Compared
with analyses of abrupt event perturbations, investigations of long-
term persistent pressures have gained widespread attention in lakes
at the individual, regional, and global levels (Bao et al., 2021; Baud
et al., 2021; Benito et al., 2021). A generally consistent perspective
indicates that the primary drivers of sediment dynamics in lakes
during the Anthropocene are the long-term pressures induced by
human activities, and most associated studies have been limited to
identifying major external pressures. For example, air temperature,
sunshine hours, and fertilizer application showed contribution rates
of 46.48%-76.4% to the decrease in total nitrogen (TN) and total
phosphorus (TP) burial efficiency in sediments from Dianchi Lake
(Chen et al., 2020); and agricultural intensification with anthropo-
genic nutrient loading drove 73% shifts in lake ecological dynamics in
Gaoyou Lake (Huang et al., 2022). However, the time at which these
major pressures significantly influence the temporal sequence and
whether their contributions are positive or negative have not been
clarified. In addition, lakes are complex socio-ecological systems
wherein the effects of various external pressures often act synchro-
nously rather than in isolation. Together, possible multiple stressors
would have additive, synergistic, or antagonistic effects on lake eco-
systems (Zhang, et al., 2018). Unfortunately, studies focusing on the
combined impact of multiple drivers are still limited and sparse. Lake
sediment proxies can detect long-term environmental and short-
term perturbations and elucidate the complex dynamics between
humans and lake environments (Smol, 2010). Paleolimnology, the
study of physical, chemical, and biological information preserved in
lake sediments (Dearing et al., 2015; Walton et al., 2023), informs
socio-ecological research on lake-catchment systems and provides
a valuable resource for setting restoration goals and management
strategies.

We focused on Dongting Lake, the second-largest shallow fresh-
water lake in China, with an area of 2625km?2. The lake was once the
largest freshwater lake in China but has undergone multiple ecolog-
ical changes in the last hundred years, such as degradation and sed-
imentation due to disturbances from sudden catchment events and
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sustained pressure from anthropogenic activities (Yu et al., 2020).
Events such as frequent natural disasters (extreme floods in 1954
and 1998) and bend cutting of the Jingjiang River in 1967-1972
and the Three Gorges Dam (TGD) in 2003 have abruptly altered
sediment input patterns and hydrological exchange dynamics (Yu
et al., 2018). The land use patterns in the basin changed significantly
due to the Great Iron and Steel in 1958, the Great Turning Lakes into
fields in 1950s-1970s, and the “Grain for Green” project in 2000.
Although the social development of Dongting Lake in terms of pop-
ulation, economy, agrarianizing, and urbanization has varied among
the sub-basins since 1950, it has continuously affected land-use
changes over a long period, thus triggering soil erosion and material
deposition in the lake (Wang, et al., 2021; Xiao et al., 2023). These
watershed ecological changes recorded in the sediments have been
explored in terms of sediment source, material composition, and con-
tent dynamics (Du et al., 2001; Ran, et al., 2023; Wang et al., 2023).
However, challenges still persist in the socio-ecological integrity of
lake-watershed systems regarding different typical events that are
timely, lagged, or not captured by lake sediments and regarding the
linear or nonlinear impacts of long-term pressures and when they
were significant.

Here, we conducted a comprehensive study on the driver-re-
sponse relationship between sediment proxies and catchment
stresses from both short-term event perturbations and long-term
sustainable pressures during the Anthropocene. The hypotheses
were that multi-proxy peaks exhibited a higher identification rate
for anthropogenic-dominated events compared to natural events
and that long-term sustained main pressures imposed nonlinear ef-
fects on the sediment proxies, manifesting both positive and neg-
ative contributions in temporal trends. Accordingly, the main aims
were to (i) elucidate the eco-environmental dynamics in Dongting
Lake through multiple sediment proxies during the Anthropocene,
(i) quantify the abrupt changes in sediment proxies for typical catch-
ment events, and (iii) reveal the impacts of long-term pressures on
lake sediments and their temporal contributions. Our study offers
valuable insights into the integral social-ecological linkages in lake
catchment ecosystems during the Anthropocene, providing addi-
tional support for the protection and management of the ecological

environment.

2 | MATERIALS AND METHODS

2.1 | Studyarea

Dongting Lake (27°39'-29°51' N, 111°19’-113°34’ E) is the second-
largest freshwater lake in China and one of 200 priority ecoregions
for global conservation (Global 200; Olson & Dinerstein, 2002).
The lake body is currently composed of west Dongting Lake
(WDT), south Dongting Lake (SDT), and east Dongting Lake (EDT),
which were listed in the Ramsar Convention in 2002, 2002, and
1992, respectively. The area belongs to the subtropical monsoon
climate zone, which is prone to natural disasters, with floods and
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droughts being particularly severe. The years 1954, 1963, and 1998
were considered as typical meteorological disaster years (Wen &
Zeng, 2006). Being a complex interconnected river-lake system, an
estimated 133.5 million m® of watershed sediments were imported
annually, of which 73.4% became silted up within the lake (Yu
et al,, 2018). In addition, human activities such as afforestation,
deforestation, land reclamation, and returning of land to the lake
have dramatically shifted the land use patterns of Dongting Lake,
especially the increase or decrease of forest land and arable land
(Yangetal., 2020). Since 1950, the hydrological patterns of Dongting
Lake significantly changed due to the cutting and straightening of the
lower Jingjiang River and Gezhouba hydraulic project construction
in the middle reaches of the Yangtze River. In total, 13,318 reservoirs
and many soil and water conservation projects were constructed
in the Dongting Lake basin, and they acerbated hydrologic shifts,
especially the operation of the TGD. Under the combined effect of
natural factors and anthropogenic activities, Dongting Lake shrunk
by 48.19% over the past century, causing significant alterations in

the depositional environment (Yu et al., 2020).

2.2 | Sediment sampling and measurement

Three sediment sites, Dalianfeizhang (DLFZ, 112°13'28.820"
E, 28°52'41.270” N), Shangfenggang (SFG, 112°32'2.790” E,
28°53'5.705” N), and Lujiao (LJ, 112°59'24.091" E, 29°7'42.897"
N), were selected owing the most continuous sediment sequences
among nine sampling sites investigated in November and December
2020. This selection was supported by the *'°Pb_ natural and
continuous decay law and the reconstructed centennial chronology
of 21°Pbex and *¥7Cs radionuclides (Ran, et al., 2023). A total of 120
samples were collected at a core depth of 200cm with 5cm equal
intervals After pre-processing, we measured 11 indicators—sand
(%), 2°Pb,, (Bakg™), mass accumulative rate (MAR, g cm?year ™),
magnetic susceptibility (MS, 107°m3kg™), total organic carbon
(TOC, g kg™), TN (gkg™), TP (gkg™), and total sulfur (TS, g kg™%), the
C/N ratio (dimensionless) and stable isotopes (6*3C and 8"°N, %o).
Detailed measurements of these sediment proxies are presented
in Text S1. The covered time span of the three sediment cores
was 160+ 1.25years, as calculated by the CRS or C-CRS model
(Figure S1).

