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Abstract

Water scarcity is a hot issue in river basin management, especially in ecologically
fragile areas with arid climate, such as the Heihe River Basin (HRB) in Northwest
China, where water availability is at the core of sustainable socioeconomic
development and ecological conservation and the effects of land use changes
on the hydrological process are crucial to rational allocation of water resources. In
this chapter, first, we identified that the severity of water scarcity problems can be
associated with imbalance between water supply and demand, irrational water
consumption structure and low water efficiency, deficient systems and institutions
for water management, as well as unreasonable water allocation scheme. Further,
we investigated the hydrological responses to land use changes in the upper and
middle reaches of the HRB based on scenario analysis. In one case, the results
indicated that the forest land has “sponge” effects on the water resource in the
upper reach of the HRB; in the other case for the upper and middle reaches, the
results showed that the forest land and grassland will expand with increase in
water utilization ratio, and further the quick-response surface runoff would
decrease significantly due to forest and grassland expansion, which may cause
an overall decreasing trend of the water yield. This indicated that water resources
should be reasonably allocated for different land use demand, which is critical for
sustainable development. The results of this chapter will be informative to
decision-makers for sustainable water resource and land management.
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Introduction

Water is one of the most critically limited resources for sustainable development
and natural ecosystem conservation, especially in the arid and semiarid regions
(Vorosmarty et al. 2000). Its scarcity is further triggered by the unsustainable use,
rapid population growth, and economic development, which results in deterioration
of the natural ecosystem, land degradation, and decrease in agricultural production.

In view of this, the issue of water scarcity and stress have increasingly attracted
more attention, and how to improve water provision to adapt for water scarcity
becomes a key issue in the river basin management in order to reconcile water
availability and demand. The water resource management and land use patterns are
intrinsically linked. On the one hand, the provision of water resources is closely
related with the hydrological processes, which are considered to be affected mainly
by climate and land use/cover changes in the river basins (Al-Bakri et al. 2013).
Better understanding of the impact mechanism of climate and land use/cover
changes on hydrological processes is crucial for sustainable water resource manage-
ment. At a catchment level, forest cover and agricultural cultivation have significant
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impacts on the water resources and can affect the availability of water for other users.
While climate and land use/cover change interact with each other, it is important to
apply consistent climate or land use conditions when trying to investigate the
separate impacts of land use/cover change and climate change on the hydrological
processes (Bierwagen et al. 2009). For example, Van Ty et al. (2012) and Kim et al.
(2013) investigated the impacts of climate and land use/cover change on hydrolog-
ical processes, respectively, and their results showed that both changes in climate and
land use/cover have significant impacts on streamflow in the basins. On the other
hand, water resource is the determinant factor that will affect the land use structure
since different land use types have different water demands (Deng et al. 2014) and
land use/cover change in arid region is strongly restricted by water resources. For
example, Li et al. (2011) found that after the implementation of the water allocation
scheme in the HRB between Gansu Province and Inner Mongolia in 2000, water use
in the middle reach region was further limited, which significantly affected the land
use structure changes in the middle reach region of the HRB. Besides, for long-term
water resource planning and management, scenario analysis has become an efficient
method to predict the responses of hydrological process to climate and land
use/cover change. For example, Menzel et al. (2009) designed two intermediate
land use/cover change scenarios, with projected developments ranging between
optimistic and pessimistic futures (with regard to social and economic conditions
in the region) and climate conditions remaining unchanged; the simulation results
showed that both increase and decrease of water availability depend on the future
pattern of natural and agricultural vegetation and the related dominance of hydro-
logical processes.

