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Abstract: The water-surface areas of the lakes in the mid-lower reaches of the Yangtze
River, China, have undergone significant changes under the combined impacts of global
climate change and local anthropogenic stress. As a typical lake in this region, the Honghu
Lake features water-surface area variations that are documented in this study based on
high-resolution remote sensing images from the 1990s to 2013. The impact of human
activities is analyzed by a novel method based on land use data. The relative impacts of
each driving force are further distinguished by the statistical analysis method. Results show
that the water-surface area has significant inter-annual and seasonal variabilities, and the
minimum of which generally occurs in spring. The degree to which climate factors and
land use structure affect the water-surface area varies between different stages. In the
April-May period, the sum of the water demands of paddies and aquaculture has
a negative effect thatis greater than the positive effect of the difference between the
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monthly precipitation and monthly evaporation. In the June—October period, the
precipitation features a positive impact that is greater than the negative effect of the water
demand of agriculture. Meanwhile, climate factors and human activities have no influence
on the lake area in the November—March period. With the land use being altered when
annual precipitations are close in value, paddy field areas decrease, ponds areas increase,
and the water demand of agriculture rises in both flood and drought years. These findings
provide scientific foundation for understanding the causes of water-surface area variations
and for effectively maintaining the stability of the Honghu Lake area through adjustments
in land use structure.

Keywords: water-surface area variations; climate change; human activities; land use
change; water balance; Honghu Lake

1. Introduction

Lakes are essential fresh water bodies, which are not only vital resource for human life and
productive activities, but also play an important role in the biogeochemical and hydrological cycles. The
water-surface area variations of lakes are regulated by water inputs (i.e., precipitation, surface inflow,
groundwater inputs) and water outputs (i.e., evaporation, surface outflow, groundwater outputs).
Moreover, the water inputs and outputs are affected by anthropogenic activities. Agriculture, industry
and other human activities mainly affect the water-surface areas of lakes via land use change [1,2]. Due
to climate change and anthropogenic activities, many inland lakes in China have undergone dramatic
changes in both number and area during the past 30 years. Two-hundred forty-three lakes have
disappeared and 60 lakes newly formed in this time period, respectively [3]. For example, the rapidly
rising temperature has accelerated glacier melt throughout almost the entire Tibetan Plateau, which
causes the rapid lake expansion in this region [4-8]. Moreover, the number of vanished lakes in the
middle and lower reaches of the Yangtze River accounts for 40% of total loss of lakes in China, which
is mainly attributed to human activities such as exploitation of fisheries, reclamation of land and
construction of water conservancy [9]. In particular, the construction and operation of the Three
Gorges Dam (TGD) exert large influence on downstream lakes, making it a hot issue in the middle and
lower reaches of the Yangtze River.

Honghu Lake, located in the mid-lower reaches of the Yangtze River, is the seventh largest
freshwater lake in China. As the largest lake among thousands of water bodies in the Jianghan Plain,
Honghu Lake plays an irreplaceable role in regional irrigation for agriculture, fisheries, and upstream
flood drainage [10]. The extreme climate events (i.e., flood and drought) are so frequent in the
mid-lower reaches of the Yangtze River that the water-surface area of Honghu Lake can change
greatly on both short and long time scales due to precipitation and temperature anomalies. Especially
since the 1950s, Honghu Lake has been separated from the Yangtze River by several sluice gates, and
hardly been modulated by upstream of Yangtze River [11]. From this point, Honghu Lake area has
decreased dramatically, which is mainly caused by excessive human activities mainly including
reclamation and aquaculture [12]. According to previous studies [13], the quantitative impacts of
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climate change and human activities on Honghu Lake area variations are controversial, which is also
the focus of this paper.