Based on their physicochemical properties and general indi-
cations of environmental changes, these indicators were grouped
into three types of environmental proxies to infer biogeochemical
processes in lake-catchment systems (Dearing et al., 2015; Mills
et al., 2017; Walton et al., 2023). Catchment environmental proxies
primarily represent indicators whose contents are highly influenced
by physical processes such as erosion and runoff within regional eco-
o MAR, and MS (Kenney et al., 2022;
Rose et al., 2010). Lake biogenic proxies, for example, TOC, TN, TP,

and TS, are mainly use to infer primary production, nutrient sup-

systems, including sand, 210pp,

ply, and biogenic states within the lake (Anderson et al., 2020; Ran,
et al., 2023). Mixed-source proxies are primary indicators including
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C/N ratio, 8*3C, and §*°N for determining the source of organic mat-
ter in lakes (e.g., terrestrial exogenous inputs or lake endogenous
contributions; Lamb et al., 2006; Sun et al., 2021).

2.3 | Data collections in the catchments

The catchment datarequired to describe the sediment proxy included
meteorological, hydrological, and human activity statistics. Data
collected from the Dongting Lake basin since the Anthropocene,
a period when the official statistical records of China provided
better regional trends for climate, population, land-use changes, and
hydrology, were sufficient to conduct an exploration of long-term
socio-ecological relationships (Kong et al., 2017; Xiao et al., 2023).
A total of 16 indicators were collected. Specific details of the
indicators, including abbreviations and sources, are presented in
Table S1. The naturally dominant climatic and hydrological variables
exhibited similar changes (Figure 1a,b). Pre, Ro, and WI exhibited
stable fluctuations. Tem showed an increasing trend, which was
more pronounced in 1970-2005, while Sed exhibited a decreasing
trend. The variables dominated by humans fluctuated considerably
(Figure 1c-f). Pop and Pop-d increased linearly, with growth rates of
145.6% and 125.02%, respectively. The GDP increased remarkably
after 2000. Urr and For-c increased by 624.30% and 72.18%,
respectively. Con-b showed a staggering growth of 4985.50% in
1990-2020. The Aff, Crops, Gra-s, Fer, and coal displayed cyclic
fluctuations.

2.4 | Typological classification of officially
documented events

Events are deemed unusual or of some importance and can extend
to long-term and multifactorial processes, which range from local
or regional environmental perturbations to global-scale realignment
(Parnell et al., 2008; Waters et al., 2022). In this study, we focused on
large-scale events of natural variability and anthropogenic impacts
in regional settings, as recorded in official historical documents dur-
ing 1950-2020. Events were classified into meteorological (MEs),
hydraulic (HEs), and land-use events (LUEs) based on their main
impacts on regional climate, hydrological conditions, and land-use
changes (Table S2). Specifically, MEs are defined as patterns of ex-
treme weather that persist for some time, such as extreme floods
and drought. These events are mainly represented by province-wide
flood years and province-wide extreme drought years in Hunan
Province (Seneviratne et al., 2023). HEs and LUEs are largely attrib-
uted to anthropogenic activities. HEs focus on events such as cut-
ting river bends and building large reservoirs and dams that change
the hydrological regimes of sediment and runoff transportation
(Feng et al., 2013). National major construction projects associated
with hydrology and water resources and events that significantly al-
tered hydrological regulation were selected as HEs. LUEs are exten-
sive human-driven processes that modify land-use patterns, such as

afforestation, deforestation, urbanization, and agricultural growth
(Dearing et al., 2012; Mammides, 2020), and they are mainly repre-
sented by national major construction projects in the forestry, key
projects in soil erosion management, and large-scale deforestation
and tree planting activities. Compound events (CEs), taking a key
cue from the IPCC AR6 report (Seneviratne et al., 2023), refer to the
simultaneous onset of two or more events under an “allied attack”
by extreme climate and intensive human activity. Information on
these events was obtained from the Hunan Volume of the Chinese
Meteorological Dictionary (Wen & Zeng, 2006) and the Hunan
Provincial Institute of Local Chronicles Compilation (http://dfz.
hunan.gov.cn). A total of 28 typical events, including 12 MEs, 8 HEs,
3 LUEs, and 5 CEs, were documented in Dongting Lake and its upper
catchments in 1950-2020 (Figure 1g and Table S3).

2.5 | Quantification of sediment proxies and
catchment events

A bidirectional relationship exists between abrupt changes in lake
sediments and typical catchment events. Mutational signatures of
environmental proxies in lake sediments are driven by catchment
events and simultaneously serve to identify these events in
watersheds (Batt et al., 2017; Mills et al., 2017). Generally, comparing
the timing of peak changes in sediment proxies with the officially
documented dates of large-scale natural and anthropogenic events
is a suitable approach for investigating bidirectional relationships in
lake-catchment systems (Ahlborn et al., 2015; Rahman et al., 2021).
We propose two metrics—the peak-event identification rate (PEIR)
and event-peak driving rate (EPDR)—to quantitatively assess
the response of sediment proxies to historical events. The PEIR
represents the capturing degree of mutations in sediment proxies for
typical historical events, which was calculated as the ratio of counts
between the rate of change (ROC) peaks at events and all typical
events during a specific timespan. The EPDR primarily indicated the
proportion of ROC peak changes in sediment proxies that could be
attributed to typical events and was calculated as the ratio of counts
of the ROC peaks at events to all peaks in a given time. The formula

is as follows:

G; G
PEIR = — x 100; EPDR = — x 100
A B;
where A; indicates the total counts in the type i event; B; indicates the
peak counts for the rate of change (ROC) of sediment proxy j, and C;
was the count of the ROC peaks of proxy j in the current year and the

next year for type i event.

