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Abstract: Grain size of lake sediments is often measured in paleolimnological studies, especially
investigations of past paleoclimatic and paleohydrologic changes. The implications of such measures,
however, remain unclear, since watershed hydrology and the related transfer of materials to the lake
are affected by local climate variables, hydrological shifts, and vegetation cover variables. Sediment
from Wanghu Lake in the middle reaches of the Yangtze River have apparently been affected by land
cover changes and lake-river system transitions caused by a sluice gate built at Fuchi in 1967. These
changes influenced the watershed hydrology, thereby confounding paleoclimatic and paleohydrologic
interpretations by proxy records in sediment cores. We collected sediment cores from the center of
Wanghu Lake and analyzed trends in pollen and physical properties through sedimentary records to
investigate land cover changes and hydrological transitions during the past 90 years. The grain size
of the sediment core increased with precipitation and the significant relationships between pollen and
grain size after 1967 indicated that sediment transfer to the lake was controlled by rainfall and land
cover changes due to human-induced deforestation and farming in the lake catchment. Interestingly
before 1967, there was no significant relationship between the pollen and grain size or between the
precipitation and grain size, indicating that the sediment of WanghuLake was not simply from the
lake catchment. The different relationships patterns before and after 1967 indicated that the sediments
in the lake were not only transported following precipitation and discharge from the lake catchment
but also came from the Yangtze River draining back into the lake during the flood seasons before
1967. These results highlight matters needing attention and the potential application of grain size of
sediments for reconstructions of past hydro-environmental changes.
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1. Introduction

The lake-river systems associated with the Yangtze River are experiencing dramatic hydrological
changes. This is partially due to human activities within the catchment, such as reservoir construction
and land cover changes. Such transitions in hydrology impact river and floodplain ecology within the
catchment [1]. However, the limited availability of pre-instrumental observations in the catchment
undermines our ability to identify site-specific causes of the hydrological shifts [2]. Thus, alternative
methods are required to identify the trends in and the main causes of historical change in the hydrology
of lake-river systems.
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Lacustrine sediments include information on high-resolution regional changes that can be used for
reconstructing past hydroenvironmental changes and landscape processes in lake-catchment systems.
Several such studies have already been conducted, in which the physical properties of the sediments,
such as grain size and density, are used for proxies of hydrological factors and climatic factors [3–7].
For example, grain size and grain density are used for reconstructing past disastrous floods and
typhoons [8,9]. D50 (median grain size), the diameter at the 50th percentile of the distribution curve,
is particularly sensitive to hydrodynamic conditions. Higher D50 values represent coarser sediments
in stronger hydrodynamic conditions [10,11]. Grain size also provides a good indicator of precipitation.
Some research suggested an explanation that greater rainfall enhances soil erosion and increases the
transport capacity of streams and rivers, leading to more and coarser clastic materials transported by
rivers and subsequently deposited in the central part of the lake [12–14].

However, watershed hydrology and the related transfer of materials from terrestrial to aquatic
systems are a function of several factors, including local climate variables, hydrological shifts, and
vegetation cover variables [15]. For example, the removal of vegetation can increase water and material
transfer to a lake [16–19]. Reliable paleoenvironmental reconstructions based on lacustrine sediment
records therefore require an understanding of all the factors that affect catchment processes, including
land cover changes and human disturbance [20–25]. However, the limited availability of information
on historical changes in land cover undermines our ability to analyze catchment processes.

It is widely accepted that the majority of the pollen and spores entering larger lakes in sediments
are fluvially transported from the lake catchments [26–31]. Flowering plant pollen and fern spores
in sediment can be used to reconstruct land cover changes [32–35]. Therefore, they will enable us to
analyze land cover changed in the catchment.

The aim of this study is to utilize a multiproxy approach to identify the historical hydrology
of Wanghu Lake and investigate the impacts of lake system conversion from an overflowing lake
to a closed basin and of land cover changes on the physical properties of the sediments based on
determination of the pollen deposition sequence, grain size, and comparison with 90-year synchronous
precipitation measurement.

2. Materials and Methods

2.1. Site Description

The Yangtze River ranks third globally in terms of length (6300 km), ninth in catchment area
(1.8 × 106 km2), fifth in water discharge (~900 km3 per year), and fourth in sediment flux. The middle
Yangtze reaches are characterized by alluvial floodplains, which encompass a number of ecologically
and economically valuable lakes and wetlands.Increasing human disturbances from rapid population
growth and economic development in the catchment have caused environmental degradation of
these lakes.

