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ARTICLE INFO ABSTRACT

Keywords: Southwest China is the largest continuous karst area in the world, which has suffered from serious ecological
Karst degradation. Many researchers have discussed the fragility of karst ecosystem and environment (KEE). However,

ECOS_yStem these studies focused mainly on the particular karst geologic setting and short-term (annual) eco-environmental
E“V‘fl(_’“mem changes. At longer timescales, knowledge of how KEE responds to external disturbances such as climate changes
ragility

and human activities is very limited. Based on geochemical analysis of lake sediments in the karst region of
Southwest China (KRSC), this paper probes into the evolutionary characteristics of KEE at decadal-centurial
timescales. Organic C/N ratios, Sr/Rb ratios and pollen assemblage in Baixian Lake indicate that striking eco-
environmental deterioration occurred as a result of the drought event between 3.6 ka B.P. and 2.2 ka B.P. The
regional vegetation degraded with dwindling herbs, increasing ferns and decreasing terrestrial productivity.
Furthermore, the karst ecosystem had not restored to the earlier level even after a long time. Once degradation
happens, the karst ecosystem would be unlikely to recover in the short term. Poor water-soil conservation ca-
pacity and weak drought resistance of karst soil should be the inherent mechanism of the fragility of terrestrial
KEE. Hongfeng Lake has suffered from rapid eutrophication in the last three decades. Reservoirs respond more
sensitively to agricultural N and P addition because of abundant dissolved inorganic carbon (DIC) supply from
the carbonate catchment in karst region than in non-karst region. A positive feedback loop may develop among
elevated primary productivity, higher deposition fluxes of organic matter, anoxia in hypolimnion and enhanced
internal P release in aquatic ecosystem. This positive feedback, together with the DIC fertilization effect and
sensitivity to agricultural N and P addition, may explain the fragility of aquatic KEE. This paper for the first time
presents a long-term evidence for the fragility of both terrestrial and aquatic ecosystem in the KRSC, and pro-
vides new insights into the sensitivity and resilience of KEE to climate change and agricultural activities,
highlighting the extreme importance of eco-environment protection in karst region.

Agricultural activities
Lake sediment

1. Introduction degradation driven by climate change, population growth, agricultural

activities, land use change and pollutant discharge, and is regarded as

Globally, karst rocks are abundant on the Earth’s surface and ap-
proximately 15 % of land comprises karst region, where as much as 20
% of the global population live (Brandt et al., 2017; Ford and Williams,
2013; Jiang et al., 2014; Tong et al., 2018; Zhang et al., 2017). China
has approximately 3.44 million km? karst region, accounting for 15.6 %
of the total global karst area. The karst region of Southwest China
(KRSC) is the largest continuous karst area in the world, with a total
karst area of 540, 000 km? (Fig. 1). There are about 0.1 billion people
living in the KRSC which provides a variety of ecosystem services, such
as water supply, agricultural production, soil erosion prevention, reg-
ulation of nutrient cycles and hydrologic functions, and carbon se-
questration. However, the KRSC has suffered from serious ecological
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one of the most arduous areas for poverty alleviation in China. It was
reported that 22 % of the KRSC had suffered from mild-severe rocky
desertification, resulting in a series of ecological and environmental
issues, such as vegetation cover loss, soil erosion, productivity decrease,
biodiversity loss, and water eutrophication (Bai et al., 2019; Dai et al.,
2017; Mellander et al., 2012; Song et al., 2010; Yan et al., 2018). The
livelihoods of the local people living in the KRSC are directly impacted
by the rocky desertification. Even more, the health and well being of
the people downstream are also affected indirectly from socioeconomic
and ecological dimensions. This situation has challenged us to think
critically about the running regularities of karst ecosystem and en-
vironment (KEE), and sustainable development strategies in the KRSC.
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Fig. 1. The karst distribution area in Southwest China and location of Baixian Lake and Hongfeng Lake.