2.6 | Data measurement and statistical analysis
Figure 2 presents a flow diagram of the main methodological steps
in our study. All sediment proxies and catchment environmental

data were converted by z-score normalization. A one-way analysis of
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FIGURE 1 Changes in eco-environmental variables in (a) climate, (b) socio-economic activity, (c) hydrologic dynamic, (d) vegetation, (e)
land-use changes, and (f) agriculture and industry in the Dongting Lake Basin during 1950-2020. The scatters were the variable contents.
The curves showed the smooth lines using LOESS method through the observations to highlight trends. The full names of the variable
abbreviations are listed in Table S1. (g) the typical events in the Dongting Lake Basin during 1950-2020. The red, gray, green, and blue points
indicated MEs, LUEs, HEs, and CEs, respectively. MEs presented only the most typical years, see Table S3 for details.

variance (ANOVA) was used to evaluate statistical differences among
variables. ROC analysis was performed to investigate the tempo-
ral variations of sediment proxies using the R package “RRatepol”
(Mottl et al., 2021). This package was also used to identify the sig-
nificant peaks based on extreme peak-finding methods (Seneviratne
et al., 2023). The partial least squares path model (PLS-PM) can quan-
tify the impact pathways among different proxy types, and it was
implemented using the R package “plspm” (Sanchez, 2013). A multicol-
linearity test for the predictor variables was performed using a pair-
wise correlation analysis algorithm and variance inflation factor (VIF;

Dormann et al., 2013). Variables with correlation coefficients greater
than .8, including Pop, Urr, and For-c, were removed, whereas the
others that showed no multicollinearity had VIF values less than 10
(Figure S2). Redundancy analysis (RDA) was conducted to identify the
key drivers of sediment proxies using CANOCO version 5. The gen-
eral additive model (GAM) was selected to quantify the relationship
between PC1 extracted from the sediment proxy and the main forc-
ing factors. In this study, the main factors in the GAM were statisti-
cally significant variables of the RDA results, which corresponded to
the categorized watershed ecosystem factors. The technical work of
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Historical data
« Climate, hydrology, social-economic, land-use change,
industry, and agriculture

|  Sediment proxies grouped into three types
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watersheds during the Anthropocene

Step 1

Step 3
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Quantify the driver-identification relationship 1
between sediment proxies and historical events :
I
I

RDA analysis

GAM model

relatively slow major pressures

Similar study cases in

: Comparative Analysis
1| global shallow lakes

I

L

-—- Step S

FIGURE 2 Flow diagram illustrating the main methodological steps.

Simpsona and Anderson (2009) and (Lin et al., 2021), revealed that
the functions gam and predict. gam from the R package “mgcv” plays a
crucial role in determining the statistical significance of each predictor
and can be used to quantify the contributions of the predictors to tem-
poral changes in a response variable (Wood, 2017). Among the GAM
outputs, time periods in which the temporal contributions of multiple
factors are both positive or negative correspond to synergistic ef-
fects, and time periods in which there are both positive and negative
contributions correspond to antagonistic effects (Capo et al., 2017;
Simpsona & Anderson, 2009). Coefficients of variation (CV) were used
to determine the event differences among the variables. All analyses
were conducted at a significance level of p<.05. Data visualization
was performed using Origin 2022 (OriginLab Inc., Northampton, MA,
USA\) and R Studio (version 4.1.3; SPSS Inc., Chicago, IL, USA).

3 | RESULTS
3.1 | Relationship among different types of
sediment proxies

The sediment proxies exhibited three temporal variations—abrupt
changes in stability, increasing fluctuations, and cyclic fluctuations
(Figure S3). These proxies exhibited obvious spatial variations within

‘Which socio-ecological factors primarily drove sediment proxies changes

* Linear vs. non-linear effects of major pressures
* When each predictor contributes significantly and how much it contributes

Explore synchronous vs. asynchronous trends in sediment proxies induced by sustained,

Response of sediment proxies to abrupt and persistent stresses
during the Anthropocene

Dongting Lake (Figure S4). The cause-effect relationship among
catchment environmental proxies, lake biogenic proxies, and mixed-
source proxies was quantified using the PLS-PM model (Figure 3).
The goodness-of-fit (GOF) was 0.488. The loadings of the reflective
indicators on the sediment proxies varied. Sand and MS loaded on
catchment environmental proxies were 1.81+0.13 times more than
those for 21°Pbex and MAR. On lake biogenic proxies, the loadings
of TOC, TN, and TP were 3.20+0.57 times higher than those of TS.
On mixed-source proxies, the loadings of the C/N ratio and 5°N
were 2.81+0.03 times higher than those for 5'3C. The model results
showed a significant cause-effect relationship among the sediment
proxies. The total effect of catchment environmental proxies on lake
biogenic proxies was -1.10, including a direct effect of -0.64 and
an indirect effect of —0.46. The total effects of catchment environ-
mental proxies on mixed-source proxies and mixed-source proxies
on lake biogenic proxies were -0.80 and 0.57, respectively, both of
which were direct effects.

3.2 | ROCs and peaks of sediment proxies

All sediment proxies showed multi-peak shifts during 1950-2020,
as revealed by ROC analysis and the extreme peak-finding method
(Figure 4). ROCs between proxies were significantly different
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FIGURE 3 Results of the PLS-PM
model for sediment proxies. Subplot a
indicates the effect relationship among
catchment environmental proxies, lake
biogenic proxies, and mixed-source
proxies. GOF was the goodness-of-

fit of the model. Red and blue arrows
were positive and negative effects. R?
shows the determinant coefficient for
the corresponding variable, indicating
the variance explained by the model.
***p <.001. Subplot b presents loadings
of reflective indicators for the latent

variables. The numbers were the loadings.

Subplot ¢ was standardized direct,
indirect, and total effects of the PLS-
PM model. A, B, and C were proxies of
the catchment environmental proxies,
lake biogenic proxies, and mixed-source
proxies, respectively. ***p <.001.
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FIGURE 4 The temporal distribution of ROCs and peaks of sediment proxies. Red dots are peak points. Black solid lines indicated ROC

values. Gray bands are 95% confidence bands. Subplots a-k are in the order of sand, 210py,

51°N.

(p<.05; Figure S5). 210Pbex and MAR were significantly higher than

sand and MS for catchment environmental proxies, TOC and TN

were significantly higher than TS and TP for lake biogenic proxies,
and &N was significantly higher than the C/N ratio and §'°C for

ex’

MAR, MS, TOC, TN, TP, TS, C/N ratio, 5'°C and

mixed-source proxies. The counts of ROCS peaks ranged from 3 to 7,

with the most being 5'°N and the least being MS. These peaks were

mostly observed during the 1970s-1990s. The highest frequency

observed in peak years was 3, which occurred in 1957, 1965, 1976,
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1977, 1986, and 1997. The year 2000 was the tipping point for the
ROC curves and included nine proxies, such as sand and TN. Only

five peak years were detected after 2000.