Wanghu Lake (29◦51′–29◦54′ N, 115◦20′–115◦25′ E) is located in Hubei Province, on the south
bank of the middle reaches of the Yangtze River. It has a catchment area of 5310 km2 and a lake surface
area of 42.3 km2. The lake has a mean depth of 3.7 m, a maximum recorded depth of 5.2 m, and lies at
an altitude of 17 m.a.s.l. The subtropical monsoon climate in this region is characterized by warm and
humid conditions. The mean annual air temperature is 15.9 ◦C, and the annual total precipitation is
1385 mm. The regional dominant vegetation around the lake is subtropical evergreen broad-leaved
deciduous mixed forest and subtropical coniferous forests [36]. Yangxincounty, where Wanghu is
located, has a complex soil parent material. The soil distribution shows obvious zonal difference.
Soil parent material in the southwest and southeast of the county are mainly limestone and sand shale.
The soil in the northwest is mainly black sand, red sand, and red loess, and the soil in the middle and
northeast is multi tidal sand and tidal sand. The northwest is mostly granite and Quaternary red clay;
the middle and northeast are mainly river lake alluvial sediments, red sandstone, and basalt.
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The Fushui River, originating in the Mufu Mountains, drains into the lake and drains out to the
Yangtze River at Fuchi (Figure 1). Wanghu Lake not only receives runoff from the catchment but
also flood waters from the Yangtze River when the river exceeded bank-full capacity before 1967 [37].
A sluice gate was built at Fuchi in 1967, which has controlled the amount of lake water connected to
the Yangtze River. As a consequence, river water from the upper and middle reaches of the Yangtze
River now passes Wanghu.
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2.2. Sampling

Four replicate sediment cores were collected in the center of the lake, where the water depth is
about 4.2 m, using a gravity sampling system in November 2007 (29◦51′49”N, 115◦20′13”E) (Figure 1).
These cores are referred to as WHA (42 cm), WHB (40 cm), WHC (36 cm), and WHD (50 cm). The four
sediment cores are intact.The suspended layersof all the sediment cores are undisturbed. The longest
core (WHD) was selected throughout this study. The core (WHD) were subsampled in the laboratory
at 1 cm intervals and stored for further analysis at 4◦C in the dark.

2.3. Precipitation Data in the Lake Catchment

Gauging recordsofprecipitation data from climate observation stations, Huangshi Station
(1916–2000) in the lake catchment were used in this paper (National Climate Center of China,
2008). The record of 1938–1950 is missing.

2.4. Particle Size Analysis and Pollen Identification

Malvern Mastersizer 2000 (Malvern Instruments, Malvern, UK) was used to analyze the grain size
of the 50 samples taken from the WHD core. Mastersizer 2000 was also used to calculate the statistical
grain size parameters, including clay (<4 µm) and silt (4–63 µm) percentages, Dmean (mean grain
size), and D50 (median grain size).

The 50 samples of pollen taken from the WHD core were processed using standard treatment
methods of palynology, including CaCO3 removal using HCL, humic acid removal using NaOH, and
finally silicate mineral removal using hydrofluoric acid [38]. The pollen concentration was traced and
calculated by the known Lycopodiella density method. Pollen identification was determined according
to “Pollen Flora of China” [39], “Angiosperm Pollen Flora of Tropic and Subtropic China” [40], and
“Flora of Taiwan” [41].
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2.5. Developing a Chronological Framework

Chronology calculations were based on 210Pb and 137Cs radioactive dating using an EG &GOrtec
high purity germanium detector, and an ORTEC919 multichannel buffer-computer system. The multiple
radionuclide values of the samples were measured using a γ-spectrum analysis system.

Because the appropriate choice of the calculation model is not known a priori, the CIC and CRS
models were chosen to calculate chronologies and sedimentation rates [21,42]. The sediment dates
were also calculated by piecewise linear function, based on 137Cs time mark, to compare with the
results of 210Pb dates.

The CIC model assumes that sediments have a constant initial 210Pb concentration regardless
of accumulation rate. The supply of 210Pb to lake sediment must vary directly in proportion to the
sedimentation rate. Under such a scenario, the sediment age t at a depth x can be calculated using
the formula:

C(x) = C(0)e−λt (1)

where λ is the 210Pb radioactive decay constant (0.03114 yr−1), and C(x) and C(0) are the 210Pbex activity
at a depth x and at the surface of the core, respectively [21,42].