Previous studies have investigated water-surface area variations of Honghu Lake based on remote
sensing images, but they are subjected to low measurement frequency and resolution [13,14]. Besides,
there are many challenges to quantitatively estimate impacts of each driving force on lake area
variations, especially for human activities due to lack of comprehensive and reliable data. For example,
Liang et al. [13] only use fishery production data to analyze the influence of human activities on the
water-surface area variations of Honghu Lake. In this paper, the longer times series of high resolution
(30 m) Landsat and HJ-1 A/B images from 1990s to 2013 is used, which is more suitable to extract the
seasonal and inter-annual changes in water-surface area of Honghu Lake. In addition, the area of
dryland agriculture, paddies and aquiculture ponds, accounting for a major portion of land use data in
1990, 2000 and 2010, are used to analyze the impacts of human activities. The quantitative impacts of
climate change and human activities on Honghu Lake obtained in this study will provide helpful
reference for local water resource management, ecologic environment protection, and a better
understanding of climate change.

2. Study Region and Data Source
2.1. Study Region

Honghu Lake (Figure 1), located at the end of the Four Lake watershed of Jianghan Plain in the
middle reach of the Yangtze River (29°48' N, 113°17' E as its geographic center), is the seventh largest
freshwater lake in China across Honghu City and Jianli County of Hubei Province, with an average
depth of 2 m. The area is situated at the northern fringe of a temperate subtropical zone, with an annual
average precipitation and temperature in a range of 1000—-1300 mm and 15.9-16.6 °C respectively.
Honghu Lake is also the largest natural wetland on the Jianghan plain, which is surrounded by the
mainstream of the Yangtze River and the Dongjing River, a tributary of the Hanjiang River. Due to the
increasing human activities, the lake and wetland suffer a series of eco-environmental problems in recent
years, such as water-surface shrinking, wetland deterioration and water quality deteriorated [11,15]. In
order to prevent this degeneration, with the support of the State Forestry Administration (SFA), China,
World Wide Fund for Nature (WWF) and local government and sectors, the Honghu Lake wetland
protection and restoration demonstration project has been implemented since 2004.

2.2. Data Source

Landsat TM/ETM/OLI and HJ-1 A/B images were selected to extract water-surface area and land
use changes for their high spatial resolution (30 m). Landsat data collected from 1990s to 2013 and
HJ-1 A/B data collected from 2008 to 2013 were freely acquired from United States Geological Survey
(USGS) [16] and China Center for Resources Satellite Data and Application [17], respectively.
HJ-1A/B satellites are two small environment satellites equipped with the same CCD camera, which
were launched on 6 September 2008 by China [18]. The low revisiting cycles every 48 h provided by
the two satellites’ constellation has great advantages in monitoring water area and land use changes.
HJ-1 A/B have similar spectral range in the first four bands of Landsat TM/ETM+ image, but have
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much wider images reaching 700 km. The NIR-R-G “false-color” images were examined visually to
choose cloud-free data in this study. In addition, 135 cloud free scenes (including 97 Landsat and
38 HJ-1A/B scenes) were selected. To obtain the real reflectivity data from land surface, Landsat data
were processed by radiometric calibration and atmospheric correction processing, and HJ-1 A/B data
needed geometric correction based on Landsat5 TM, radiometric calibration and atmospheric correction.
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Figure 1. Location of Honghu Lake, Hubei Province, China.

The daily precipitation, average temperature, daylight hours, and wind speed data sets measured at
seven meteorological stations located around the Honghu Lake were provided by the Meteorological
Bureau in Hubei Province. In addition, the relative humidity data were downloaded from the China
Meteorological Data Sharing Service System [19].

3. Methods
3.1. Extraction of Water-Surface Area

Many studies show that the object-oriented classification is preferred over traditional pixel-based
classification method [20-24]. The object-oriented method fully utilizes the spectrum, spatial
information, texture and other characteristics provided by remote sensing images to carry out
classification. Therefore, object-oriented method is selected to extract water-surface area in this study.
In the process of extracting water-surface area, the steps followed are image multi-scale segmentation,
application of remote sensing indexes, setting of the indexes’ threshold and establishment of
classification rule sets based on eCognition8.64 software. The remote sensing indexes are used to
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delineate the water-surface area based on the difference of the absorption and reflection of light
between water and other features on different frequency bands. In this study, the normalized difference
water index (NDWI) [25], modification of normalized difference water index (MNDWI) [26],
normalized difference of RVI and NDWI (NDRW) [27] and NDVI-NDWI [28] are compared with
each other to determine the optimal water extraction index. The results indicate that the best index for
Landsat and HJ1A/B data is MNDWI and NDRW, respectively, which can be used to distinguish
water body and artificial construction land more accurately. It should be noted that water-surface area
of Honghu Lake in this study does not include the area of enclosures aquiculture. The MNDWI and
NDRW are calculated with the following equations:

M\]DVV] — (pGreen - pMR) (1)
(pGreen - pMIR)
NDRW:M,RW :pN_IR)NDWI: (pGreen _pNIR) (2)
RVI+NDWI Prea (Péreen —Pir)

where p;,...» P> Pres and P, are green band, near-infrared band, red band and middle-infrared
band reflectance, respectively.

3.2. Influence Factors of Water-Surface Area Variations

As a semi-closed lake, the water balance of Honghu Lake can be simply expressed as the difference
of water inputs and outputs [29]:

AW, =S, )P —EL)+0, —0O (3)

where AW, ,, is the lake water storage variations; S(h,,, ) refers to water-surface area, which is the
function of lake water level (h,,, ); P, and E,,, represents the direct precipitation and evaporation over
the lake, respectively. Q. and QO

out ?

respectively, means the water inputs and outputs of Honghu Lake.

3.2.1. Precipitation and Evaporation Estimate

For Honghu Lake, O, in Equation (3) is mainly determined by runoff, which is closely related to

surface precipitation within the catchment. Due to lack of hydrological stations, O, in this study is

simply evaluated by calculating the precipitation from the meteorological stations within the
catchment. Figure 1 illustrates the Honghu Lake catchment that is extracted using hydrological
analysis of ArcGIS software. In addition to three meteorological stations within the catchment, four
others adjacent to the catchment are also selected. Then the gridded precipitation data (0.05° x0.05°)
within the catchment is interpolated by Inverse Distance Weighting (IDW) method [30]:

Psy)=2 M P(s) (4)
RS
di
M= (5)
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where N is the number of measured sample points; P(s;) are the observed values at sampled
locations s, . P(s,) are the unknown values in location s,. A are the weights assigned to each
measured point, and d,, is the distance between s, and s,. According to Equation (4), the measured

values closest to the prediction location have more influence on the predicted value than those
farther away.

Evaporation is an important component of lake water balance, but estimation of this flux over
Honghu Lake is challenging due to lack of direct measurements over the lake surface. In this study,
meteorological elements (including temperature, sun hour, relative humidity and wind speed)
measured at Honghu meteorological station are used to calculate evaporation of Honghu Lake base on
simplified version for the Penman equation [31]:

E,,, =0.051(1—0)R \T+9.5

R RH
—0.188(T+13)(—==-0.194)[1-0.00014(0.7T,, +0.37,, +46 2,/— +
( )(R )[ ( Max Min ) 100] (6)

A

0.049(T,,, +16.3)(1 —%)(0.54 U)

where « is solar radiation reflection coefficient of water-surface, which equals 0.08 for open water
surface; R is solar radiation and extraterrestrial radiation, respectively, which are expressed in
MJ/m*/d; T is average temperature, 7,

e and 7, 1s the maximum temperature and the minimum

temperature, respectively; RH is relative humidity; U is wind speed at 2 m height.

3.2.2. Land Use Change

The field survey data shows that Q

. 1n Equation (3) is mainly affected by human activities
(agriculture, industry, and domestic), of which agricultural water demand account for 80% [32].
Hence, the water consumption for agriculture calculated from land use data is selected as the key
driving force factor to analyze the impacts of human activities on Honghu Lake. Combined with the
object-oriented classification method and field investigation, the land use data covering Honghu city
and Jianli County is obtained by interpreting remote sensing images (HJ-1A/B) in spring (17 March),
summer (3 August) and winter (2 January) of 2010. In the process of interpretation, a series of steps
including the image segmentation, remote sensing indexes selection for different land use,
threshold setting and classification tree and rule sets establishment are implemented based on
eCognition8.64. Based on the land use data of 2010, the land use dynamic changes between 2000 and
2010 are extracted combined with object-oriented classification method and change vector analysis

(CVA) [33,34]:

CvA=/(®b,~b, ) +(b,,~b,,) +..+(b,~b,,)’ %

where b, and b, is i band reflectance at time ¢ and ¢,. After these land use dynamic changes are
interpreted and assigned the attributes visually, the land use classification data of 2000 is obtained.
Similarly, land use classification data of 1990 is obtained with above method.
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4. Results and Discussion

4.1. Variation Characteristics of Honghu Lake

The monthly maximum (blue plus cyan) and minimum (blue) water-surface areas and their
distributions from the 1990s to 2013 are shown in Figure 2, while the occurrence years and
maximum/minimum ratios are given in Table 1. Both the monthly maximum and minimum
water-surface areas indicate seasonal variations. The monthly maximum areas range from 293.75 km?
to 303.26 km?, with small fluctuations occurring between November and March, and exceed 280 km?
in other months. Compared with the maximum areas, the minimum areas in all months have a larger
fluctuation range between 140.20 and 258.65 km?. Hence, the maximum/minimum ratios mainly
depend on the minimum areas. The monthly minimum area in April-May is approximately 100 km?
less than that in November—March, thus indicating the possible occurrence of spring drought in this area.
The monthly maximum and minimum areas appear in different years, and the maximum/minimum ratios
range from 1.14 (January) to 2.00 (April), thus suggesting significant inter-annual variability across all
calendar months. Moreover, two-thirds (8/12) of the months observed with the maximum areas mainly
occurred in 1996, 2003 and 2010. According to hydrological records, widespread flooding events
occurred in the Yangtze River basin during these years [35]. In particular, the most serious flooding in
the last 60 years occurred in the summer of 2010 and caused significant losses for thousands of local
residents [36]. Meanwhile, the majority of the months observed with minimum areas occurred in 2001
and 2011, during which some degree of drought might have occurred. From the late spring to the early
summer of 2011, regions of the middle and lower reaches of the Yangtze River in China suffered the
most serious drought [37]. The total precipitation from January to May 2011 was 51.6% lower than the
average rainfall between 1951 and 2011 over the same period [38].

Figure 2. Monthly minimum and maximum area distributions of the Honghu Lake from
the 1990s to 2013.
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Table 1. Inter-Annual variability of area of the Honghu Lake (km?) by month from the
1990s to 2013.

Month Area/Year January February March  April May June July  August September October November December

Area 293.75 298.53 29890 280.99 29597 28337 29489 28247 30326 29423 29512  296.06

Maximum
Year 2004 2000 2005 2010 2003 2000 2003 2010 1996 2010 2003 1996
o Area 258.65 218.839 230.04 140.20 15349 23243 243.04 23727 208.69 198.02 23625  242.07
Minimum Year 2013 1989 2006 2011 2011 2010 2012 2012 2001 2001 2001 2001
Max/Min ratio 1.14 1.36 1.30 2.00 1.93 1.22 1.21 1.19 1.45 1.49 1.25 1.22

Table 2 and Figure 3 present the annual maximum (blue plus cyan) and minimum (blue)
water-surface areas from the 1990s to 2013. Intra-annual variations are presented in each panel, along
with the inter-annual variability among the panels. For all years, the majority of the water areas were
connected when the annual maximum area was observed. In contrast, when the annual minimum
occurred, the lake was divided irregularly, even exposing the lakebed. In addition, the spatial
distributions of the annual maximum area generally changed around the edges of the lakes beginning
in the 1990s, but the distributions of the annual minimum area changed irregularly after 2000. The
results of the annual analysis are similar to those of the monthly analysis, i.e., pronounced seasonality
and inter-annual variability occurred. The annual maximum and minimum area varied widely between
different years and occurred in different months. The annual maximum areas were greater than
290 km? from the 1990s to 2006, except in 2001, and were less than 285 km? from 2006 to 2013,
except in 2010. These values suggest a decrease in the maximum area. The annual minimum areas
fluctuated in a wider range compared with the maximum areas, i.e., between 140.2 and 277.4 km? from
the 1990s to 2013. Therefore, the annual maximum/minimum ratios mainly depend on annual
minimum areas. In the present work, the annual maximum/minimum ratios range from 1.07 to 1.93.
Evidently, the smallest minimum area among those recorded occurred in 2011, during which the
corresponding annual maximum/minimum ratio reached 1.93. Additionally, more than half (12/15) of
the annual maximum area occurred in the winter months (November to March). In contrast, the
majority of the minimum areas (9/15) occurred in the spring season (between April and May), proving
yet again that spring drought is frequent in the Honghu watershed.