The HRB, as a typical inland river basin located in the semiarid region of
Northwest China, is facing increased water scarcity issues, which have become the
major bottleneck of socioeconomic development and ecological security, especially
where agricultural production and natural ecosystems are closely linked and compete
for the water use. The water from the Heihe River is important to agricultural
production and ecosystem stabilization in the middle and lower reaches of
the HRB and is highly sensitive to climate change and human activities in this
area. The climate in the HRB has remained in a relatively stable warm-wet state since
the 1960s and has not experienced strong changes due to global warming (Qin et al.
2010). Therefore, human activities, such as land use changes and economic devel-
opment, have become the dominant driver of changes in the water resources of the
HRB over the last 60 years. Especially between the 1960s and 1990s, with the rapid
expansion of farmland, a large increase in the quantity of water used for irrigation
had directly lead to the decrease in the amount of water for ecosystems, resulting
in devastating environmental and ecological problems in the arid river basin
(Hu et al. 2015).

In this chapter, we firstly aim to identify the water scarcity condition of the HRB;
following, in order to come up with adaptation strategies that may release the
pressure from water scarcity and minimize the water conflicts between agricultural
production and natural ecosystems from the perspectives of land use optimization,
we investigated the relationship between water availability and land use changes in
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the typical area of the basin: we firstly analyzed the effects of forestation on the
hydrological process in the upper reach of the river basin, which is the water source
area of the whole basin and crucial to protecting water resources; further taking the
upper and middle reaches of the HRB as the study area, we aimed to investigate the
changes in the hydrological processes under different land use scenarios based on
the degrees of water constraints. The research results in this chapter are meant to
provide valuable information and implications for future sustainable water and land
management in the HRB.

Identification of Water Scarcity in the Heihe River Basin

Water plays an important role in economic development and ecological balance of
the HRB, especially in the middle and lower reaches. During the 1960s—1990s,
intensive agricultural activities in the middle reaches and lack of effective coordi-
nated water management system have drastically reduced the amount of water that
flows into the lower reach. As a result, the rivers and lakes dried up intensively in the
lower reach, the groundwater table declined, and the level of water mineralization
increased, leading to substantial deterioration of the ecosystems (Deng and Zhao
2015). In addition, along with the rapid climate and land use/cover changes, water
scarcity and stress faced by the HRB increasingly becomes severe and thus is a
critical issue that should be addressed for sustainable development.

Water Scarcity with Imbalance Between Water Supply and Demand

Water scarcity is a long-standing and widespread problem in the HRB, with the
characteristic of unevenly temporal and spatial water distribution. There are a series
of reservoirs (1 large reservoir, 9 medium-sized reservoirs, and 89 small reservoirs)
in the basin, and the total capacity is 416.9 billion m>. Influenced by topography,
altitude, and atmospheric circulation at different scales, the spatial distribution of
precipitation is extremely uneven in the middle and lower reaches. Generally, the
annual average precipitation decreases from the southeast to the northwest (Fig. 1).
The maximum precipitation zone mainly concentrated in the upper reach with an
altitude of 2200—3000 m and an annual precipitation of 400—750 mm. In contrast, the
minimum precipitation zone is the desert area of Ejina, which administratively
belongs to the Inner Mongolia, with an annual precipitation of only 15-50 mm.
Aside from precipitation, the available water resource mainly depends on the
amount of water from the upper and middle reaches, supplied by springs, subsurface
flow, and solid glacier in the Qilian Mountain. There are 298 million m® of water
resource formed by ice and snow melting from the Qilian Mountain, accounting for 8%
of the total amount of runoff. However, due to irrational human activities that seriously
changed the landscape structure and composition in the upper reach of the HRB,
available water resources inevitably reduced. It has been concluded that the yearly
based rate of glacial retreating was around 0.60% in the HRB from the 1960s to 2010,
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and this speed was significantly faster than that of the Tian Shan Mountain (0.49%/a),
Geladaindong (0.05%), and Naimona’nyi region (0.26%) (Huai et al. 2014).