The CRS model assumes that in these cases the flux of 210Pbex to the sediment surface remains
constant regardless of any such variations [21,42]. This method relies on the ratio of the cumulative
residual 210Pbex beneath a given depth to the total 210Pbex activity in the sediment column. It is
therefore imperative that the entire 210Pb inventory of a core is measured or estimated as accurately as
possible. The inventory is calculated as:

A(x) =
∫
∞

M(X)
C(m)dm (2)

A(0) =
∫
∞

0
C(m)dm (3)

where C(m) is the mass specific 210Pbex concentration at mass depth m, and A(x) is the 210Pbex inventory
beneath a given depth x. A(0) is the total 210Pbex activity in the sediment column [21,42]. The sediment
age at a depth x can be calculated using the formula [21,42]:

t =
1
λ

ln
(

A(0)
A(x)

)
(4)

2.6. Data Analysis

Changes in hydrology were inferred by identifying transitions in the pollen and physical properties
of the sediments such as grain size. These transitions were determined by analyzing the changes in the
relationship between the pollen and grain size in the WHD core before (26 samples: 50–24 cm) and
after 1967 (23 samples: 23–0 cm).

Relations between grain size data and pollen data were explored using Pearson correlation analysis.
The scaled value grain size (D50) was compared to precipitation (1916–1937 and 1951–2000) from

climate observation station Huangshi Station in the lake catchment. The scaling process is described:

ZD50 = (xD − xDmin)/ (xDmax − xDmin) (5)

where xD is the original value of D50 at a certain depth in the sediment core, xDmin is the minimum
value of D50 through the core, xDmax is the maximum value of D50 through the core, and ZD50 is the
scaled value of D50 at a certain depth in the core.

The scaling process was also applied to the precipitation data, described:

ZPrecipitation = (xP − xPmin) / (xPmax − xPmin) (6)
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where xP is the original value of precipitation in a certain year, xPmin is the minimum value of
precipitation, xPmax is the maximum value of precipitation, and ZPrecipitation is the scaled value of
precipitation in a certain year.

3. Results

3.1. Precipitation Measurementin the Catchment

Figure 2 summarizes the time series of the precipitation data of Huangshistation from 1916–2000.
The record of 1938–1950 is missing. The precipitation presents values between 661 mm and 1895 with
mean values around 1184 mm. The whole time series display a high variability with no apparent
trends. The low values in precipitation are observed before 1938 and 1965–1975.
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Figure 2. Precipitation from Huangshi station (1916–2000) in the lake catchment.

3.2. Sediment Chronology

The specific activity of 137Cs in Wanghu Lake sediment cores varied with depth and showed two
distinct peaks. The first peak (17.838 Bq/kg) appeared at a depth of 24.5 cm, and the secondary peak
(17.816 Bq/kg) appeared at a depth of 16.5 cm. Furthermore, residues (2.644 Bq/kg) were observed at a
depth of 31.5 cm. According to 137Cs profiles of lake sediments in the northern hemisphere, the zone of
137Cs where residues were observed corresponded to the global nuclear testing, which began in 1952;
the first peak corresponded to the global 137Cs scattering peak that occurred in 1963. The signals of
nuclear testing in the early 1970s and the 1986 Chernobyl accident can be captured in sediment cores
of different regions in China. For example, the secondary137Cs peaks in sediment cores of Honghu
Lake, Chaohu Lake, and Taihu Lake in the middle and lower reaches of the Yangtze River [43], Lugu
Lake in Yunnan Province [44], and Bosten Lake in Xinjiang Province [45] are determined to be 1975.
The other peak referred to the 1986 Chernobyl accident [46]. Therefore, the secondary peak is likely to
have occurred in 1975 or 1986. As a precautionary measure, this paper used only 1952 and 1963 as
reference points (Figure 3a,b).