Table 2. Intra-Annual variability of area of the Honghu Lake (km?) from the 1990s to 2013.

Year  Area/Year 1990’s 2000 2001 2002 2003 2004 2005 2006
) Area 303.3 298.5 284.6 290.0 296.0 293.8 298.9 266.1
Maximum
Month  September February January December May January March January
. Area 218.9 261.1 198.0 243.7 2774 2173 229.6 200.1
Minimum . . .
Month ~ February = August October March  April  April May April
Max/Min ratio 1.39 1.14 1.44 1.19 1.07 1.35 1.30 1.33
Year  Area/Year 2007 2008 2009 2010 2011 2012 2013  1990s-2013
) Area 267.7 277.6 284.7 294.2 2704 278.8 278.2 303.3
Maximum
Month January November March October January March December
. Area 2333 220.9 2414 217.0 1402 1977 210.7 140.2
Minimum . . .
Month May October October  May April  April April

Max/Min ratio 1.15 1.26 1.18 1.36 1.93 1.41 1.32 2.16
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Figure 3. Minimum and maximum area distributions of Honghu Lake each year from
1990s to 2013

The time series of the water-surface area of the lake between the 1990s and 2013 is presented in
Figure 4. To study the change trend of the lake’s water-surface area, we perform a linear least- square
regression fit between the areas and time. A decreasing trend with significance level of >95% is
detected. The water-surface area fluctuated widely from 140.2 km? to 303.26 km? in the observed
period, making a decrease rate of 0.1647 km?-year . The annual mean areas between the 1990s and
2013 are further calculated. The results indicate decrease rates of 1.5632 km?-year ! beginning in the
1990s and 1.813 km?-year ! beginning in 2000. We can deduce from these results that the water-surface
area in the Honghu Lake is decreasing, especially after 2000.
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Figure 4. Curve of water-surface area variations of the Honghu Lake from the 1990s to 2013.
4.2. Influence Factors
4.2.1. Climate Factors

According to water balance equations, the water-surface area variations of the Honghu Lake are
closely related to climate factors, including precipitation within its basin and evaporation over its surface.
To investigate the process by which these climate factors influence the lake’s water-surface area, we
examine the relationship between the water-surface area and the monthly precipitation (P) and monthly
evaporation (E), as well as the difference in the monthly precipitation and monthly evaporation (P-E), in
the period between the 1990s and 2013. Considering the months in which the annual maximum and
minimum areas occurred, we divided a whole year into three periods: April-May, June—October and
November-March. To obtain improved analytical results, we calculate the monthly precipitation by
summing up the daily precipitations for a month before the dates of the remote sensing images.

As shown in Figure 5a, the water-surface areas and their corresponding monthly precipitations
present have similar fluctuation patterns in the April-May period, thus indicating their statistically
significant, correlation with a correlation coefficient (R) of 0.677 (p < 0.01). This correlation suggests
that the water-surface area variations are partly driven by the local precipitation during this period.
Meanwhile, not all water-surface area variations are related to monthly evaporation (curve
abbreviated). The difference between the monthly precipitation and evaporation and the water-surface
area also shows similar fluctuation patterns in this period and statistically significant correlations
(p < 0.01). With the correlation coefficient (R) of 0.743, the two factors show strong relativity that
suggests the significant contribution of the comprehensive effect of precipitation and evaporation to
the water-surface area variations in the April-May period.
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Figure 5. Relationship between water area and climate factors in the (a) April-May and
(b) June—October periods.