Meanwhile, water demand in the HRB has increased considerably over the past
half century. Since 1949, the Chinese government has paid much attention to the
development of irrigation infrastructure, and by 1985, the number of reservoirs (the
small plain reservoirs and embankments with a volume less than 100,000 m* are not
accounted) in the middle reaches had reached 95, and the total storage capacity had
been up to 360 million m3, more than 20 times of that in 1949. As a result, the
hydrology changed radically in the middle reach, which was highlighted by the fact
that the utilization rate of surface water increased by 19 times, the area of irrigated
oasis expanded by 89.5%, and the area of desertification land increased by 4-11%
since the year 1949. Along with utilization of the surface water, the groundwater was
also extensively explored, and the number of motor-pumped well had doubled from
1985 to 1994 (Wang and Cheng 1998). The groundwater table had been steadily
decreasing due to the overpumping and the decreasing of recharges. In fact, there is a
very close interconnection between the surface runoff and groundwater in the HRB
because of the water distribution characteristics of the HRB, which partly deter-
mined the hydrological process. Last but not least, as the intermediate linkage
between the surface water and the groundwater, the volume of springs also showed
a decreasing tend. In addition, the average reducing rate had increased by 6.8% in
1981-1991 compared to 1960-1980 (Wang and Cheng 1998).
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Consequently, the exploitation on surface runoff water and groundwater had
dramatically changed the hydrological situation of the HRB during the long histor-
ical period. All the 33 tributaries in the middle reach no longer joined into the main
stream of the Heihe River since the 1980s and gradually disappeared and formed
some independent irrigation oasis. The water volume of the runoff through the
Zhengyixia hydrological station decreased sharply in recent decades, from 1.19
billion m® in the 1950s to merely 691 million m* in the 1990s, and the mainstream
became a seasonal river in the downstream of the Zhengyixia station (Fig. 2). In this
arid and semiarid river basin region, large-scale development of irrigation agriculture
induces dramatic increase of water demand. The excessive water consumption by
humans has resulted in continued environmental deterioration, which has become a
serious threat to sustainable development.

Irrational Water Consumption Structure with Low Water Efficiency

Currently, the overall water consumption of all sectors in the HRB is about
3.36 billion m®, among which industrial and domestic water consumption is fairly
less and agricultural water use accounts for about 95%, posing a great threat to the
ecological water consumption. Taking the year 2000 as an example, the annual water
consumption in the HRB was 2.65 billion m*, among which the farmland irrigation
consumed 2.03 billion m?; the water consumption in the forestry, stock raising, and
fishing sector was 489 million m® in total; the industrial water consumption was
86 million m*; the livestock water consumption was 15 million m*; the human living
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Fig. 2 Change of the surface runoff through the Yingluoxia hydrological station in the upper reach

and the Zhengyixia hydrological station in the middle reach (Reprinted from Deng and Zhao (2015)
with permission of Advances in Meteorology)
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consumption was 32 million m® (including urban public consumption); and the
urban environment water consumption was 2 million m®. In terms of the spatial
distribution of water consumption, the water consumption in the upper and lower
reaches accounts for 2.3% and 13.6%, respectively, while the water consumption in
the middle reach accounts for 84.1% of the total. The water consumption is high in
the middle reach because human and economic activities mainly concentrate in this
region, which results in high water consumption in the counties located in the middle
reach, including Shandan, Minle, Linze, and Gaotai (Table 1).

The irrigation agriculture in the middle reach of the HRB has greatly contributed
to the increase of food production historically and supported the large number of
population of the Northwest China. In the HRB, large-scale development of irriga-
tion agriculture induces dramatic increase of water demand, agricultural water use
accounted for about 94% of the total social and economic water consumption in the
year 2006, but the water efficiency and the water productivity were very low.
Therefore, agricultural water-saving strategies are necessary in terms of water
resource management. However, due to people’s unawareness of implementation
of water-saving projects, as well as the restriction on the crop types, planting
technologies, crop rotation, land management patterns, and unguaranteed mainte-
nance costs, the water-saving renovation projects cannot be effectively promoted,
and the water demand for farmland irrigation is hard to decrease. This phenomenon
is extremely predominant in the middle reach of the HRB, where there are lots of
irrigation gates and plain reservoirs and high technical irrigation engineering and
exploitation of groundwater cannot be supported. All of these lead to low water
efficiency and lower GDP output of per unit of water, which further accelerate the
water scarcity problems.