3.3 | Relationship between sediment proxies and
catchment typical events

The one-way ANOVA showed that ROCs of sediment proxies were
non-significantly different across event types and that only ROCs
of the C/N ratio and &°N were different between LUEs and CEs
(Figure S6é). The CVs of the sediment proxies varied significantly
among the event types; however, no consistent pattern was ob-
served. For catchment environmental proxies and lake biogenic
proxies, the CVs at a specific event may be a maximum as well as a
minimum. For example, the CVs at MEs were maximum for sand and
MAR and minimum for MS, whereas the CVs at LUEs were maximum
for TP and minimum for TN. For the mixed-source proxies, the CVs
showed a maximum value at different specific events, whereas the
minimum values emerged at the CEs.

Time-point correspondences between the ROC peaks of sedi-
ment proxies and major events were used to investigate the response
of sediment dynamics to watershed events (Figure 5), and the PEIR
and EPDR were obtained (Table 1). A total of 16, 16, and 14 ROC
peaks were detected for catchment environmental proxies, lake bio-

genic proxies, and mixed-source proxies, respectively, of which eight

(five MEs, two HEs, and one CEs), 13 (six ME, three HEs, one LUEs,
and three CEs), and 10 (three MEs, five HEs, and two CEs) peaks
occurred during the current and following years of typical events,
respectively. The total PEIRs ranged from 28.57% to 46.43%, and
the total EPDRs ranged from 50% to 81.25%; in addition, the two in-
dicators differed significantly (p <.05; Figure S7). Among all specific
events, PEIRs were ordered in descending sequence as CEs (20%-
60%), HEs and LUEs (25%-62.50%), and MEs (25%-50%).

3.4 | Impacts of catchment variables on
sediment proxies

The impacts of catchment eco-environmental variables on sediment
proxies were assessed using RDA (Figure 6). For the catchment envi-
ronmental proxies, the explained rate was 40.2%, with 53.54% and
22.53% of the explained fitted variations in PC1 and PC2, respec-
tively. PC1 showed a positive correlation with variables, excluding
Sed and Gra-s, whereas PC2 exhibited a negative correlation with
variables, excluding Tem, Coal, WI, and Gra-s. Four variables—Pop-
d, Con-b, Sed, and Aff—significantly influenced the catchment en-
vironmental proxies, with a 32.4% cumulative explanatory rate and
an 80.9% cumulative contribution rate. For lake biogenic proxies,
the explained rate was 35.5%, with 53.38% and 31.19% explaining
fitted variations in PC1 and PC2, respectively. PC1 showed a posi-

tive correlation with all variables except coal and grass; PC2 also
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TABLE 1 The PEIR and EPDR of sediment proxies in Dongting Lake. Values in parentheses are the number of ROC peaks for the corresponding event types.

PEIRs for single events

Number of peaks at

events

Total PEIRs Total EPDRs

LUEs CEs

HEs

MEs

Number of peaks

50.00

81.25
71.43

28.57

20.00(1)

25(2)

41.47 (5)

16
16
14

Catchment environmental proxies

33.33(1) 60.00 (3) 46.43

37.50 (3)
62.5(5)

50.00 (6)

13
10

Lake biogenic proxies

35.71

40.00 (2)

25.00(3)

Mixed-source proxies
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exhibited a positive correlation with all variables except for Aff. Four
variables (GDP, Sed, WI, and Crop) had a significant effect on lake
biogenic proxies, with a 25.3% cumulative explanatory rate and a
71.5% cumulative contribution rate. For the mixed-source proxies,
the explained rate was 22.1%, with 78.01% and 18.47% of the ex-
plained fitted variations in PC1 and PC2, respectively. PC1 showed
a negative correlation with all variables except Sed and Gra-s, and
PC2 exhibited a negative correlation with all variables except Sed,
Gra-s, Aff, Coal, and Crop. Gra-s and Pop-d had a significant effect
on mixed-source proxies, with a 12.3% cumulative explanatory rate
and a 55.3% cumulative contribution rate.

Based on the RDA results, socio-economic activity, hydrological
dynamic, land-use changes, and agriculture were identified as the key
factors influencing the variations of sediment proxies. The GAM as-
sessed the impact and contributions of these main factors on PC1 of
sediment proxies (Table 2 and Figure S8). The first three factors, which
had nonlinear (edf=2.825, p<.001), linear (edf=1.000, p<.001),
and nonlinear (edf=5.531, p <.05) effects, explained 88.20% of the
catchment environmental proxies. The same three factors cumula-
tively explained 68.60% of the variance observed for lake biogenic
proxies: socio-economic activity and hydrologic dynamics had signif-
icant nonlinear (edf=8.122, p<.001) and linear (edf=1.000, p <.05)
effects, whereas land-use changes showed insignificant nonlinear
effects (edf=7.124, p>.05). Socio-economic activity and agriculture
explained 27.80% of mixed-source proxies, both with significant near-
linear effects (edf=0.907, p<.01; edf=0.912, p<.01). The temporal
contributions of the three or two significant predictors to the fitted
values of the PC1 scores are shown in Figure 7. For catchment envi-
ronmental proxies, temporal contributions from socio-economic activ-
ity and hydrologic dynamics exhibited nearly synergistic trends. Both
factors contributed negatively before the 1980s and then shifted to
positive. A prominent distinction was that the hydrological dynamics
underwent a more intricate and disrupted transformation, particu-
larly after 2003, when its contribution increased. The contributions
of land-use changes revealed five alternating cycles of positive and
negative changes. For lake biogenic proxies, the temporal contribu-
tions of socio-economic activity exhibited a pattern of first decreasing
and then increasing, with 2007 as the turning point. Contrastingly, the
contributions of the hydrological dynamics displayed four alternating
cycles of positive and negative changes, which remained consistently
negative after 2003. For mixed-source proxies, contributions from
socio-economic sources increased and then decreased, with 1981 as
a turning point, and contributions from agriculture showed three de-

creasing and two increasing periods.