Similar to the foregoing analysis, a correlation analysis is performed for the June—October period, in
which the water-surface areas and their corresponding monthly precipitations indicate somewhat
similar fluctuation patterns, especially given their relatively poor correlation (Figure 5b) with a
correlation coefficient (R) of 0.384 (p < 0.05). This correlation suggests that local precipitation has
minimal influence on the water-surface area variations during this period. Meanwhile, not all of the
water-surface area variations are related to monthly evaporation (curve abbreviated). The water-surface
area and the difference between monthly precipitation and evaporation in this period present similar
fluctuation patterns with a statistically significant correlation (p < 0.05). With the coefficient of 0.329,
the two factors demonstrate a weak correlation that suggests the significant contribution of monthly
precipitation to the water-surface area variations during this period.

The curve shows that the water-surface areas in specific months, such as in April 2009 and April
2013, do not perfectly coincide with the corresponding monthly precipitations and the differences in
the monthly precipitation and evaporation. The water-surface area has an accumulated effect; thus, a
lag may exist between the two climate factors in the April-May period. The same effect can be
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observed in the June—October period. When the climate factors demonstrate a slight change, the
water-surface area is almost unaffected. In the April-May period, the minimum area occurred in April
2011, but the monthly precipitation and difference in the monthly precipitation and evaporation in that
month were not at the minimum, thus demonstrating that the water-surface area during this period was
simultaneously affected by other factors. In the June—October period, the minimum area occurred in
October 2001, and the monthly precipitation and the difference in the monthly precipitation and
evaporation in that month were at the lowest as well, thus suggesting that other factors had little
influence on the water-surface area during this period.

For the November—March period, the water-surface area and the aforementioned climate factors
(curve abbreviated) indicate no significant correlation. Although this phase has little precipitation, the
precipitation accumulated from the June—October period may maintain the stability of the
water-surface area. Meanwhile, it is known that the water demand for agriculture in this area is
non-existent during this period. In contrast, the aquaculture, consuming most water in this area,
improves the bottom substrate and the elimination of toxic materials through several means, such as
draining water, freezing and desiccating the bottom of fishponds in the winter and early spring [39]. It
is very important to the success of aquaculture production.

4.2.2. Human Activities

In the present study, human activities are characterized by land use change. Land use data show that
the main types of agricultural land in the area under study are dryland, paddy and pond, by 2010,
which accounted for 30.31%, 28.95% and 22.39% of the total land area, respectively. Therefore, the
outflow of the Honghu Lake is calculated by using the following simplified formula.

0. =AW —-P)+A4,(w,—P)+ A, (w,—P) (8)

where w,, w, and w, are the water consumption for drought crops, paddy rice and aquaculture,

respectively; and 4,, 4, and A4, are the areas of drought crops, paddy rice, and aquaculture,

