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Abstract: Quantifying the impacts of multiple factors on surface runoff and base flow is essential
for understanding the mechanism of hydrological response and local water resources management
as well as preventing floods and droughts. Despite previous studies on quantitative impacts of
multiple factors on runoff, there is still a need for assessment of the influence of these factors on
both surface runoff and base flow in different temporal scales at the watershed level. The main
objective of this paper was to quantify the influence of precipitation variation, evapotranspiration
(ET) and vegetation restoration on surface runoff and base flow using empirical statistics and
slope change ratio of cumulative quantities (SCRCQ) methods in Pengchongjian small watershed
(116°25'48"-116°27'7" E, 29°31/44”-29°32'56” N, 2.9 km?), China. The results indicated that, the
contribution rates of precipitation variation, ET and vegetation restoration to surface runoff were
42.1%, 28.5%, 29.4% in spring; 45.0%, 37.1%, 17.9% in summer; 30.1%, 29.4%, 40.5% in autumn; 16.7%,
35.1%, 48.2% in winter; and 35.0%, 38.7%, 26.3% in annual scale, respectively. For base flow they
were 33.1%, 41.9%, 25.0% in spring; 39.3%, 51.9%, 8.8% in summer; 40.2%, 38.2%, 21.6% in autumn;
24.3%, 39.4%, 36.3% in winter; and 24.4%, 47.9%, 27.7% in annual scale, respectively. Overall, climatic
factors, including precipitation and ET change, affect surface runoff generation the most, while ET
affects the dynamic change of annual base flowthe most. This study highlights the importance of
optimizing forest management to protect the water resource.

Keywords: precipitation variation; vegetation restoration; evapotranspiration (ET); surface runoff;
base flow; empirical statistics; slope change ratio of cumulative quantities (SCRCQ)

1. Introduction

At present, runoff is generally divided into two parts: surface runoff and base flow [1-3]. During
a rainfall process in a basin, the flow duration curve formed at the outlet of a watershed consists
of surface runoff and base flow (Figure 1) [4]. There are many quantitative studies on the effects
of precipitation variation and vegetation restoration on surface runoff [5-11]. Distinct hydrological
effects based on different time scales were reported [12]. For instance, Chaplot investigated water and
soil resources response to changes in precipitation and air temperature in lowa (USA), pointing to a
considerable effect of precipitation changes with a 170% runoff increase as precipitation increases by
40% [11], while Zhang and Nearing predicted that decreasing precipitation by 7-14% would result in
greater runoff (67-82%) [13]. The above two results showed the opposite effects on runoff caused by
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precipitation, which is mainly due to different topography, forest change, soil condition, temperature
as well as other factors like NO3—N loads [9]. Zhang conducted research over Poyang Lake basin and
found that contributions of climate change and human activities to streamflow changes were 73.2% and
26.8%, respectively. However, human-induced and climate-induced influences on streamflow were
different in different river basins [14]. Similarly, Gu demonstrated that human activities accounted for
a low portion (5.5%) in the runoff inputs in Poyang Lake [15]. Interestingly, however, the decrease of
streamflow in the Fuhe River (sub-catchment of Poyang Lake) in 2000s was mainly affected by human
activities (156.9%), rather than climate change [6]. More recently, Rogger et al. reviewed research
gaps in the field of land-use change impacts on floods at the catchment scale [16]. They proposed
that land-use change impacts on floods are poorly understood at the catchment scale at present, then
suggested possible ways forward for addressing these gaps. Despite numerous works, most research
focused on calculating surface runoff in annual scale [8,17,18], but little attention was paid to the
seasonal scale. However, a study on the effects of precipitation and evapotranspiration (ET) variation,
vegetation restoration on the seasonal surface runoff is of great significance for rationally allocating
water resources yearly, especially for watersheds with seasonal droughts. Thus, it is still necessary
to further study the influences of precipitation and ET variation, vegetation restoration on seasonal
surface runoff.
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Figure 1. Process of water inputs, storage, and losses in watershed.