Deficient Systems and Institutions for Water Management Along
with Unreasonable Water Allocation Scheme

In the inland river basin, improving the water security and efficiency is of great
significance, which can guarantee the supply of water for livelihood and production.
The water efficiency in the HRB is beyond the satisfactory level. The deficiency of
systems and institutions for water management as well as the unreasonable water
allocation scheme are the primary cause of the huge water consumption in
agriculture.

There are two main kinds of management strategies for community irrigation in
the HRB, including the collective management strategy and Water User Associations
(WUASs) management strategy. For the collective management strategy mode, vil-
lage leaders are in charge of the village water allocation, channel maintenance, water
charges, and other relevant issues to fulfill their water management duties. In
contrast, WUAs are independent water management organizations that take over
the village leaders to be responsible for water allocation, channel maintenance, water
charges, and other relevant issues in a specific village. In terms of the policies and
measures on water demand management, there are three modes, including water
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price, water ticket, and water right. For the water price mode, the government would
charge some fees for water services. For the water ticket mode, the farmers need to
purchase water tickets from village leaders or WUAs before the farmland irrigation
activities. The water right mode refers to the water right card issued to farmers to
guarantee their water consumption rights.

Since 1992, a series of water resource allocation and management policies have
been implemented in China to alleviate the conflicts between natural water shortage
and the high water consumption (Cai 2008). In 1997, the Heihe River Basin Bureau
was established for special management of water resource in the HRB. With the
support of scientific research from Chinese scholars, it has adjusted the water
resource allocation schemes among the HRB for five times. Unfortunately, different
counties have their own management focuses and time schedules, which lead to
another form of water waste.

The difficulty for a rational water allocation scheme is also on by due to the fact
that the supply volume and the annual distribution of water in the lower reaches are
completely subjected to the human activities in the middle reaches. In the long
history, people living in the middle reaches performed irrigation agriculture (settled
culture), and the people living in lower reaches performed nomadic husbandry. Even
though conflicts on water use between the middle and lower reaches has a history of
200 years, it reached an unprecedented situation. Since 1950s, intensive agricultural
practices in the middle reaches have resulted in drastic environmental degradation in
the lower reaches. In addition, Heihe River dries up in May, June, and July and is
flooded from August to October, and the water volume would reduce and even stops
flowing sharply in December till the next March or April. Consequently, there is a
prominent contradiction between the water supply and demand over time and space,
which is deteriorated by the fact that the high water demanding just happens in the
dry periods (Wang and Cheng 1998).

Water Resource Availability and Land Use/Cover Change

The HRB has been facing serious water scarcity problems, as water and land
resources in the arid inland river basin have been intensively used due to population
increase and economic expansion. In this section, we aim to investigate the impact of
land use/cover changes on water resource availability for sustainable water resource
management in the HRB. The main economic activity in the HRB is traditional
agriculture, which is mostly concentrated in irrigated oasis regions in the middle
reaches. Such an economic pattern necessitates a close relation between water
resources and land use in the HRB. It has been long recognized that changes in
land use and land cover are important factors affecting water circulation and the
spatial-temporal variations in the distribution of water resources. Such impacts on
hydrological processes are reflected in fluctuations in the supply-and-demand rela-
tion of water resources, which in turn will significantly affect the ecosystem,
environment, and economy (Wang et al. 2007). With the continuous exploitation
of both water and land resources in the middle reach, the runoff in the lower reach
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had been decreasing, and terminal lakes had dried up, resulting in a series of severe
eco-environment problems in the HRB (Hu et al. 2015). The effects of land
use/cover changes on the runoff process in the upper and middle reaches of this
arid inland river basin are a key factor in the rational allocation of water resources to
the middle and lower reaches. Thus, it is critical to clarify how land use/cover
changes impact the hydrological processes in such an arid inland river basin to
promote effective measures for sustainable water and land resources management in
the HRB.