Karst region is strongly constrained by the geological background
and characterized by relatively high degree of heterogeneity, porosity
and connectivity (Ford and Williams, 2013; Wang et al., 2004; Yuan
and Liu, 1998). A comprehensive understanding of the characteristics
and evolution processes of KEE impacted by natural disturbances and
human activities will provide scientific foundation for formulating re-
gional sustainable development strategies. Many researchers have dis-
cussed the fragility of KEE, such as high ecological sensibility, low
environmental capacity, weak resilience and poor stability, and realized
that intensive human activities easily lead to karst rocky desertification
(Ford and Williams, 2013; Liao et al., 2018; Wan, 2000; Wang et al.,
2004; Zhang et al., 2002). However, most of these studies have been
focusing on the particular karst geologic setting and short-term (an-
nual) changes of terrestrial ecosystem and environment. At longer
decadal-centurial timescales, knowledge of how KEE responds to ex-
ternal disturbances such as climate changes and human activities is
very limited, and little is known about the resilience of KEE because of
the absence of long-term observation data. As a main lodging of surface
substances, lake sediment consists of a variety of biological, physical
and chemical components, and can thus provide abundant information
on atmosphere (precipitation, temperature, acid rain), terrestrial eco-
system/environment (vegetation types, productivity, physical erosion,
chemical weathering) and aquatic ecosystem/environment (primary
productivity, plankton assemblage, water quality) over thousands of
years, which is very useful for understanding fully the evolutionary

characteristics of KEE at long timescales. Here, based on geochemical
analysis of lake sediments in the KRSC, we probe into the fragility of
KEE and how KEE responds to external disturbances such as climate
changes and human activities at decadal-centurial timescales. Further-
more, the inherent mechanisms of the fragility of both terrestrial and
aquatic KEE are explored.

2. Study sites and methods
2.1. Study sites

Baixian Lake is located in the virgin forest area of Maolan State-level
Karst Forest Nature Reserve in Libo County, Guizhou Province, which is
the center of the karst distribution area in Southwest China (Fig. 1). The
Maolan nature reserve has an area of 20,000 ha
(25°09"20” ~ 25°20’50”N, 107°52’10” ~108°05’40”E). The regional cli-
mate is strongly influenced by the southeast monsoon and the south-
west monsoon. Thus it is obviously seasonal. More than 85 % of the
mean annual precipitation of 1700 mm falls between April and October,
when warm-humid air from the southeast and southwest predominates.
From November to March, there is less precipitation. The mean annual
temperature is 18°C. Baixian Lake is a small typical karst lake at an
altitude of 700 m a.s.l., with a surface area of 5000 m?, a mean water
depth of 2 m and a watershed area of 2.5 km?. There is neither inflow
stream nor outflow stream. The lake water mainly comes from surface
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Fig. 2. Variations in organic C/N and Sr/Rb ratios in the sediment core of Baixian Lake.

runoff and underground water. The bedrock is dominated by carbonate
in the catchment.

Hongfeng Lake (26°26’~26°36’N, 106°19’~106°28’E), located in
central Guizhou province (Fig. 1), has a surface area of 57.2 km?, a
mean water depth of 10.5 m. The bedrock consists mainly of carbonate
and clastic rock in the catchment. The mean annual temperature is
14.1°C, and the mean annual precipitation is 1200 mm. Hongfeng Lake
supplies drinking water to Guiyang City with a population over three
million. However, it has suffered from remarkable water quality dete-
rioration, especially eutrophication in the last three decades.

2.2. Sampling and analysis

Sediment cores were retrieved from lake center using a gravity
sampler. The sediment cores were perfectly preserved, with a length of
56 cm in Baixian Lake and 38 cm in Hongfeng Lake, respectively. They
were immediately divided into 1.0-1.5 cm sections and put into plastic
bags in the field. Wet sediment samples were freeze-dried and then
ground to homogeneous powders (smaller than 0.15 mm) for geo-
chemical analysis.

Terrestrial plant macrofossils were picked out from sediments to
carry out radiocarbon dating on the accelerator mass spectrometry
(AMS) at the Scottish Universities Environmental Research Centre AMS
Facility. The calibrated age was determined from the University of
Oxford Radiocarbon Accelerator Unit calibration program (OxCal3).

Contents of Rb and Sr in sediments were measured by X-ray
Fluorescence Analysis using Synchrotron Radiation (SRXFA) technique
at a VEPP-3 storage ring at the “Baikal” SRXFA station in the Budker
Institute of Nuclear Physics, Novosibirsk (Zolotarev et al., 2001). The
reproducibility of Rb and Sr measurements has been tested by repetitive
analyses with a relative standard deviation of less than 2 %.