We applied the piecewise linear function based on 137Cs time mark, CIC, and CRS models to the
WHD core.The age-depth resultsare shown in Figure 4. Generally, the 137Cs profile exhibited marked
1952 and 1963, which was in good agreement with the results of all the three models.Chronologies
provided by all the three models showed a good fit in the upper strata (0–34 cm in the core: 2006–1944)
of WHD core. The CRS model generally produced little younger ages (1–2 years) in upper sections of
the core, while older ages in lower section (35–41 cm in the core). In this study we depict the results
base on CIC model. The 50 cm core spans 90 years from 2006–1916, based on extrapolation of the
CIC model.
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3.3. The Wanghu Lake Sedment Core

3.3.1. Pollen Record

The stratigraphic distributions and relative abundance of pollen in the WHD core are shown in
Figure 5. A total of 40,351 grains with 174 taxa of pollen and spores was counted in the WHD core.
The average pollen concentration of each zone was 3287 grains/g. Major pollen types included trees
(39 types), shrubs (44 types), upland herbs (68 types), aquatic herbs (6 types), and ferns (17 types).
Moreover, 3096 grains of 2 taxa of fresh water algae were observed and counted. Pollen analysis of the
core showed that the sum of tree and shrub pollen comprised 46–86% of the total count. The total herb
pollen accounted for 6–29%, aquatic 1–25%, and ferns 4–23%.

The most abundant tree pollen was from deciduous oak trees (Quercus and Castanea) and evergreen
oak trees (Cyclobalanopsis, Castanopsis, Lithocarpus and Fagus). Their percentages varied from 5% to
20% in the core samples. For herbaceous plants, the percentages of aquatic pollen were relatively high,
reaching more than 20% in some layers and approximately 30% in total.

50–24 cm, 1916–1967: Tree and shrub pollen dominated this zone, with pine pollen accounting for
40–83%. The percentages of total herbs were 7–25%, aquatic 0–7% and ferns 10–23%. The average
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pollen concentration in this zone was 770–5500 grains/g. The sedimentation rates stay low and show
an increasing tendency within the range of 0.1 cm/yr to 0.45 cm/yr.

23–0 cm, 1967–2006: Tree and shrub pollen decreased in this zone compared to that in zone
50–24 cm. The percentages of pine pollen were 33–63% in this zone. The percentages of total herb
pollen showed significant increases. Fern pollen showed no significant changes. Aquatic and fresh
water algae (Pediastrum) were found in abundance. The maximum pollen percentages of aquatic
and freshwater algae (Pediastrum) were 26%, and the concentration was 2400 grains/g. The average
pollen concentration in this zone increased to 2700–10,000 grains/g. The sedimentation rates increase
compared to thelow section, especially after the 1980s.
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3.3.2. Grain Size Analysis

Clay (<4 µm) and silt (4–63 µm) percentage, Dmean and D50 from the WHD core are summarized
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50–24 cm, 1916–1967: The sediment is composed of gray clay. The clay percentage is relatively
high and shows a moderating decreasing tendency with an average of 62%. The silt percentage, mean
grain size (Dmean), and median grain size (D50) show a moderating increasing trend from 50 cm to 23
cm in depth, within the range from 25.02% to 41.85%, 1.67 µm to 4.88 µm, and 2.4 µm to 3.7 µm, with
averages of 34.26%, 2.94 µm, and 3.08 µm, respectively.

23–0 cm, 1967–2006: The sediment is composed of gray silt with small snails and bioclasts.
Compared to the sediment of 50–24 cm, the grain size increases sharply in this zone. The clay
percentage shows a decreasing tendency within the range of 59 to 43% with an average of 50%. The silt
percentage, Dmean and D50 show an increasing trend from the 23 cm to 0 cm depth, within the
range from 37% to 56%, 3.2 µm to 8.6 µm, and 3.1 µm to 4.7 µm, with averages of 47%, 5.5 µm, and
3.9 µm, respectively.

3.3.3. Relationships between Pollen and Grain Size

The tree pollen percentages have a significant positive correlation with clay percentages (R2 = 0.44,
N = 23, p < 0.01) and significant negative correlation with D50 (R2 = 0.42, N = 23, p < 0.01) from depth
0–23 cm. However, the tree pollen percentages show no significant correlation with clay percentages
(R2 = 0, N = 26, p = 0.98) and with D50 (R2 = 0.002, N = 26, p = 0.81) from 50–24 cm (Figure 7).Water 2020, 12, x FOR PEER REVIEW 9 of 14 
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The herb pollen percentages have a significant negative correlation with clay percentages (R2 =

0.515, N = 23, p < 0.01) and significant positive correlation with D50 (R2 = 0.503, N = 23, p < 0.01)
from depth 0–23 cm. However, herb pollen percentages show no significant correlation with clay
percentages (R2 = 0.009, N = 26, p = 0.64) and with D50 (R2 = 0.004, N = 26, p = 0.74) from 50–24 cm
(Figure 8).
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3.3.4. Relationships between Precipitation and Grain Size