4 | DISCUSSION
4.1 | Interaction among sediment proxies in lakes
Physical, chemical, and ecological processes determine and regu-

late the structure and function of lake ecosystems, resulting in tem-
poral and geographical alterations in lake sediment proxies (Mills
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FIGURE 6 Results of RDA analysis for sediment proxies and catchment eco-environmental variables. Subplot a, ¢, and e presented
the results for catchment environmental proxies, lake biogenic proxies, and mixed-source proxies. The red arrows were sediment proxies
(explanatory variables) and the blue arrows were catchment ecological factors (response variables). Subplots b, d, and f indicated the
explanations (bars) and contributions (lines) of the response variables. *p <.05 and **p<.01.

TABLE 2 GAM model parameter results for sediment proxies in Dongting Lake. y1, y2, and y3 are PC1 values extracted from catchment
environmental proxies, lake biogenic proxies, and mixed-source proxies. x1, x2, x3, and x4 are factors of socio-economic activity, hydrologic
dynamic, land-use changes, and agriculture, respectively.

Response variable

yl

y2

y3

Explanatory variable  edf

x1 2.85
X2 1.00
x3 5.53
x1 8.12
x2 1.00
x3 712
x1 0.91
x4 0.91

20.96
12.05
2.79
5.32
5.25
L5
1.14
1.08

et al., 2017; Williamson et al., 2009). Previous studies focused on the
temporal variability of single types of environmental proxies, such as
organic matter (Martins et al., 2023), diatoms (Zhang, et al., 2018), and

p Dev.Expl (%) Model R?

.000 88.20 y1=50+s(x1)+s(x2)+s(x3)+¢ .863
.001
.014
.000 68.20 y1=50+s(x1)+s(x2)+s(x3)+e .589
.026
147
.001 27.80 y3=50+s(x1)+s(x4)+¢ .259
.002

sediment fluxes (Kenney et al., 2022). The contents of the 11 sedi-
ment proxies in Dongting Lake demonstrated three different patterns
over the past century: stability, cyclical fluctuation, and temporal
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FIGURE 7 Time-series curves
depicting the contribution of main factors 4 4
(predictors) to PC1 (response variables)
extracted from catchment environmental
proxies (a), lake biogenic proxies (b),

and mixed-source proxies (c), as derived
from the GAMs results. The shade bands
are 95% confidence intervals on the
estimated. The reference of the zero
lines is the shade binds included in the
lines indicating a statistically insignificant
contribution to the explanatory variable.
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increases (Figure S3). However, temporal variations in the same sedi-
ment proxies were not consistently characterized. For example, in
catchment environmental proxies, 210PbeX and MAR contents were
increased continuously, MS contents were relatively stable, and sand
contents exhibited periodic changes. Over the past three decades,
proxies that exhibited cyclical variations shared a consistent pattern
of very steady values with low fluctuations. Simultaneously, signifi-
cant differences were present in the internal spatial distributions of
most sediment proxies and CVs across the same type of environ-
mental proxy (Figure S4). The contrasts and similarities identified in
Dongting Lake suggest an interaction influence between the types of
lake sediment proxies (Dean, 1999; Ran, et al., 2023). Theoretically,
distinct types of lake sediment proxies can exhibit causal links in addi-
tion to temporal and spatial variations (Leavitt et al., 2009). However,
the causality and effect pathways among the sediment proxies that
reflect different environmental conditions remain difficult to inter-
pret. In this study, owing to the inner and outer model compositions,
the PLS-PM model measured the causality and effect pathways of
the sediment proxies (Figure 3), in an attempt to address the limita-
tions of previous research. Model loadings and GOF values indicated
a significant path influence among catchment environmental prox-
ies, lake biogenic proxies, and mixed-source proxies. Two influencing
processes were revealed by the path coefficients of the model and
their significance levels. Changes in catchment environmental prox-
ies directly altered exogenous substance inputs and biogenic element
contents in lakes at a significance level of .001. Empirical investiga-
tions suggested that the increase in lake sedimentation rates since
the Anthropocene has altered the structure of internal and external

source material inputs and accelerated TOC, TN, and TP accumulation
in lake sediments (Anderson et al., 2020; Bao et al., 2021). Contrarily,
the causal cascade of catchment environmental, mixed-source, and
lake biogenic proxies was significant, with a total effect of -0.46. The
interactions between the chemical and physical properties of lake
sediments can rationally reflect and infer the ecological processes of
lake-catchment systems because lakes act as integrators of energy
and mass fluxes (Leavitt et al., 2009; Williamson et al., 2009). The
cascading relationship among catchment environmental changes, or-
ganic matter imports, and lake biogenic regimes is suggested by the
PLS-PM results quantified by sediment proxies' types in Dongting
Lake. The findings of the multi-proxy approach for lake sediments
challenged the conventional understanding of the watershed envi-
ronment, lake material inputs, and nutrient concentrations, which
mostly relies on source qualification and environmental monitoring
data (Bernardino et al., 2020; Hampton et al., 2008; Kong et al., 2017
Wang et al., 2023). Our research provides insights into the cause-
effect cascade relationships and interaction pathways among differ-
ent types of sediment proxies, thus providing quantitative knowledge

of the relationships among multiple attributes in lake sediments.

4.2 | Responses of lake sediment proxies to typical
natural and human events in the catchment