Contents of total carbon and total nitrogen (TN) in sediments were
measured by the Element Analyzer (PE2400 SERIES II) and chemical
volumetric method was used to measure inorganic carbon (Chen and
Wan, 2002). Replicate analysis of samples has a precision of 0.2 % (20).
Organic carbon (TOC) was calculated from the difference between total

carbon and inorganic carbon. Contents of total phosphorus (TP) in se-
diments were determined by the method harmonized and validated in
the frame of standards, measurements and testing programme (Ruban
et al., 1999).

Pollen analysis was completed at the Institute of Hydrogeology &
Environmental Geology, Chinese Academy of Geological Sciences.
Standard preparation techniques were used to prepare the pollen
samples. A minimum of 500 pollen grains were counted for each sample
to ensure statistical significance. A total of 23,287 pollen grains were
identified and counted.

3. Results
3.1. Sediment dating

The cored sediments in Baixian Lake consist of homogeneous
greenish-grey gyttja and silty clay without clear lamination. The
average sedimentation rate is calculated to be about 0.1 mm a™*' ac-
cording to the terrestrial plant macrofossil **C age of 4943 = 30a B.P.
at depth of 49 cm in the sediment core. The sediment accumulation rate
is expected to be relatively stable as a result of good preservation
conditions and less human influence in the virgin forest area. In
Hongfeng Lake, a clear boundary between soil and sediment exists at
the depth of 38 cm in the sediment core, corresponding to 1960 when
the reservoir just formed. Thus, the average sedimentation rate can be
calculated to be 6.5 mm a~! in Hongfeng Lake. Sediment age can be
estimated according to the average sedimentation rate and sediment
depth. Although the sediment age may not be precise, it provides a
sediment age scale with sufficient resolution for our discussion of major
eco-environment changes.

3.2. C/N ratios of organic matter

The C/N ratios of sedimentary organic matter (OM) have been
widely used to indicate OM sources (Chen and Wan, 2002; Dean, 1999;
Meyers and Ishiwatari, 1993). Our sampled aquatic macrophytes in
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Baixian Lake were determined to have low C/N ratio of about 10 while
terrestrial plants collected from the catchment have relatively high C/N
ratio of about 22. This proves that the organic C/N ratios can be used to
identify OM sources. Variations of the organic C/N ratios displayed
three distinct stages in Baixian Lake over the last 6, 000 years (Fig. 2).

Stage 1 (before 3.3 ka B.P.): The C/N ratios were relatively high and
stable, with an average value of about 17. This reflects the sedimentary
OM was derived from both aquatic and terrestrial plants. The con-
tribution of terrestrial OM to the sediment should be a little more than
that of aquatic plants, because the average value of the C/N ratios is
closer to terrestrial plants. This stable state had remained for a long
time until 3.0 ka B.P.

Stage 2 (3.3~2.2 ka B.P.): The C/N ratios decreased dramatically
from around 16.5 to around 13. This indicates a persistent trend to-
wards decreasing terrestrial OM supply from the catchment into the
lake, and may thus imply that terrestrial productivity decreased re-
markably.

Stage 3 (from 2.2 ka B.P. to present): The C/N ratios were relatively
low and stable, with only small fluctuations around the average value of
13. This suggests a relatively larger contribution of aquatic plants to
sedimentary OM than that of terrestrial plants. The terrestrial pro-
ductivity is supposed to be low at that time.

3.3. Sr/Rb ratios in sediment

As a result of significant differences in geochemical behavior of
Rubidium (Rb) and Strontium (Sr) in surface environment, Rb and Sr
are easily fractionated in the weathering process (Chen et al., 1999;
Dasch, 1969; Goldstein, 1988). Rb tends to retain in weathering residue
while Sr is easily leached from the source rocks, resulting in a relative
enrichment of Rb over Sr in relicts. Rb/Sr ratios have been successfully
used to reconstruct the history of chemical weathering and climate
changes over the past tens of thousands of years (Chen et al., 1999;
Gallet et al., 1996). Baixian Lake is a small fresh lake. Dissolved com-
ponents are hardly precipitated because of short residence time and low
salinity. Sediments should come mainly from weathering residue in the
catchment. Thus, the Sr/Rb ratios could be expected to reflect chemical
weathering. As shown in Fig. 2, variations of the Sr/Rb ratios can be
divided into three stages in Baixian Lake.