Base flow is a relatively stable part of streamflow. Base flow studies are not only helpful for
reasonable regulation of water quantity and high-efficiency utilization of water resources, but also
beneficial for hydrological analysis, evaluation and the management of water resources [19,20]. At
present, studies on base flow mainly focus on regression models, improvement of base flow separation
methods and influencing factors. The studies of base flow in China began in the 1960s, and mainly
dealt with qualitative analysis of base flow evolution principles and its driving factors, base flow
separation and estimation. Nonetheless, quantitative studies on the contribution rates of different
factors to base flow are rarely reported.

Consequently, with the support of the National Natural Science Foundation of China, taking
Pengchongjian small watershed with rich precipitation as a study area, we quantitatively assessed
the impacts of multiple factors on both surface runoff and base flow (Figure 2). This study could
help to understand how precipitation variation, ET and vegetation restoration affect runoff, and
provide scientific foundations for the sustainable utilization of water resources and the evaluation of
hydrological benefits for natural forest protection and afforestation projects.
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Figure 2. Graphical structure of this paper.

2. Study Area and Methods

2.1. Study Area

Pengchongjian small watershed is located between 116°25'48”-116°27'7" E and 29°31'44"-29°32/56” N
in Duchang County, Jiujiang City, Jiangxi Province, covering a catchment area of 2.90 km? (Figure 3). It is
high in the north-west and low in the south-east, whose altitude ranges from 80 to 560 meters, belonging to
subtropical humid monsoon climate zone with average annual precipitation of 1560 mm. Major exposure
strata here are epimetamorphic rock, granite and limestone. Moreover, the watershed is rich in vegetation
types, with stand types of 70% Cunninghamia lanceolata (Lamb.) Hook., 20% Quercus acutissima Carruth.
and 2% Phyllostachys heterocycla (Carr.) Mitford cv. Pubescens. The watershed is completely closed as there
are no inhabitants, water conservancy facilities or soil and water conservation projects. Yet the China fir
forest suffered from deforestation in early 1980s, after which the secondary forest has been recovering,
which provides an ideal study area for this study. According to the investigating data of forest resources
by Wushan forest farm in Duchang County, forest coverage increased from 80% in 1985 to 98% in 2016,
and forest stocking volume rose from 1.2 x 10* m® in 1985 to 2.5 x 10* m? in 2016. In 1981, a hydrological
station was built up at the outlet of the watershed by Jiangxi Province Bureau, and the precipitation and
surface runoff have been continuously monitored till now.
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Figure 3. Location map and observation sites in Pengchongjian small watershed.

2.2. Methods

2.2.1. Data

Data used in this paper include daily precipitation, surface runoff and daily mean temperature
at Pengchongjian hydrological station from 1983 to 2014, which was supplied by Jiangxi Province
Hydrology Bureau. Base flow were separated from daily surface runoff datasets using the Kalinlin
improving method [21]. Seasonal and annual precipitation, surface runoff and base flow during these
30 years were then calculated based on daily statistical data for subsequent trend analysis. Meanwhile,
based on the water balance equation in a totally closed small watershed, mean ET is basically equal to
mean precipitation minus mean surface runoff.

2.2.2. Trend Analysis

The Mann-Kendall test (MK) is a suitable method to determine the variation trend of hydrological
time series [22,23], which has been widely applied for trend and inflection analysis of precipitation
and runoff [24,25]. Thus, in this paper, we found a consistent inflection point of the year 2003 both for
precipitation and surface runoff. The research period was the divided into baseline period (1983-2003)
and changing period (2004-2014), which lays a solid foundation for separating the impacts of multiple
factors on surface runoff and base flow in different time scales. The calculation procedures of an MK
trend test are given as follows.