Lake sediments provide critical records of major and abrupt events
because of their unique ability to document natural variability and
human impacts on up-catchment changes without being disturbed
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by the events themselves (Loewen, 2023; Mills et al., 2017). The
sediment proxies in the lakes have undergone abrupt shifts since the
Anthropocene, as confirmed by the multi-peak changes observed in
their ROC curves from 1950 to 2020 (Figure 4). These shifts suggest
that catchment event disturbances are well-recorded using these prox-
ies (Rahman et al., 2021; Schneider et al., 2010). Merely tallying ROC
values of sediment proxies across various event types does not yield a
uniform distribution of these proxies across events (Figure Sé), thereby
hindering the differentiation of the impact magnitude among event
types. Comparable numbers of ROC peaks were observed in the three
proxy types for Dongting Lake, suggesting that no variability existed
in the sensitivity of specific types of sediment proxies to environmen-
tal change. Because of the intricate hydrological and biogeochemical
processes that occur in lakes as well as the influence of anthropo-
genic factors and climate (Catalan et al., 2013; Dean, 1999; Leavitt
et al., 2009), it was difficult to derive common insights into changes
in sediment-proxies across different types of events in catchments
using statistical analyses and data comparisons. Thus, we considered
the temporal correspondence in the years during which ROC peaked
in lake sediments and typical events in the catchment to gain insights
into the response relationship in lake-catchment systems (Figure 5).
The majority of the peaks manifested in the year that the event oc-
curred and subsequent years, with a notable concentration observed
for events from the 1950s to the 1980s. Frequent disturbances from
anthropogenic events during this period were the primary cause of the
rapid response of sediment dynamics to catchment events (Dearing
et al., 2012). Deforestation, soil erosion, and wetland shrinkage in the
region were exacerbated by steel refining, grain-based farming, and
lake encirclement. As these external factors alter the original land-use
patterns, a significant amount of terrestrial material is imported and
deposited in the lake along with runoff and sediments, thus causing
changes in sediment proxies (Liu et al., 2016; Mammides, 2020). The
material exchange mechanism in Dongting Lake was significantly af-
fected by water conservation initiatives during this time, including the
Jingjiang River flood diversion project and the Gezhouba Dam reservoir
(Li et al., 2009; Yu et al., 2018). Moreover, the year 2000 served as the
demarcation point of the ROC curves for most proxies. Subsequently,
fluctuations in proxies were more monotonous and showed fewer
peaks. The major contributors to the local and regional environmental
changes that had numerous effects on the transportation of terrestrial
materials to the lake were the execution of China's “Grain for Green”
project in 2000 and the TGD project in 2003. These two important
events had two impacts. First, they promoted vegetation fixation and
dam retention, which hindered the movement of many land materials
(Feng et al., 2013; Yang et al., 2022). Second, they affected the photo-
synthesis and mineralization of organic matter within the lake by influ-
encing various biogeochemical processes through water-level changes
and vegetation growth, including the microclimate, plants, and micro-
organisms (Wang et al., 2020; Zhao et al., 2023). Both large reservoir/
dam buildings and regional land-use changes at the global scale have an
impact on the source-sink processes of material transport (Best, 2018;
Loewen, 2023). Examples include tropical deforestation, the Belo
Monte Dam on the Amazon River, and the Aswan Dam on the Nile

River (Best, 2018; Li et al., 2022; Pendrill et al., 2022). Exploring the
response of sediment proxies to typical historical events based solely
on temporal correspondence is insufficient, and a more explicit degree
of correspondence between them should be revealed clearly.

Using continuously deposited lake sediments as recorders and
regulators of catchment information (Williamson et al., 2009), we
proposed two metrics, PEIR and EPDR, to quantitatively distinguish
the response of peaks in sediment proxies to typical events and
their differences between events (Table 1). Overall, the results, with
EPDRs (50%-81.25%) higher than PEIRs (28.75%-46.43%) at p<.05
significance (Figure S7), indicated that the event-driven changes in
sediment peaks exceeded the capture degree of events by peaks
in sediment proxies. Event-driven ecological modifications are not
perfectly preserved in lake sediments, supporting the view that lake
sediments possess limited depictions of historical event perturba-
tions in the catchment (Leavitt et al., 2009). Sediment proxies were
subject to various information filters from both inside and outside the
lake. The hydroclimate filter incorporates all of the physical, chem-
ical, and biological processes in lakes that transform input-forcing
variables into something other than a simple output recording (Mills
et al., 2017; Smol, 2010). Biogeochemical changes in sediment prox-
ies are meanwhile influenced by post-depositional information fil-
ters, especially bioturbation and diagenesis (Anderson et al., 2006;
Dubois et al., 2017). Under information filters, the original signals
induced by catchment events are weakened or delayed upon their
arrival at the lake and are not completely or fully accurately recorded
by the depositional agents. Furthermore, the response of peaks in
sediment proxies to external forcing events varies depending on
the type of proxy and event (McLauchlan et al., 2013). In Dongting
Lake, the PEIRs of the catchment environmental and lake biogenic
proxies were greater in MEs than in HEs and LUEs, suggesting that a
quicker response in the physical and organic properties of lake sed-
iments is more likely to result from the ecological changes caused
by MEs (Sabatier et al., 2022). Extreme floods and droughts (MEs) in
lake-catchment systems are relatively discrete and represent abrupt
disturbances with distinct consequences that can be detected by
rapid peak changes in sediment composition (Kenney et al., 2022;
Rose et al., 2010). In contrast, the effects of human HEs and LUEs
on sediment proxies are sustained and chronic (Rahman et al., 2021).
The highest PEIRs (62.50%) observed in mixed-source proxies in
the HEs indicate that the abrupt peaks of organic matter inputs in
Dongting Lake during the Anthropocene were mainly driven by HEs.
Specifically, the most notable events were the Jingjiang cutting bend
in 1967-1972 and the TGD operation in 2003. The split ratios from
the three mouths of the Yangtze River to Dongting Lake were esti-
mated to be 19.4% and 12% after the two events and 32% before
the first HE (Hu et al., 2014). Both events affected the sediment
input from the Yangtze River to Dongting Lake, thereby altering the
exogenous material import structure of the lake (Wang et al., 2023;
Yu et al., 2018). These significant HEs were successfully recorded
using mixed-source proxy peaks in lake sediments. Additionally, we
found that the PEIRs of CEs were the highest among those for all
event types, 1.41+0.72 times and 1.09+0.46 times higher than
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those for fully anthropogenic-dominated (HEs and LUEs) and fully
natural-dominated events (MEs), respectively. The quantitative re-
sults suggested that ecological alterations due to the compounded
effects of human activities and natural variability were tracked by
lake sediments (Dearing et al., 2012; Liu et al., 2016). These find-
ings strongly align with the notion that human activities have been
the predominant factor in shaping land-surface ecological processes
since the Anthropocene (Dubois et al., 2017; Mammides, 2020;
Syvitski et al., 2020; Witze, 2023).