respectively. Field investigation carried out by the task team indicates that two kinds of drought crops,
namely, corn and cotton, are mainly grown in this area. The water consumption of corn is 401.2 mm
throughout the growing season, and its daily water consumptions are 2.61, 6.29, 5.36 and 4.66 mm at
the seedling, jointing, heading and filling stages, respectively [40]. The water consumption of cotton is
473.4 mm throughout the growing season, and its daily water consumptions are 1.54, 3.79, 4.55 and
1.18 mm at the seedling, bud, flowering and boll-opening stages, respectively [41]. Double-cropping
rice is normally transplanted into the fields from the end of April to early May. The water consumption
for soaking this crop is 129 mm before transplanting. After transplanting, the total water consumption
is approximately 652.6 mm, 150 mm of which is for growth in the first 30 days. After the growing
stage, the daily water consumptions are 4.1, 4.2, 6.5, 5.8, 5.1 and 2.9 mm at the greenup, tillering,
booting, heading, milk-ripe and maturity stages, respectively [42]. Ponds are injected with 500 mm of
water to raise water levels before stocking with fish for aquaculture. The daily water consumption for
evaporation and infiltration in aquaculture ranges from 5 to 7 mm [43]. Thus, aquaculture consumes
greater amounts of water than rice, and the water requirements of rice are much larger than those of
drought crops. In the calculation process, we assume that all drought crops in the area are cotton.
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From 1990 to 2010, the paddy areas in Honghu city and Jianli county significantly decreased by
339.29 km? accounting for 6.02% of the two counties’ area, whereas the pond area significantly
increased by 369.76 km? accounting for 6.56%. Considering the period covered by the land use data
over three phases, we select the representative wet and dry years, as shown Figure 6. Using
Equation (8), we then calculate the water requirement for agricultural irrigation and aquaculture in
Honghu City and Jianli County during these years. The annual precipitations in the wet and dry years
range from 1335.9 to 1523.5 and 940.6 to 1096.1 mm, respectively. Figure 6 illustrates the water
demand for the three types of land use in the April-May and June—October periods. Significant
characteristics of water demand for agriculture can be observed; under similar agricultural structures,
the water demand for agriculture in the dry years is much higher than that in the wet years. In the case
of close annual precipitations, the land use structure is altered, including a decrease in paddy areas and
an increase in pond areas, as the water demands for aquaculture and agricultural irrigation increase and
that for rice decreases. This tendency is especially apparent in the dry years.
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Figure 6. Water demands for three types of land use in the (a) April-May and
(b) June-October periods of representative wet and dry years.
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Figure 6a shows the water demands in spring (April-May period) for the three different land use
types; here, the water demand for dryland is indicated as non-existent. The paddy area in 2010 was
smaller than that in 1998 for the wet years, but the water demand for paddy during the former period
was high. This result can be explained by the water consumptions for paddy rice soaking before
transplanting and for growth in the stage after transplanting being approximately 129 and 105 mm,
respectively. The precipitation during these phases in 2010 was 48.5 mm, which is not enough to meet
the water consumption for rice growth. Meanwhile, in 1998, the precipitation during the aforementioned
phases reached 135.4 mm, which was enough to meet the consumption for rice growth. In dry years,
the water demand of paddy tends to increase with the decrease in paddy areas. Similarly, this condition
is due the precipitation in 2001, which was only 44.3 mm during the phase after rice transplanting.
Given that this region has been suffering from serious drought since 1951, the precipitation was only
21.32 and 63.59 mm from the late spring to the early summer of 2011 [37], thus causing the water
demand for paddy to amount to 2.4 x 10% m?. In April-May period, ponds have the greatest water
consumption among all the land use types; thus, the water demands of aquaculture increase
significantly with the increment of pond proportions in the wet and dry years.

As shown in Figure 6b, the water demands of drought crops are close in the June—October period of
the wet years. However, the water demand of paddy during the same period increases slightly with the
decrease in the paddy area proportions. This increase is mainly caused by the minimal precipitation
during the greenup stage. In the greenup stage in 1998, the water consumption for rice growth was
63.7 mm, but the precipitation was only 18.55 mm; hence, the water demand for the paddy was
2.64 x 108 m?. It is the same on the reason of the greater water demand for paddy in 2010. In 1998, the
water demand for aquaculture reached 3.9 x 10® m® because the minimal precipitation of 24.54 mm in
September could not meet the required daily water consumptions for evaporation and infiltration. In
dry years, the dryland area increased by 20.51 km? from 1990 to 2010, but the water demand for
drought crops displayed a tendency to decrease. This finding mainly results from the lack of
precipitation during the boll period in 1992. Meanwhile, in the dry years, the water demand of paddy
tends to decrease with the decrease in paddy areas, and the water demand for aquaculture increases
with the increment of pond proportions.

In recent years, farmers have substituted cotton with corn because of the reduced economic benefits
of the former. In addition, some measures, including paddy rotation to dry land and conduit hardening,
have been performed to control the spread of snails [44,45]. Thus, the water demands for farmland
have decreased. Further analysis of transfer matrix of land use showed that 80.86 percent of pond was
converted from farmland and 18.67 percent of pond was converted from lake. If precipitation was
enough to meet the consumption of agriculture at different stages, more water in Honghu Lake was
diverted to farmland and pond through canals. Thus, water level would decrease and lake area shrinks.
The pond area was 884.30 km? in 1990 and increased sharply to 1254.06 km? in 2010. Correspondingly,
the water demand of aquaculture in 2011 was 2.29 times that in 1992 for dry years and in 2010 and
1.55 times that in 1989 for wet years. Evidently, the increase in pond area heightens the water demand
of agriculture, which leads to quick reduction of the water-surface area.
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4.2.3. Comparison of the Effects of Climate Factor and Human Activities on Water-Surface Area

In comparing the effects of climate factors and human activities on the water-surface area of the
Honghu Lake, multiple linear regression models are developed, one for the April-May period and one
for the June—October period. Before modeling, these effect factors are standardized using Z-score
transforms based on the IBM SPSS Statistics 20. The results of the regression analysis are shown in
Table 3.

