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Abstract. Land use changes alter the hydrological characteristics of the land surface, and have significant im-
pacts on hydrological cycle and water balance, the analysis of complex effects on natural systems has become
one of the main concerns. In this study, we generated the land use conversion matrixes using ArcGIS and se-
lected several landscape indexes (contagion index, CONTAG, Shannon’s diversity index, SHDI, etc.) to evaluate
the impact of land use/cover changes on hydrological process in the upper reaches of Minjiang River. We also
used a statistical regression model which was established based on hydrology and precipitation data during the
period of 1959-2008 to simulate the impacts of different land use conditions on rainfall and runoff in differ-
ent periods. Our results showed that the simulated annual mean flow from 1985 to 1995 and 1995 to 2008 are
9.19 and 1.04 m3 s~! lower than the measured values, respectively, which implied that the ecological protection
measures should be strengthened in the study area. Our study could provide a scientific basis for water resource
management and proper land use planning of upper reaches of Minjiang River.

1 Introduction

With the continuous development of human society, the land
use pattern has significantly changed from the basin scale
to the global scale, and influenced the biological energy and
water cycle processes on earth’s surface (Kalnay and Cai,
2003; Lambin et al., 2002). This has been one of most pop-
ular scientific issues in this century, which focused on the
potential impacts of land use changes on regional resources,
environment and sustainable development (Potter, 1991). At
the basin scale, the impacts of climate and land use changes
on hydrological process would directly induce the changes in
water resource supply and demand, and further significantly
impact the local ecology, environment and economic devel-
opment (Wang et al., 2005). Therefore, it is important to have
a better understanding about the land use changes and their
influence on regional water cycle. However, the impacts of
human activities in different time periods and the different
geographical features reflected the large inconsistency in re-
sponse of land use pattern to hydrological process. Thus, a

large number of case studies in typical areas are needed to
explore the general application theory (Huang and Zhang,
2004).

2 The Study Area

As one of main tributaries at upper reach of the Yangtze
River, Minjiang River originates from the border of Sichuan
and Gansu Provinces on northern foot of Minshan Moun-
tain (Fig. 1). Within the 31-33° N and 102-104° E, its up-
per reaches are located in the transition zone between hilly
Sichuan Basin and Northwest Sichuan Plateau and under the
administrative jurisdiction of Wenchuan, Maoxian, Heishui
and Songpan Counties in Sichuan Province. The basin area
is 22950 km?, with the total river length being 340 km and
average slope being 8.85 %o. The mean annual discharge and
the annual mean flow are 462m3s~! and 14.57 billion m?,
respectively. As upper reaches of Minjiang River are of com-
plicated geological structure, the overall terrain descends
from the northwest to the southeast. There are great differ-
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Figure 1. Location of study area and hydrometeorological stations.

ences between proportions of high and low mountains in this
area, with average height difference being over 1000 m. For
a long time, this area is relatively economically underdevel-
oped due to great differences in production and life styles
of multiple peoples, which also results in diversity of agri-
cultural land use. These provide goods disturbance gradient
conditions for study on this land use impacts.

3 Data

3.1 Land use data

Satellite-based image data in 1985, 1995, 2005 and 2014 are
used in this study, with the support of EDARS IMAGINE
and ArcGIS software. In this study, land use is divided into
6 types, i.e. arable land, forest land, grass land, water area,
land for urban and rural residents and unused land, and sub-
divided into 20 types, i.e. paddy field, dry land, forest land,
shrub, open forest land, other forest land, high coverage grass
land, moderate coverage grass land, low coverage grass land,
canal, lake, permanent glaciers and snowfield, urban land,
rural residential land and swamp.