The D50 values from the WHD core are plotted against precipitation (Figure 9). No significant
transition in the precipitation pattern was found during the past 90 years. After 1967, the D50
values changed with a similar trend of the precipitation. However, in the period 1916–1967, no such
relationship was observed. The precipitation oscillates, but the D50 values remain stable in the period
1951–1965 and showed a moderating increasing tend during 1916 to 1951.
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4. Discussion

4.1. Wanghu Lake and Watershed Evolution over the Last 90 Years

Before the 1960s, the watershed was in a natural state with negative population growth, and its
economy was backward, according to Yangxin Country records [47]. Less reclamation and deforestation
at a regional scale were marked by high pine pollen percentages and relatively low aquatic and total
herb pollen percentages (Figure 5). The sediment core in this section was characterized by high clay
percentages and fine grain size, indicating that the watershed remained relatively stable and less
erodible (Figure 6). Under such a scenario, the average sedimentation rates were 0.18 cm/yr before the
1960s (Figure 5).

The tree pollen percentages showed decreasing tendency, and the upland herb pollen percentages
increased, indicating that the lake and watershed were affected by human activities, especially
demographic and economic development after 1980 (Editorial Board of Hubei Province, 1989–2010).
Therefore, reclamation and deforestation accelerated surface soil erosion, subsequently increasing
sediment loading into the lake [48]. Under such a scenario, the sedimentation rates sharply increased
to 0.64 cm/yr after 1980 (Figure 5).

4.2. Sediment Cores as Archives of Historical Hydroclimatic Changes

Before 1967, Wanghu Lakes was hydrologically connected with the Yangtze River [47]. During
this period, the average sedimentation rates remained relatively low (Figure 5). Previous studies
found that the low sedimentation may be caused by frequent water exchange between the lakes and
Yangtze River [48] becausesome of the sediments of the lakes were flushedinto the River and led to low
sedimentation rates.

The sedimentation rates may also be caused by rain in the catchment [48–53]. Many researchers
have shown that low sedimentation rate and a finer mean grain size reflects decreased amounts of rain
in various settings [3–7,9]. However, in this case, the sedimentation rates and grain size did not change
with rain in the catchment (Figures 5 and 9) before 1967. We explained that the sedimentation rate and
grain size are mainly affected by sediments from the Yangtze River. Yi et al. (2006) found that flood
water particles that drained back into the lake connected to Yangtze River were mainly clay [8].

After 1967, a sluice gate was built at Fuchi, and as a consequence, river water from the upper and
middle reaches of the Yangtze River passed Wanghu Lake. The lake became a closed lake deposition
system with a more stable aquatic environment, as evidenced by the greater concentrations of aquatic
plants (Figure 5). The average sedimentation rates increased sharply to 0.41 cm/yr during 1967–1980
and 0.64 cm/yr (Figure 5) after the 1980s.

Since the lake was not affected by Yangtze River, sedimentation rates and grain size may be
caused by increasing precipitation (Figure 9) and intensive reclamation and deforestation in the
catchment [3–7,9,47]. In this study, a similar D50 and precipitation trend could be found in Wanghu
Lake after 1967 (Figure 9). Previous studies have shown that a coarser mean grain size reflects heavier
and increased amounts of rainfall in various settings [3–7,9]. The significant relationships between the
pollen and grain size after 1967 (Figure 7a,b and Figure 8a,b) indicated that sediment transfer to the
lake was also controlled by land cover change caused by human-induced deforestation and farming.

5. Conclusions

Multiple 210Pb-based dating models were tested to establish a chronological framework for lake
sediments in Wanghu Lake. Due to land reclamation, deforestation, and building of a sluice gate,
sedimentation rates increased after the 1960sand reached a peak after the 1980s.The physical properties
of lacustrine sediments are among the most convenient proxies for reconstructing past hydrological
conditions. However, discrepancies among hydrological inferences based on records from lacustrine
deposits can still occur since watershed hydrology and the related transfer of water and materials
to lakes are a result of many factors [54–58]. The results from Wanghu Lakes suggest that natural or



Water 2020, 12, 45 11 of 13

anthropogenic changes in vegetation cover and hydrological transitions within watersheds can alter
sediment processes, thereby confounding paleoclimatic inferences based on grain size.
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