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Abstract: Located in the arid—semi-arid transition zone on the margin of the East Asian monsoon region, Lake Huanggihai
constitutes a typical lake ecosystem highly sensitive to both climate change and human activities. Disentangling the
differences between climate-driven natural processes and anthropogenic ecological alterations represents a key scientific

challenge in understanding the response mechanisms of lake ecosystems in this area. This study reconstructed the historical
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evolution of phytoplankton primary productivity and trophic state over the past ~1600 years in Lake Huanggihai using visible
reflectance spectroscopy (VRS)-inferred sediment chlorophyll a (Chl.a) concentrations and visible—near-infrared spectroscopy
(VNIR)-inferred lake water total organic carbon (TOC) concentrations. These proxies were integrated with analyses of
sediment total organic carbon (TOC), total nitrogen (TN), total phosphorus (TP), grain size, magnetic susceptibility, and
geochemical elements to systematically investigate ecosystem dynamics and their drivers. The results indicate that before
~820 AD, although the climate was humid and the East Asian summer monsoon intensified, runoff from the watershed
reduced light penetration in the lake, suppressing primary productivity. From 820 to 1500 AD, warm and humid conditions
promoted watershed vegetation development, increasing nutrient inputs to the lake. This nutrient enrichment likely exceeded
ecological thresholds, substantially elevating phytoplankton productivity and lake water TOC concentrations, and driving
significant shifts in ecosystem structure. After 1500 AD, despite a transition to cooler and drier conditions, intensified
agricultural activities resulted in enhanced soil erosion and nutrient fluxes, sustaining relatively stable algal productivity.
During the 20th century, a combination of climatic warming, increased evaporation, and heightened anthropogenic
disturbances—including groundwater over-extraction and exploitation of lake resources—led to considerable lake level
decline and reduced algal productivity, signaling ecosystem degradation. This study reveals a nonlinear and phased ecosystem
evolution in Lake Huanggihai under the combined influences of climate change and human activities, underscoring the critical
role of land use, groundwater management, and hydrological processes in regulating the stability of lake ecosystems in arid
and semi-arid regions. These insights offer a scientific foundation for ecosystem restoration and adaptive water resource
management in similar environments.

Keywords: Sedimentary chlorophyll a; lake water total organic carbon; lake ecosystem; Lake Huanggihai; climate change;
human activity
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Fig.1 Location of Lake Huanggihai and the sampling site. (a) Geographic setting of the Lake Huanggihai basin
(red dashed line indicates the modern Asian summer monsoon limit); (b) Topography of the basin and major
inflow rivers; (c) Satellite images of Lake Huanggihai showing the location of the sampling site (red triangle
represents the HQH1 core site, the red circle indicates the location of sampling sites in previous studies, where
site 1 is from the study of Hao et al.[¥"], and site 2 is from Wang et al.[*8)
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Tab.1 The AMSC dating results of the core HQH1 at Lake Huanggihai
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Fig. 2 Age framework of sediment core from Lake Huanggihai. (a) Trend of 2°Pbe specific activity with depth; (b)?°Pb age results
from the CRS model; (c) Age-depth model established using the “rbacon” package and sedimentary core photo (the red dashed line
represents the best age corresponding to the depth, the gray shaded area shows the 95% confidence interval, and the dark gray dashed
lines indicate the upper and lower limits of the confidence interval, and red circles represent sampling locations for AMS *4C age).
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Fig. 3 Trend plot of physicochemical indicators with depth for the sediment core from Lake Huanggihai. The indicators include

sediment Chl.a concentration, lake water TOC concentration, sedimentary TOC content, TN concent, C/N ratio, magnetic
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susceptibility, median grain size, Fe/Mn ratio, TP concentration, and Ti concentration.
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Fig. 4 Correlation between Chl.a and various indicators in Lake Huanggihai sediments at different periods (P < 0.05, marked *,

indicates significant correlation at the 0.05 level; P < 0.01, marked **, indicates significant correlation at the 0.01 level)
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Fig. 7 Comparison of sediment records of Lake Huanggihai with climate, vegetation, and anthropogenic records over the last 1600

years: (a) Oxygen isotope records (5'80) of stalagmites in Wanxiang Cave >1; (b) Pollen-based reconstruction of precipitation in the
Gonghai Lakel®Z; (c) Pollen-based reconstruction of mean annual temperature in the northern region of China 51; (d) Tree pollen from

Lake Huangqihail®®l; (e) Sedimentary Chl.a record in HQH1 core; (f) TOC concentrations of lake water inferred by VNIR in HQH1

core; (g) Median grain size in HQH1 core; (h) Fe/Mn ratio in HQH1 core; (i) TP concentration in HQH1 core; (j) Population size in

the Lake Huanggihai areal®; (k) cropland area records of China [56]
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