3.2 Water and weather data

The monthly precipitation used in this study was observed
by the China Meteorological Administration at Dujiangyan
station during 1959-2010, while the monthly runoff data of
Yuzui hydrological station in Dujiangyan from 1959 to 2008
were derived from the Survey Bureau of The Hydrology and
Water Resources.
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3.3 Analysis on land use pattern changes

The land use changes in the last two decades was analyzed
based on the image data in 1985, 1995, 2005 and 2014.
Firstly, The conversion matrix of land use change that estab-
lished by superimposing the land use image during two dif-
ferent periods was employed to analyze the land use changes
(Liu and Zhu, 2010). Then, 7 indexes were selected based
on the theory of landscape ecology (Ravan and Roy, 1997;
Liu et al., 2005; Xiao and Bu, 1997; Bu et al., 2005) to an-
alyze spatial pattern of land use for upper reaches of Min-
jiang River, including Patch Density (PD), Edge density
(ED), Landscape Shape Index (LSI), Mean Fractal Dimen-
sion (FRAC_MN), Contagion Index (CONTAG), Landscape
Diversity Index (DIVISION) and Shannon’s Diversity Index
(SHDI). The detailed physical meaning and calculation of
each index could be seen in Bu et al. (2005) and Liu et
al. (2005).

3.4 Response of land use changes to hydrological
process

There are many studies (Zhou et al., 2015; Bewket and Sterk,
2005; Hao and Su, 2015) about the impacts of land use pat-
tern changes on hydrological process, which are mostly sta-
tistical analysis for hydrological data and distributed hydro-
logical model simulation analysis based on soil physical and
hydrological data. However, it is difficult to collect the data
(such as soil physical data) that are necessary for hydrolog-
ical model establishment. Meanwhile, it is hard to identify
the relevant parameters affecting rainfall and runoff process
due to different types of vegetation cover (Napoli et al., 2017;
Biitof et al., 2015). So while the model analysis with higher
simulation precision and physical mechanism, but it is diffi-
cult to be suitable in practice, especially in Information defi-
ciency areas. In this study, the statistical regression model is
established based on rainfall and runoff data of Dujiangyan
Station during 1959-2008 to simulate the impacts different
land use conditions on runoff under same precipitation con-
dition.

4 Results

4.1 Characteristics of dynamic changes of land use

The result from land use data in 1985 and 2014 showed that
during the period of 1985-2014, the land was mainly used as
grass land and forest land (accounting for over 96 % of total
catchment area) at upper reaches of Minjiang River, and then
followed by arable land, and others were water area, land for
urban and rural residents and unused land (Table 1). In recent
20 years, the grass land area was decreased sharply with the
average speed of 351.29 km? during 1985-2014, while the
others land areas were increased. The areas of water area and
arable land accounted for 2.56 and 3.38 % of total catchment
area in 1985 and 2014, respectively. The areas of arable land
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Table 1. Land use conversion matrix from 1985 to 2014.

245

2014 Total (%) Decrement (%)
Arable forest Grass Water Land forurban &  Used
land land land area rural residents land
1985  Arable land 56.80 20.83 18.08 2.79 1.41 0.08 2.39 1.03
Forest land 1.50 82.48 15.23 0.49 0.15 0.15 46.88 8.21
Grass land 1.45 16.34 81.74 0.29 0.11 0.07 50.47 9.21
Water area 0.45 3.57 15.07 80.82 0.01 0.08 0.17 0.03
Land for urban & rural residents 16.82 13.43 10.00 16.22 43.53 0.00 0.04 0.02
Used land 0.00 22.34 31.50 0.84 0.00 45.32 0.04 0.02
Total (%) 2.80 47.43 48.87 0.58 0.18 0.13 100
Decrement (%) 1.44 8.77 7.62 0.45 0.16 0.11 1.44
Added area (km?) 89.92 121.21 —-351.29 91.17 30.21 18.79 89.92

and water area were increased by 89.91 and 91.16 km2, re-
spectively, and their total increment exceeded the increment
of forest land in this period. The increased arable land was
mainly forest land and grass land, with large ratio for con-
version between forest land and grass land. With social de-
velopment of society, land for urban and rural residents was
increased gradually.