Y=aP+b(P-E)+cR, +dR, +eR, 9)
where Y is the water-surface area, P is the monthly precipitation, P— E is the difference between the

monthly precipitation and monthly evaporation, R, is the water demand of drought crops, R, is the

water demand of paddy rice and R, is the water demand of aquaculture.

Table 3. Regression analysis results from April to October.

Period Multiple Linear Regression Model R?
April-May Y =0219(P-E)-0.520( R, + R 0.684
June Y=0716P-1.174R, + 0.564R, +1.431R, 0.643
July Y =0.603P+0.386R, —0.491R, - 0.01R, 0.606
August Y =0.405P+0.525R, — 0.587R, — 0.130R, 0.518
September Y =0.365P—0.540R, — 0.036R, + 0.296R, 0.513
October Y =0.638P+0.104R, + 0.584R, 0.234

Accordingly, these regression models have statistical significance (p < 0.05) that suggests the
capability of the models to indicate the degree of influence of each factor on the water-surface area in
different periods. As expected, the fitness of the equations in the April-May periods is higher than that
in the June—October periods. Comparing the influence coefficient of each factor, we can observe the
impact of climate factors and human activities on the water-surface area variations. In the April-May
period, the sum of the water demand of paddy rice and that of aquaculture has a negative effect on the
water-surface area; the effect of the sum of these factors is greater than the positive effect of the
difference between the monthly precipitation and monthly evaporation. However, the precipitation
from June to October has positive impacts on the water-surface area of the lake; such impacts exceed
the negative effects of the water demand of agriculture, except in August and September. In August,
the negative effects of the water demand of paddy areas outweigh the positive influence of
precipitation. Meanwhile, in September, the negative influence of the water demand of dryland
outweighs the positive influence of precipitation. Moreover, the water demand of the same land use
type has different degrees of impact in each month depending on the water consumption during the
different growth stages. Therefore, the water-surface area during June—October period is larger than
that in the April-May period but does not indicate a pronounced tendency to increase with the increase

in precipitation.
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5. Conclusions

In this study, using time-series and high-resolution remote sensing images, we extracted the
water-surface area in the Honghu Lake of China from the 1990s to 2013, documented its intra-and
inter annual change characteristics, and analyzed quantitatively the influence of climate factors and
human activities induced by land use change based on water balance and statistical analysis method.
The relative effects of climate factors and human activities were also compared. Results show the
water-surface area of the Honghu Lake presents significant inter-annual and seasonal variability and
tends to decrease generally since the 1990s. Meanwhile, spring drought may occur in this area. The
degree to which climate factors and land use structure affect the water-surface area varies between
different stages. In the April-May period, the comprehensive effect of precipitation and evaporation
has positive contribution to the water-surface area. The sum of the water demands of paddies and
aquaculture has a negative effect, and such effect is greater than the former. In the June—October
period, the precipitation features a positive impact that is greater than the negative influence of the
water demand of agriculture, except in August and September. Meanwhile, climate factors and human
activities have no influence on the lake area in the November—March period. Evidently, the increase in
pond area heightens the water demand of agriculture, which leads to quick reduction of the
water-surface area.

The long—term and high-resolution data record of monthly water-surface area can serve as base
data to explore other studies such as quantifying and reflecting the flood/drought condition in
Honghu Lake in future. The outcomes may provide scientific foundation for understanding the causes
of water-surface area variations and keeping effectively Honghu area stable by changing regional land
use practices. Certainly, deficiencies exist in the present study. For instance, lag effects observed
between climate factors and water-surface area changes in individual years should be further analyzed
via mathematical methods in ongoing research. However, the results of a quantitative analysis are
more persuasive than the aforementioned qualitative studies.
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