Water Yield Variation Due to Forestry Change in the Head-Water
Area of the Heihe River Basin, Northwest China

The HRB is the second largest inland river basin in China, which can be divided into
the upper, middle, and lower reaches, differing significantly in their natural and
socioeconomic characteristics. For example, the average annual precipitation in the
upper, middle, and lower reaches are 200—600 mm, less than 200 mm, and less than
50 mm, respectively, while the annual evaporation ranges from 500 mm in the upper
reach to over 3000 mm in the lower reach (Feng et al. 2001).

The water resource in this basin mainly originates from the Qilian Mountains in
the upper reach of the HRB, where the grassland and forest are the main land use
types, accounting for about 21% and 50% the total land area, respectively. The
relationship between forests and water resources is a critical issue which must be
accorded with high priority. A key challenge faced by the land, forest, and water
managers is how to maximize the wide range of forest benefits without detriment to
water resources and ecosystem functions. To address this challenge, there is an
urgent need for a better understanding of the interactions between forests/trees and
water, also for awareness raising and capacity building in forest hydrology and for
embedding this knowledge and the research findings in policies. Forestation in the
upper reach of the basin is deemed as the most effective measure to enhance water
availability for agriculture, industrial, and domestic uses (Singh and Mishra 2012).
A quantitative assessment of the hydrological effects of forestation, especially on the
water yield, is therefore crucial for improving the forestation and water resource
management to guarantee the sustainable water and land management within the arid
or semiarid regions.

The hydrological effects of forestation of degraded land in the dry region have
important implications for local and regional hydrological services, but such issues
have been relatively less studied when compared to the issue of impacts of forest
conversion (Yu et al. 2013). Scientists from forestry and environmental science
disciplines emphasized the significance of forests in regulating runoff and control-
ling soil erosion (Huaxing et al. 2009; Chen et al. 2010), while scientists from other
fields, for example, geography, climatology, and agriculture, argued that forests only
have limited effects on water budgets and controlling flood (Yu et al. 2013). Overall,
the relationship between forestation/reforestation and water yield is still a contro-
versial issue. A central concept in the “traditional” view of the role of forests is the
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“sponge” effect of the tree roots, forest litter, and soil. It has been ever claimed that
the tree roots soak up water during wet periods and release it slowly and evenly
during the dry season to maintain water supplies (Myers 1983). The debate was
endless because there were no convincing field data from research on forest hydrol-
ogy, especially in China. Most literature suggested that the effects of forestation on
annual flow are largely on the base flow, which is an important component of annual
water yield for most forested watersheds. Some may conclude that forests increased
base flow because the trees help to increase infiltration (Scott et al. 2004), while
others may argue that forests used more water and thus reduced the base flow (Wang
et al. 2014). However, the hydrological consequences of forestation on degraded
lands are not well studied in the forest hydrology research (Huaxing et al. 2009;
Wang et al. 2014).

Catchment parameters have great influence on responses of the water budget and
runoff to forestation. The magnitude of effects of forestation on annual water yield
varies as a function of vegetation, climate, soil, and management practices (Calder
2003). Hydrological models, for example, the soil and water assessment tool
(SWAT), allow for simulating the hydrological effects of these catchment parame-
ters, which can help to understand the effects of forestation on water yields in the
entire basin. The SWAT has been widely used in the water quantity and quality
assessments at a wide range of scales and environmental conditions (Faramarzi et al.
2009; Castillo et al. 2014) and has also been successfully used to simulate the
hydrological processes in the small upstream watershed of the HRB (Yao et al.
2009). In this section, the SWAT model, which includes the components such as soil
and vegetation, is used to analyze the effects of forestation on the water yield.