The Table 2 showed the conversion matrixes for typical
land use types at upper reaches of Minjiang River at differ-
ent time periods. During the period of 1985-1995, the con-
verted land area accounted for 19.04 % of the total land use
area, mainly involving conversion between high and moder-
ate coverage grass land. Some shrub areas were converted
to moderate coverage grass land, and the moderate coverage
grass land was mainly converted to high coverage grass land,
which accounted for 5.46 % of the total area. During the pe-
riod of 1995-2005, the land use conversion area was 35.5 %,
still dominated by the conversion between high and moder-
ate coverage grass land. The high coverage grass land was
converted to low coverage grass land, with a ratio of 5.09 %
and the shrub area was converted to moderate coverage grass
land at the same time. However, the land use conversion area
was only 1.16 % during the period of 2005-2014, mainly in-
volving conversion from shrub to other land use types, i.e.
forest land (0.31 %), low coverage grass land (0.04 %) and
dry land (0.04 %).

4.2 Changes in land use pattern at landscape level

The land use pattern at landscape level in the upper reaches
of Minjiang River was shown in Table 3. The landscape den-
sity (PD, ED) at the whole basin was characterized by de-
creasing at first and then increasing. The landscape density
and the number of patches reached the maximum in 2014.
The landscape shape index (LSI) and mean fractal dimen-
sion (FRAC_MN) could reflect the type and shape of land-
scape and the complexity of boundary. The increasing LSI
and FRAC_MN during 1985-1995 indicated that during the
land development period, there was a lack of effective plan-
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ning, and the large-scale tree cutting and grazing would in-
duce continuous deterioration of natural vegetation and frag-
mentation of land type. However, the increasing trends of LSI
and FRAC_MN during 1995-2014 might be highly related
to local grain for green policy implemented in later 1990s.
The CONTAG reflects the cluster degree of different patch
type in landscape. A higher value indicates better connec-
tivity of patches dominated by few large patches or of same
type in the landscape. With space information included, the
CONTAG is the most important index to describe landscape
pattern. The high CONTAG in the study indicated the good
connection the dominant patch types of forest land and grass
land, while the gradually decreasing trend implied the grow-
ing interference effect of human activities, and large patches
dominated by forest land and grass land were disturbed in
social development, causing the connectivity decreased. The
DIVISION refers to separation degree of different patch indi-
viduals distributed in some landscape. The entire study area
had a distinct nature gradient and limited changes in DIVI-
SION. The SHDI can reflect the landscape heterogeneity, and
was especially sensitive to unbalanced distribution of various
patches types in the landscape, which emphasized the contri-
bution of rare patch types. The SHDI in the study area was
relatively large and showed land-use types are increasingly
enriched during 1985-1995, but it was followed closely by
decreasing.

In conclusion, changes in land use of upper reaches of
Minjiang River were mainly characterized by the exchange
of land use types between natural forest land and grass land
since 1985. The policy of grain for green promoted the in-
crease in arable land area, but these change in arable land
were less obvious compared to the changes in forest and
grass land. The social development in the early 20th century
protected the ecological environment, but also expanded the
influence of human activities.
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Table 2. Conversion matrixes for typical land use types from 1985 to 2014 (%).