Stage 1 (before 3.6 ka B.P.): The Sr/Rb ratios were relatively low
and fluctuated around an average value of 0.59. This reflects Sr was
apparently leached, indicating intensive chemical weathering at that
time.

Stage 2 (3.6~ 3.0 ka B.P.): The Sr/Rb ratios increased rapidly from
around 0.59 to around 0.63. This suggests weakening chemical
weathering. It is well known that chemical weathering is dominated by
precipitation in tropical and sub-tropical regions. Thus, the increase of
the Sr/Rb ratios may indicate that chemical weathering gradually
weakened.

Stage 3 (from 3.0 ka B.P. to present): The Sr/Rb ratios were rela-
tively high, with small fluctuations around the average value of 0.62.
This reflects the chemical weathering was generally weak in this period.

3.4. Pollen assemblage

Pollen, derived from plants surrounding a sedimentary basin, pro-
vides the most straightforward evidence for past ecological variability.
As shown in Fig. 3, an extraordinary ecological change occurred in
Baixian Lake between 3.6 ka B.P. and 2.2 ka B.P. The fern populations
increased rapidly from < 10 % to more than 30 % while herb decreased
sharply from 60 % to less than 40 %. This indicates remarkable dete-
rioration of terrestrial vegetation at that time.

Agriculture, Ecosystems and Environment 294 (2020) 106862

4. Discussions
4.1. Fragility of terrestrial ecosystem and environment in karst region

In summary, all the proxies (organic C/N ratios, Sr/Rb ratios and
pollen assemblage) show coincidental remarkable ecological and en-
vironmental changes within the lake-catchment system between 3.6 ka
B.P. and 2.2 ka B.P. (Figs. 2 and 3). The sudden increase of the Sr/Rb
ratios occurred between 3.6 ka B.P. and 3.0 ka B.P., a little earlier than
when the organic C/N ratios started to decline rapidly. This may reflect
that the input of terrestrial OM was not reduced at the earlier stage of
the dryness and suggests a delayed response of sedimentary C/N ratios
to vegetation degradation in the catchment. As a whole, the informa-
tion inferred from these proxies is quite accordant, especially con-
sidering they are absolutely different in nature: The C/N ratios depend
on the sources of sedimentary OM; The Rb/Sr ratios represent chemical
weathering intensity; The pollen assemblage reflects the changes in
plant types. What have caused such large and synchronous changes
within the catchment?

Baixian Lake is located in the virgin forest area with little human
influence, so the striking eco-environment changes could not result
from human activities. Climate change is thus supposed to be the main
cause. Fortunately, paleoclimate over the past 10,000 years has been
reconstructed using stalagmite samples in Dongge Cave, 10 km to the
north of Baixian Lake (Yuan et al., 2004; Zhang et al., 2004; Wang
et al., 2005). The oxygen isotope composition of the stalagmite (8*80,)
has been proved to reflect precipitation changes (Yuan et al., 2004;
Zhang et al., 2004). The 880y, values were more negative before 3.6
ka B.P., suggesting wetter climate at that time. From 3.6 ka B.P. to 2.2
ka B.P., the 8'80,, values tended to be more and more positive, in-
dicating persistent drying (Zhang et al., 2004). In fact, the pollen as-
semblage also recorded this drying event. Among herbaceous plants,
the hygrophilous Cyperaceae populations decreased dramatically from
more than 30 % to about 10 % while Artemisia, adapted to dry habitat,
increased rapidly from less than 0.5 % to 4 % between 3.6 ka B.P. and
2.2 ka B.P. (Fig. 3), indicating striking vegetation deterioration resulted
from drying conditions at that time. Many evidences have shown that a
widespread drought possibly occurred in most of China during 4 ~2 ka
B.P. (Wang et al., 2008) and the precipitation is weakening steadily in
Southwest China (Xu et al., 2019).