4.3 | Drivers of long-term sustained
ecological pressures

Rapid human-induced changes to the Earth's surface have posed se-
vere ecological and managerial challenges during the Anthropocene.
One-third of the global lakes were under considerable human pres-
sures including pollution (e.g., nutrient enrichment), hydrologic
modification (e.g., dams and reservoirs), and overexploitation (e.g.,
sand mining and deforestation; Han et al., 2023; Mammides, 2020).
These external drivers can be classified into long-term disturbances
and short-term pulse events, explaining the prolonged, sustained,
and sudden peaks in biophysical systems such as lake ecosystems
(Collins et al., 2011). Lake sediment proxies can provide long-term
records of sustained disturbances and abrupt events in the flow of
energy and material between a lake and its surroundings (Dubois
et al., 2017; McLauchlan et al., 2013). In Dongting Lake, the ROCs
of sediment proxies showed multiple peaks indicating the presence
of abrupt changes; additionally, the PEDRs ranging from 50% to
81.25% suggested that these peaks were largely caused by typical
events, especially MEs (Table 1, Figure 5). Naturally driven MEs are
typical abrupt disturbance events marked by discreteness that are
capable of rapidly inducing compositional changes in lakes (Kenney
et al., 2022; Liu et al., 2016). Anthropogenic HEs and LUEs, while
exhibiting typical occurrences, may not necessarily trigger an im-
mediate response in the lake ecosystem itself, at least not initially;
instead, they tend to exert long-term, sustained pressures on the
transport of terrestrial materials to lakes (Kong et al., 2017; Leavitt
et al.,, 2009). Socio-economic activities, hydrological dynamics,
land-use changes, and agriculture were identified as long-term
pressures via RDA analysis, with cumulative contributions in the
range of 55.3%-80.9%. As the first large lake regulating the water
and sediments of the Yangtze River, Dongting Lake covers approxi-
mately 2.67x10°km? watershed area and 2625km? water area.
Over the past century, the significant impacts of human-induced
modifications on hydrologic conditions, sediments, vegetation, and
biogeochemical processes within the lake were widely discussed
and uniformly acknowledged (Li et al., 2009; Ran, et al., 2023; Yu
et al., 2020, 2018). These long-term variables were the primary
drivers of the dynamics of shallow lake sediments both globally and
regionally (Benito et al., 2021). Watershed activities associated with
agriculture, urbanization, land-use changes, and hydrologic dynam-
ics have accelerated by approximately threefold on MAR average
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in the global lakes since 1950 (Baud et al., 2021; Ran, et al., 2023;
Rose et al., 2010). Nutrients and warming mainly forced alterations
in the ecological states of mountains and shallow lakes using lake
sediments (Huang et al., 2022; Oleksy et al., 2020).

Long-term impacts of multiple anthropogenic factors on
lakes are the norm rather than the exception. Theoretically, cu-
mulative, synergistic, and antagonistic effects can occur when
multiple stressors act together (Zhang, et al., 2018). GAMs
analysis can identify potential covariate effects of explana-
tory variables on the dependent variable over time, and thus
determine the response effects (Capo et al.,, 2017; Simpsona
& Anderson, 2009). In Dongting Lake, the main focus was on
determining the potential synchronic or antagonistic effects
of four long-term regulatory pressures on the sediment proxy
types (Figure 7, Table 2, and Figure S8). Socio-economic activ-
ity, land-use changes, and agriculture had significant nonlinear
effects on specific proxy types, and hydrologic dynamics had
significant linear effects. The temporal contributions of socio-
economic activity were characterized by two phases, with the
cut-off point occurring after 1980, which corresponds to the
rapid development of GDP and the population explosion over
the past 40 decades (Figure 1b). The periodic positive and neg-
ative contributions of hydrologic dynamics reflected the fluctu-
ation of sediments and water levels in Dongting Lake. Land-use
changes exhibited frequent alternations between positive and
negative contributions, with the alternating times often occur-
ring after typical events, indicating that the complex influences
of land use were superimposed on short-term abrupt events. The
temporal contributions of agriculture aligned with the trends in
the grain-seeding area (Figure 1f). The interaction of multiple led
to synergistic superimposed effects in a few periods and antago-
nistic effects in most periods, thereby increasing the difficulty of
lake management and ecological governance (Kong et al., 2017).
After 2000, synergistic or antagonistic effects showed obvious
trends that were mainly attributed to the “Grain for Green” proj-
ect in 2000 and the TGD in 2003, although extreme flooding
events also occurred in 1998. Naturally oriented pulsed events
are limited drivers of long-term changes in lake sediment prox-
ies, and large-scale human activities can alter material fluxes
within ecosystems through long-term sustained processes
(Collins et al., 2011; Leavitt et al., 2009; Sabatier et al., 2022).
Specifically, after implementing the “Grain for Green” project, a
notable improvement in vegetation cover and a decrease in soil
erosion and sediment loss were observed (Hu et al., 2021), and
they mitigated the input of upstream materials into the lake (Yu
et al., 2020). The long-term effects of the TGD project on the
hydrological dynamics of Dongting Lake resulted from the fun-
damental reversal of the Yangtze River sediment inflow (Feng
et al., 2013; Yu et al., 2018). The few peaks in the depositional
proxies after 2000 also provide evidence of the impact of these
two typical events (Figure 3). These findings highlight the influ-
ence of significant drivers and temporal contributions of multiple
proxies to lake sediments during the Anthropocene.
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4.4 | Global explorations for the driver-response
relationship in lake-catchment systems

Numerous investigations conducted for different temporal du-
rations, different regional scales, and different lake types have
shown that lake sediment proxies can respond to changes in
the watershed eco-environment. The Anthropocene reflected a
great global acceleration in human impacts after 1950. However,
the impacts of human activities on lake ecosystems largely pre-
date 1950 (Dubois et al., 2017). To comprehend the advantages
of paleolimnology for long-term socio-ecological studies within
lake-catchment systems, globally comparable cases within the
last 200years were investigated. Case studies published before
March 2023 that documented the driver-response relationships
of lake-catchment systems over the past two centuries were col-
lected from the Web of Science database and the China National
Knowledge Infrastructure. By excluding investigations that did not
explore the impacts of catchment abrupt events, we were able to
obtain 19 cases, with 14 studies conducted on individual lakes and
five conducted on regional lakes. Table 3 presents the research
cases that focused on global lakes and showcased the responses
of lake sediment proxies to typical historical event disturbances
and long-term pressures, and Figure S9 presents the global study
locations. The limited explorations suggest that the use of lake
sediments as a natural archive for integrated socio-ecological
research has not been fully realized, at least in terms of explor-
ing the effects of short-term abrupt perturbations and long-term
persistent stresses. In addition, the correspondence in timing be-
tween sudden changes in sediment proxies and related events has
frequently been used to obtain broader insights into the response
of sediment dynamics to HEs (Ahlborn et al., 2015), warming and
flood events (Kenney et al., 2022; Zhan et al., 2010), wars (Zhu
et al., 2020), regional religious activities (Ma et al., 2022), dam
construction (Hobbs et al., 2012), and political events (Dearing
et al., 2012). These investigations relied more on qualitative de-
scriptions when examining on how lake depositional proxies cap-
tured disturbances caused by abrupt events. The apparent spatial
and temporal heterogeneity of global lake-scale effects and infor-
mation filtering increased the difficulty of summarizing universal
patterns of short-term abrupt event impacts (Leavitt et al., 2009;
Mills et al., 2017). The two proposed metrics PEIR and EPDR can
quantitatively distinguish the driving and recognizing between lake
sediment dynamics and catchment events since the Anthropocene.
Typical natural and anthropogenic events in the catchment drove
half to three-quarters of the peaks of sediment proxies, but only
28.57%-46.43% of the peak changes were matched to events. We
found that the PEIRs of combined events were 1.09 (+0.46) and
1.41 (+0.72) times higher than those of anthropogenic-dominated
and natural-dominated events, respectively. The two metrics pro-
posed in our investigation are operationalized in a bold attempt
to examine the effects of short-term abrupt perturbations. During
the Anthropocene, the long-term driving pressures on lake sedi-
ment have been acknowledged. Over the past 200years, land-use