Dry Forest Shrub Open forest Highcoverage Moderate coverage Low coverage Urban  Rural residential
land land land grass land grass land grass land land land
1985-1995  Dry land 71.37 311 1234 1.53 2.09 8.56 0.59 0.03 0.14
Forest land 0.25 88.25 5.24 0.28 1.23 4.58 0.17 0.00 0.00
Shrub 1.01 3.10 8593 0.25 1.29 7.98 0.41 0.00 0.01
Open forest land 1.46 1.75 3.10 85.27 1.88 5.89 0.57 0.00 0.01
High coverage grass land 1.52 3.41 5.60 0.33 51.09 37.96 0.08 0.00 0.01
Moderate coverage grass land 0.34 223 3.88 0.35 13.10 79.58 0.42 0.00 0.01
Low coverage grass land 0.71 1.83 4.22 0.41 6.12 0.63 86.05 0.00 0.03
Urban land 7.57 0.72 6.25 1.49 3.47 0.00 3.87 0.00 0.00
Rural residential land 11.93 2.50 9.05 0.79 3.24 1.35 8.53 0.98 0.13
1995-2005  Dry land 58.65 445  10.76 3.15 7.34 9.65 1.57 0.11 0.70
Forest land 0.59 7427 9.94 2.51 5.34 6.34 0.47 0.00 0.01
Shrub 223 10.86  64.29 432 8.09 8.09 1.19 0.01 0.04
Open forest land 2.53 9.89 9.22 61.93 7.96 7.05 0.30 0.03 0.19
High coverage grass land 1.69 7.32 9.14 3.36 23.64 52.22 1.79 0.00 0.05
Moderate coverage grass land 1.42 4.81 7.97 2.19 11.40 70.84 0.89 0.01 0.02
Low coverage grass land 1.10 3.86 14.23 4.54 4.25 19.92 50.11 0.14 1.19
Urban land 25.55 0.01 2.20 2.11 0.60 4.36 0.00 52.07 0.00
Rural residential land 22.12 3.66 9.25 0.67 4.03 13.00 3.29 2.18 23.79
2005-2014  Dry land 95.48 0.09 1.06 0.32 1.09 0.19 0.02 0.03 0.44
Forest land 0.03  99.45 0.08 0.12 0.06 0.05 0.06 0.00 0.01
Shrub 0.16 139  97.83 0.07 0.06 0.15 0.17 0.00 0.03
Open forest land 0.07 0.15 0.09 98.89 0.03 0.03 0.54 0.00 0.01
High coverage grass land 0.16 0.15 0.23 0.21 99.07 0.09 0.03 0.00 0.01
Moderate coverage grass land 0.05 0.06 0.07 0.07 0.07 99.56 0.01 0.00 0.01
Low coverage grass land 0.49 0.06 0.37 0.54 0.79 0.17 97.49 0.00 0.02
Urban land 1.98 0.00 0.00 0.00 0.00 0.00 0.00 97.10 0.92
Rural residential land 10.44 0.25 1.99 0.00 0.00 0.04 0.09 0.00 80.50
Table 3. Landscape indexes of land use from 1985 to 2014.
Year PD ED LSI FRAC_MN CONTAG DIVISION SHDI
1985 0.1474 14.6405 68.2270 1.0941 68.6634 0.9496  1.6549
1995 0.1432  14.6823 68.4190 1.0948  67.3052 0.9465 1.6821
2005 0.4018 24.5776  93.2695 1.0898 63.2793 0.9470 1.6380
2014 0.4749 253151 96.0111 1.0838 62.8380 0.9487  1.6491

4.3 Hydrological response to land use changes

The hydrological and meteorological data in Dujiangyan Sta-
tion were used in this study to analyze annual trend of pre-
cipitation and runoff during 1959-2008. The results were
shown in Fig. 2. The precipitation was overall decreased by
1.9 mm per year; meanwhile, the annual mean flow was also
showed a decreasing trend, with average decreasing speed
of 1.5m3s™! per year, and the annual runoff volume de-
creased at a rate of 47.5 x 109 m> per year. The changes in
precipitation and runoff were nearly synchronous, because
precipitation is the main factor to constitute runoff. There-
fore, based on the precipitation and runoff data from 1959 to
2008, we established statistical equations (Table 4) for pre-
cipitation and runoff during the period 1959-2008, 1985-
1995 and 1996-2008 through regression analysis, respec-
tively. These equations represent the relationship between
rainfall and runoff under different land use impacts.

The R? of regression equation at each period were larger
than 0.6, indicating the close relationship between runoff and
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Table 4. Statistical regression analysis and statistical models for
runoff and precipitation in different periods.

Period Correlation regression equation™® R?
1959-2008 (1) Q = —1.329E —05P2 4+ 0.588P + 12.673  0.747
1985-1995  (2) Q =0.623P —24.545 0.798
1996-2008  (3) Q =0.537P +34.646 0.670

* Q and P in the equations are annual mean flow and precipitation.

precipitation. Therefore, the statistical model could relatively
accurately describe this relation. The monomial coefficient in
Eq. (3) is 0.537, smaller than 0.623 in Eq. (2), indicating the
runoff generation capacity in the 1996-2008 was decreased
compared with that in the previous 10 years.