The above discussions demonstrate that climate changes could
greatly affect the agroecosystem such as forest ecosystem in karst re-
gion. From 3.6 ka B.P. to 2.2 ka B.P., climate was drying persistently,
resulting in remarkable deterioration of forest ecosystem which was
reflected by dwindling herbs, increasing ferns and decreasing terrestrial
primary productivity in the catchment. The organic C/N ratios stabi-
lized at a low level for a long time after the drought event (Fig. 2),
suggesting the establishment of a new equilibrium state in the eco-
system within the catchment. This is supported by the pollen records.
The arbor and herb populations never returned to the earlier level while
the fern populations persisted at a high level after the drought event
(Fig. 3). This shows that abrupt climate changes have a big and long
lasting impact on karst ecosystem. Once degradation happens, the karst
ecosystem would be unlikely to recover in the short term by itself. This
provides a long-term solid evidence for the fragility of terrestrial KEE.
Generally, soils developed in the karst context are very thin, and there
exists a distinct interface between soil and carbonate bedrock (Wang
et al., 2004). Especially, characterized by relatively high degrees of
heterogeneity, porosity and rapid water flow through the conduit
structure into groundwater, soils in karst region have poor water re-
tention and weak drought resistance (Wang et al., 2004; Ford and
Williams, 2013; Yang et al., 2016a; Oliver et al., 2020), which makes
the soil and vegetation highly susceptible to drought event and an-
thropogenic disturbance. This should be the inherent mechanism of the
fragility of terrestrial KEE.
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Fig. 3. Variations in pollen assemblage in the sediment core of Baixian Lake.

4.2. Fragility of aquatic ecosystem and environment in karst region

As the largest continuous karst region in the world, Southwest China
provides abundant fresh water resources for several major rivers, such
as Yangzte and Pearl River, and is referred to as ‘Water Tower in South
China’. Reservoir is the main form of surface water resource utilization
because of the scarcity of natural lakes in the KRSC. However, a variety
of eco-environmental problems such as algae blooms and water quality
deterioration have occurred in many reservoirs in the last three decades
(Chen et al., 2018; Wang et al., 2016).

TOC, TN, TP and organic C/N ratios reflect rapid water eu-
trophication in Hongfeng Lake (Fig. 4). TOC, TN and TP stabilized at
lower values when the reservoir just formed. Higher organic C/N ratios
indicate that OM was dominated by terrestrial plant debris at this initial
stage. A significant increase in TOC, TN and TP, along with decreasing
organic C/N ratios, occurred around 1990 (Fig. 4), indicating higher in-
lake primary production which is supposed to result from excessive N
and P addition from agricultural activities. The intensification of agri-
cultural land use has been proved to accelerate water eutrophication
because of widespread application of fertilizers (Gruber and Galloway,
2008; Smith and Siciliano, 2015; Vitousek et al., 2009). Globally, the
synthetic nitrogen fertilizer use has grown from 12 Tg Ny~ ! in 1960 to
110 Tg N y ! in 2013 (Battye et al., 2017). A significant fraction N and
P applied to cropland as fertilizer enters the surrounding freshwater
(Carpenter, 2005; Galloway and Cowling, 2002; Huang et al., 2017;
Liang et al., 2019). The contribution percentage of fertilizer use to ni-
trates may reach up to 60 % in aquatic systems (Hundey et al., 2016).
According to Bulletin of National Environmental Statistics 2009 issued
by China’s Ministry of Environmental Protection, 57 % of N and 69 % of
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P entering watercourses are from agriculture in China. The percentages
could be higher in karst agricultural region, considering serious soil
erosion and nutrient loss due to thin soil, sloping land and rapid water
flow (Liu et al., 2020; Oliver et al., 2020; Wang et al., 2004). Extensive
use of chemical fertilizer, as well as livestock and poultry breeding,
have been demonstrated to have important contribution to N and P
pollution in Hongfeng Lake (Yang et al., 2016c). In addition, the bur-
geoning in-lake cage culture activity discharged large amounts of nu-
trients directly into the water body from mid-1980s to 1990s (Zhong
et al., 2004).