changes, population growth, eutrophication, and other long-term
sustained pressures accelerated by human activities have had a
dominant impact on the ecological environment of lakes (Dearing
et al., 2015; Poraj-Godrska et al., 2017; Rahman et al., 2021). These
pressures also played a significant role in shallow lakes, such as
Dongting Lake (Figure 6). When considering multiple factors act-
ing together, the interactions over time have both synergistic and
antagonistic effects (Figure 7), thereby increasing the difficulty of
providing a basis for policy formulation and environmental protec-
tion strategies to achieve ecological civilization. Nevertheless, the
“press-pulse dynamics” conceptual framework implies that lim-
nological evidence continues to represent a dependable source
for carrying out long-term socio-ecological research in aquatic
systems, such as lakes (Collins et al., 2011; Zhang, et al., 2018).
Therefore, we should carry out further in-depth research on the
limnological features of worldwide lakes to differentiate between
the effects of short-term pulse disturbances and long-term sus-
tained pressures, especially in terms of continued climate variabil-
ity and increasing human activities. Such work will offer unbiased
and distinctive perspectives on ecological preservation and sus-

tainable growth.

4.5 | Limitations and prospects

According to the “press-pulse dynamics” framework proposed by
Collins et al. (2011) for socio-ecological research, effectively dis-
tinguishing the impacts between short-term sudden pulse events
and long-term widespread sustained pressures is a significant cur-
rent challenge (Mills et al., 2017). Leveraging the continuity, ar-
chival nature, and high resolution of lake sediments, we examined
socio-ecological pressures in lake-catchment systems since the
Anthropocene using a typical freshwater lake, Dongting Lake of
China, as an example. To the best of our knowledge, this is the
first exploratory attempt at addressing this critical challenge.
Three sediment cores from various locations in the lake center
were analyzed consistently, reducing uncertainties associated
with a single core (Kong et al., 2017). However, the spatiotemporal
heterogeneity of lake-watershed systems is still evident at the wa-
tershed scale. Previously, we investigated lake sediment dynamics
and their responses to human activities within different subba-
sins (Xiao et al., 2023). Nevertheless, the pathways of short-term
abrupt events and long-term pressures at the sub-basin scale re-
main unclear. The physical, chemical, and biological attributes of
lake sediment can serve as proxies for studying ecological infor-
mation (Dearing et al., 2015; Walton et al., 2023). We focused on
recording the functions of selected proxies related to physical and
organic chemical properties, with insufficient attention paid to
biological proxies. There has been widespread interest in record-
ing the potential of biological proxies such as diatoms and micro-
organisms in lake sediments for aquatic ecological environments
(Capo et al., 2017; Rodriguez-Miret et al., 2023). Future research
should integrate the diversity and comprehensiveness of sediment
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(Continued)

TABLE 3

Long-term sustained

pressures

Reference

Sudden perturbations

Sediment proxy

Lake type Time span

Latitude and longitude

Name

No.

Poraj-Gorska

Agriculture, land-use

Fires, deforestation

Sedimentation rate,

174

53°51'18"N,

Lake Jaczno

14

et al. (2017)

changes, soil erosion

MS, TOC, TN,
TS, Pollen

21°57'07" E

Morales et al. (2020)
Kenney et al. (2022)

Hydroclimatic events

Tree rings
210p},

600
63

South American  Region

15

Flood events

Delta

Region

Wax Lake Delta

Saint-Laurent

140 Sedimentation rates  Flood events

Floodplain

Region

Southern

17

et al. (2010)
Liu et al. (2019)

Québec
Middle and

Extreme flood events

Sediment

26-59

Floodplain

Region

18

components

Lower

Yangtze
Basin

Dearing et al. (2012)

Rapid economic

212 TP, diatom-inferred Political events

Shallow lakes

Lower Yangtze Region

19

RAN ET AL.

growth, population

TP, MS, lead

Basin

increases, agricultural

intensification

properties to systematically study the ecological changes in
lake watershed systems. Additionally, the different lake types
are driven by distinct mechanisms. Large shallow lakes such as
Dongting Lake and Lake Superior experience ecological and envi-
ronmental changes primarily driven by human activities (O'Beirne
et al., 2017). Remote mountains and deep lakes are influenced to
a greater extent by climate change than other regions (Catalan
et al., 2013; Shimoda et al., 2011). It is essential to study the dif-
ferential response mechanisms of sediment records from various
lake types to short- and long-term pressures in watersheds, which
will contribute to the necessary differentiation between climate
change and human activities.

5 | CONCLUSIONS

By combining multiple sediment proxies, documented typical
events, socio-ecological data, and global surveys, we conducted
a systematic investigation of the response of lake sediments to
socio-ecological pressures, both from abrupt event disturbances
and long-term sustained factors since the Anthropocene. The pro-
posed PEIR and EPDR metrics quantified the driver-identification
relationship between sediment proxies and typical events and
measured the correlation between depositional agents and typical
events. Although the sediment proxy peaks did not fully capture
typical event information, they exhibited increased rates of identi-
fying human-induced events on average. Long-term pressures that
exerted linear or nonlinear significant effects on specific proxy
types included socio-economic activity, land-use changes, hy-
drologic dynamics, and agriculture. Their temporal contributions
showed antagonistic effects at most times and synergistic inter-
actions. These findings highlight the first effort to deconstruct
the recording patterns and response mechanisms of shallow lake
sediments to sudden and persistent ecological pressures in catch-
ments since the Anthropocene, deepening the socio-ecological in-
tegrity of lake-catchment systems. Further research on lake types,
environmental proxy types, and cross-scale ecological constraints
under the combined effects of climate change and human activity
should be conducted to better manage, govern, and protect lake

ecosystems.
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