Since 1970s, the precipitation and runoff process in the
basin were gradually weakened, and these may partially due
to the land use changes. The predicted runoff from 1985—
1995 was calculated with the statistical model in Eq. (3) to
obtain the comparative predicted values under the same pre-
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Figure 2. Precipitation and annual mean flow in Dujiangyan from
1959 to 2008.
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Figure 3. Comparison of simulated and measured annual mean
flow from 1985 to 1995.

cipitation and different land use conditions. The compari-
son of simulated and measured flow during 1985-1995 was
shown in Fig. 3. The simulated annual mean flow was highly
consisted with the measured flow, but there were still some
differences. The runoff generation capacity was relatively
low under the same land use conditions, and the simulation
decreased by 9.19m3s~! compared with observation. The
land use pattern in the study area was dominated by grass
land and forest land. Since the boom of forest resource ex-
ploitation appeared in the upper reaches of Minjiang River
in 1980s and the “wood finance” appeared in the counties
and districts, the forest land types were damaged. Previous
research showed that vegetation condition influenced the sur-
face runoff, which is an important part (Xiao et al., 2006) of
the eco-hydrological functions, such as water conservation,
preserving water and soil, reducing peak-flow and flood, and
reducing sediment yield. Forest land has flood intercepting,
low water supply, water purifying and other functions (Abari
et al., 2017). The destruction of forest land reduced the water
and soil reservation capacity, which was the main reason of
the higher measured flow.

The comparison between simulated and measured annual
mean flow from 1996-2008 was shown in Fig. 4. Similar
with the comparison trend in the period of 1985-1995, the
simulated flow from statistical model was still lower than
the measured value under the same land use conditions of
forest land destroyed. The simulated flow was 1.04m3s™!
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flow from 1996 to 2008.

decreased than the measured value on average. This result
was related to the increase in arable area and decrease in
grass land area in the study area. The growth rate of popu-
lation in the upper reaches of Minjiang River kept at about
10 % since 1995, while the agriculture population was only
increased by 5000 during 1995-2000. Special geomorphic
features, less cultivable land area and unchanged traditional
cultivation method in the study area compelled the people to
reclaim the hillside land (Zhao et al., 2006; Sichuan Census
Office and Sichuan Provisional Bureau of Statistics, 2012),
expand animal husbandry and turn forest land into grass land.
In such cases, grass land was severely degraded due to influ-
ence from animal husbandry. Baneful influence was brought
to ecological environment, water and soil loss was intensi-
fied, and measured annual mean flow was increased. The
restoration of ecological environment needed to be further
reinforced.

5 Conclusions

The development in economy and society changed people’s
way of life and land use, which affected the water cycle pro-
cess between rainfall and surface runoff in the basin. Accord-
ing to the analysis of land use pattern in last 30 years through
hydrological and precipitation data and establishing of statis-
tical regression model, the conclusion is as follows:

1. During the period of 1985-2014, dynamic changes in
land use were mainly dominated by the change of for-
est and grass land and characterized by the exchanges
of various types between natural forest and grass land.
Arable land was changed remarkably due to corre-
sponding policies. During the period of 1985-1995, the
land use pattern and the types of forest and grass land
were fragmented. The ecological environment was de-
graded and arable land area was decreased. During the
period of 1995-2014, a large number of shrub wood
was changed into grass land and the arable area was in-
creased due to the impact of human activities, resulting
in higher heterogeneity of land use pattern.
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2. The decrease in runoff at the whole basin was attributed
to the decrease in rainfall, which was closely related to
forest and grass land patterns, while the complex physi-
cal mechanism should be further studied. Statistic mod-
els at different times in this study show that: from 1985—
1995, simulated flow was 9.19m3s™! lower than the
measured value. As for the land use, the forest and grass
land were mainly disturbed and the ecosystem mainte-
nance as well as the water supply function for the forest
were seriously damaged. From 1995-2008, the simu-
lated value was 1.04m3s~! lower than the measured
value. Due to the contradiction between the develop-
ment in human society and the limited resources in agri-
culture was gradually intensified, the arable land area
was increased and the shrub wood as well as grass land
were degraded. It is still necessary to increase efforts on
protecting the ecological environment and maintaining
the sustainable development of ecological functions.
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