In short, increasing agricultural activities such as extensive use of
chemical fertilizer, livestock and poultry breeding, and in-lake cage
culture, are supposed to result in rapid water eutrophication and algae
blooms in Hongfeng Lake around 1990. This suggests that Hongfeng
Lake responds very sensitively to agricultural N and P addition. Since
2000, the cage culture has been prohibited, steeply sloping croplands
have been abandoned to reduce soil erosion and nutrient loss under the
Grain for Green Project (Wang et al., 2017), and nutrient use efficiency
has been improved through optimized fertilization and irrigation
management. However, TOC, TN and TP still maintained at a high level
(Fig. 4), implying that Hongfeng Lake remained in a state of eu-
trophication even after controlling external N and P input. The in-lake
nutrient cycling may contribute a lot to sustain high primary produc-
tion.

It is well known that surface and underground water is rich in dis-
solved inorganic carbon (DIC) as a result of extensive carbonate
weathering in karst region. Yang et al. (2016b) found that phyto-
plankton biomass was positively correlated with DIC concentration in
the Pearl River, indicating the DIC fertilization effect on aquatic

TP (ug g")
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Fig. 4. Variations in TOC, TN, TP and organic C/N ratios in the sediment core of Hongfeng Lake.
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photosynthesis. Thus, reservoirs are expected to respond more sensi-
tively to N and P addition from agricultural activities in karst region
than in non-karst region. Abundant DIC supply from the carbonate
catchment will promote aquatic primary productivity once N and P are
adequate, resulting in higher deposition fluxes of endogenous OM and
accelerating hypoxia in hypolimnion. As a result of DIC fertilization
effect and high OM burial efficiency, reservoirs are usually abundant in
sedimentary OM in the KRSC. For example, the average contents of
TOC, TP and TN in Hongfeng sediments are 3.2 %, 0.12 % and 0.31 %,
respectively, which are two to four times higher than those in Taihu
Lake (Chen et al., 2018). Endogenous OM is prone to degrade during
early-diagenesis in sediment. Along with the degradation of OM, or-
ganic phosphorus and iron-bound phosphorus can be released into the
water. This provides an endless supply of P for algae growth. Therefore,
a positive feedback loop may develop among elevated primary pro-
ductivity, higher deposition fluxes of OM, anoxia in hypolimnion and
enhanced internal P release in aquatic ecosystem. This positive feed-
back, together with the DIC fertilization effect and sensitivity to agri-
cultural N and P addition, may explain the fragility of aquatic KEE.
Once eutrophication happens as a result of increasing agricultural ac-
tivities in karst region, it would be very difficult to restore clear water
ecosystem in the short term. This highlights the importance of con-
trolling agricultural N and P pollution for maintaining good water
quality in karst region. To minimize agricultural pollution, China has
launched a campaign on zero growth of the fertilizer consumption by
2020. This campaign is very important for ecological improvement and
environmental protection, and should be thoroughly implemented in
karst region.

5. Conclusions

Organic C/N ratios, Sr/Rb ratios and pollen assemblage in Baixian
Lake indicate that striking eco-environmental deterioration occurred as
a result of the drought event between 3.6 ka B.P. and 2.2 ka B.P. The
regional vegetation degraded with dwindling herbs, increasing ferns
and decreasing terrestrial productivity. Furthermore, the karst eco-
system had not restored to the earlier level even after a long time. Once
degradation happens, the karst ecosystem would be unlikely to recover
in the short term. Poor water-soil conservation capacity and weak
drought resistance of karst soil should be the inherent mechanism of the
fragility of terrestrial KEE.

TOC, TN, TP and organic C/N ratios reflect rapid eutrophication in
Hongfeng Lake. Reservoirs respond more sensitively to agricultural N
and P addition because of abundant DIC supply from the carbonate
catchment in karst region than in non-karst region. A positive feedback
loop may develop among elevated primary productivity, higher de-
position fluxes of OM, anoxia in hypolimnion and enhanced internal P
release in aquatic ecosystem. This positive feedback, together with the
DIC fertilization effect and sensitivity to agricultural N and P addition,
may explain the fragility of aquatic KEE. Once eutrophication happens,
it would be very difficult to restore clear water ecosystem.

The past is the key to understand the present and to predict the
future. The fragility of both terrestrial and aquatic KEE, demonstrated
by this study, highlights the extreme importance of eco-environment
protection, and provides important references for formulating strategies
on sustainable agriculture development and eco-environment protec-
tion in karst region.
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