Data and Methodology

SWAT is a semi-distributed hydrological model based on geography and natural
hydrological processes at the watershed scale. SWAT subdivides an entire watershed
into sub-watersheds connected with a river network and into smaller units that is
called hydrological response units (HRUs). Each HRU represents a combination of
land use, soil, and slope. HRUs are assumed to be nonspatially distributed with no
interaction or dependency (Neitsch et al. 2011). Major model components of SWAT
include weather, hydrology, temperature and properties of soil, plant nutrients and
growth, pesticides, bacteria, and land management (Neitsch et al. 2011). The mete-
orological variables in SWAT include precipitation, temperature, wind speed, solar
radiation, and relative humidity in daily or sub-daily time steps. The model uses
readily available inputs efficiently for computing the large watersheds and is capable
of simulating long-term yields for determining impacts of land management prac-
tices (Arnold et al. 1999). SWAT allows a number of different physical processes to
be simulated in a basin. The hydrological routine of SWAT actually and also
potentially consists of discharge, snow melting, and evapotranspiration.

We aim to address the processes related to vegetation interception, infiltration,
transpiration, and evaporation in the dry watersheds, and the corresponding
data used in the model are presented in Table 2. The 30 m resolution Landsat TM
images in 1980 were downloaded from the US Geological Survey (USGS) website
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Table 2 Data used and sources information (Reprinted from Wu et al. (2015b) with permission of
Advances in Meteorology)

Data type Data source Scale Description

DEM Shuttle radar 90 m Elevation
topography
mission (SRTM)

Soil Regional database 1: 1000000 | Soil-plant-atmosphere-water (SPAW)
(http://westdc. field and pond hydrology model was
westgis.ac.cn/) used to calculate some parameters

Weather China 13 meteorological stations
Meteorological
Administration
(daily)

Hydrological | Hydrologic 4 hydrological stations

observation yearbook (daily)

River flow Data Center of 1: 250000 River network diversion
Chinese Academy
of Science

(http://earthexplorer.usgs.gov/) for mapping the land cover types in the upper reach
of the HRB in 1980. The collected images have already been georeferenced, and we
radiometrically corrected them using the calibration utility for Landsat in ENVI 4.7
software package. The preprocessed images were subsequently clipped with the
boundary of the study area. Supervised classification method was used to classify the
land cover types in 1980. The Chinese Land Resource Classification System, from
Data Center of Chinese Academy of Sciences, was used as the classification scheme
to categorize the pixels of the image (Deng et al. 2008). The classification system
includes cultivated land, forest land, grassland, water, urban and/or built-up area, and
unused land. Further, a baseline scenario of forestation was designed on the basis of
the land cover in 1980, in which the forestry proportion is 21%. Then a scenario was
established with the simulated land cover data in 1980, in which the forest area
increases by 12% compared to the actual land cover data in 1980. The regions with
land use conversion are mainly located in the middle and western part of the study
area (Fig. 3). The precipitation data of Qilian weather station was also used to
analyze the trend of precipitation. From 1980 to 2010, the precipitation showed a
significantly upward trend, increasing at an average rate of 1.79 mm year ', and the
annual average temperature significantly increased by 0.06 °C year' (Fig. 4).

Impacts of Forestation on Water Yield

We simulated the effect of forestation on water yield using the SWAT model which
couples the vegetation and physical processes. The SWAT model was calibrated
based on the daily observation data records of 1980-1990 from Yingluoxia hydro-
logical station, which is an outlet of the upper reach area, and the simulation results
were validated with the daily observation records of 1990-2000. Some parameters
were updated after the calibration. The Nash-Sutcliffe coefficient (£,) and coeffi-
cient of determination (R*) of 0.72 and 0.70 and 0.80 and 0.79 for the calibration and
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map (Reprinted from Wu et al. (2015b) with permission of Advances in Meteorology)
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Fig. 4 The change trend of precipitation and temperature at Qilan meteorological station during
19802010 (Reprinted from Wu et al. (2015b) with permission of Advances in Meteorology)

validation period, respectively, showed that the SWAT model performed well in
simulating the hydrological process in the upper reach area of the HRB (Fig. 5). The
two coefficients of validation period were lower than the calibration period, the
reason being that we used the land use map of the year 1980. Moreover, comparing
the simulation results with the observation records from Yingluoxia hydrological
station, we failed to reject the significance of the parameters of the SWAT model,
indicating the model is suited for simulating the water balance in the upper reach area
of the HRB.

The intervals of the most sensitive parameters were identified, and the most
appropriate values are eventually shown in Table 3. The temperature lapse rate
(TLAPS) is the most sensitive parameter, and it is directly related to the melting
process of snow and glacier. Snow melting occurs mostly from March to June in
a sub-watershed. The snow-melting factor on June 21 was parameterized to be
SMFMX, which is the maximum melting rate; any increase of SMFMX drives
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Fig. 5 The calibration and validation of monthly discharge at the Yingluoxia hydrological station,
observed versus simulated using the SWAT (Reprinted from Wu et al. (2015b) with permission of
Advances in Meteorology)

Table 3 Ranges and values of the most sensitive parameters in SWAT model (Reprinted from Wu
et al. (2015b) with permission of Advances in Meteorology)

Parameters Descriptions Ranges Values
CN, SCS curve number —20%~20% | +6.32%
Sol k Saturated hydrological conductivity —20%-20% | +11.56%
Escno Evaporation compensation factor 0~1.0 0.83
SFTMP Snowfall temperature —2.0~2.0°C |09°C
Sol_z Depth from soil surface to bottom of layer —20%-20% | +3.65%
Sol_Awc Available soil water content —20%-20% | —0.35%
GWQMN Threshold depth of water in the shallow aquifer 0-500 mm 306.5
required for return flow to occur
ALPHA BF | Base flow alpha factor 0.00~1.00 0.07

rapid snow melting. The snow temperature lag factor TIMP is also linked with
SMFMX because it is based on the previous situation. Along with TIMP surface
water lag time, SURLAG plays an important role in influencing the model perfor-
mance as a melted snow routing process is related to the geology of the watershed,
where the melted water mainly flows to the surface runoff covering the impervious
rock formations. SMTMP is sensitive since it indicates the starting and ending of
snow and glacier melting, the availability of snow melting on a specific day, and the
model-simulated streamflow, especially their peak values that are significantly
influenced by the variation of SMTMP. Some parameters were updated after the
calibration, and both calibration of the model and validation of the simulation results
show that the model performed well in simulating the runoff variation due to glacier
melting and climate change in upper reach of the HRB.

Streamflow production may be related to the differences in climatic pattern, meteo-
rological conditions, species composition, canopy structure, and morphological
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characteristics of tree leaves, branches, and bark. Canopy rainfall interception varied
from 14.7% to 31.8% of total rainfall, depending on the stand characteristics of different
land cover type. Forest canopy interception was also affected by rainfall characteristics,
which generally decreases with the rainfall amount and intensity. Evapotranspiration
(ET), including physical evaporation and biological transpiration, is a significant com-
ponent of forest water budgets, ranging from 80% to 90% of the total rainfall in the
region. As expected, the actual amount of ET raised due to the increase of temperature
and rainfall, whereas the amount of ET is relatively low in the mountainous watershed.
ET from a forest is generally higher than that from pasture or bare land. However, ET is
about 600 mm in the forest cover in the upper reach area of the HRB, which is far lower
than that in those regions covered by grassland or unused land. The ET/PET ratio of
native grasslands was the fastest to decline, followed by pine woodlands, shrub lands,
alfalfa, and croplands. Pine woodland’s low ET/PET ratios were mainly caused by its
higher runoff due to soil compaction resulting from soil desiccation.

Previous studies have shown that the effect of forestation on water yield may
differ among regions due to the difference in the topography, soil properties, and
climate conditions (Deng et al. 2010). The simulation results in this study suggest
that the monthly average water yield has generally increased under the forestation