For a time series {r1, 7, ... , ,_1, u}, the statistic index UF,, is calculated as,

Sm —E(Sm)

UF,, =
" Var(S;,)

(m=1,2,...n) (1)
where Sy, is deemed as cumulative number of r; > 7; (1 < i <), E(Si) is averaged S, and Var(Sy)
represents variance of Sy;. The change of UF,, reflects the variation in hyro-climate variables. UF,, >
0 (<0) means the variables show an increasing (a decreasing) trend. If | UF,,| > 1.64, 1.96, 2.58, the

change trend is significant at p > 0.1, 0.05 and 0.01, respectively. Contrarily, the value calculated with
inverse series (4, 4—1, ... , 12, r1) is termed as UB,,. If the exact intersection point of the two lines



Forests 2018, 9, 553 50f 16

located within the critical limit line and the trend is significance, the point is deemed as the possible
change point [22].

2.2.3. Separating the Effect of ET on Surface Runoff and Base Flow

The slope change ratio of cumulative quantities (SCRCQ) method was proposed to quantitatively
assess the factors impacting the streamflow in the Huangfuchuan River Basin, a first-level tributary of
the middle reaches of the Yellow River. It is believed that this method can be applied to the quantitative
assessment of river runoff changes and its influencing factors in arid and semi-arid regions [26].
Subsequently, similar research on Songhua River basin [27], Miyun Reservoir watershed [28] and
some areas of the southern humid areas such as the Yinjiang River watershed [29], Dongting Lake
catchment [30], and Ning Jiang River basin [31] had been carried out in China. The cumulative
quantities can eliminate the effects of inter-annual fluctuations to some extent, with a high correlation
coefficient between year and cumulative quantities, which creates conditions for quantifying
analysis [26]. Therefore, using the method of SCRCQ, we calculated the contribution rates of ET
to surface runoff and base flow in seasonal and annual scale. Calculation equations are as follows:

(Ky — K1)/Kq

Cer = —-100 X ———~——
H (Ky — K3)/K3

@)
where K (mm-year ') is the slope of the linear relationship between year and cumulative ET in baseline
period (labeled by 1) and changing period (labeled by 2), cumulative surface runoff or base flow in
baseline period (labeled by 3) and changing period (labeled by 4). Cgr is the relative contribution
rate of ET to surface runoff or base flow. According to the water balance equation in a relatively
closed watershed, the change in soil water storage is likely to be small, which is negligible in annual
scale [26,28]. Thus, the contribution rates of precipitation variation and vegetation restoration to
surface runoff and base flow is equal to 1 — Cr.

2.2.4. Excluding the Contribution Rates of Precipitation Variation and Vegetation Restoration

The formation of surface runoff is mainly affected by precipitation and underlying surface
conditions. For the same small watershed with no inhabitants and water and soil conservancy projects,
underlying surface change can be mainly regarded as vegetation restoration. In this paper, empirical
statistics was used to quantitatively assess the two factors (precipitation variation and vegetation
restoration) that have significant influence on surface runoff as well as base flow.

Firstly, regression analyses were conducted between observed precipitation, surface runoff and
base flow in baseline period when vegetation was less changed, after which a linear Equation (1) could
be built. Then, substituting observed mean precipitation in the changing period, when vegetation
changes apparently in the equation, a value that represents surface runoff (base flow) produced in the
condition of vegetation in baseline period can be obtained which is called simulated surface runoff
(base flow). The value of simulated surface runoff (base flow) minus observed mean surface runoff
(base flow) in the changing period represents surface runoff (base flow) variation caused by vegetation
restoration. Similarly, the value of observed mean surface runoff (base flow) in the baseline period
minus simulated surface runoff (base flow) represents surface runoff (base flow) variation caused by
precipitation variation. In this way, the impacts of precipitation variation and vegetation restoration
on surface runoff and base flow can be quantitatively distinguished. Calculation equations of the
contribution rates of precipitation variation and vegetation restoration are listed as follows:

Q=aP+0b 3)
where Q is surface runoff (base flow) [mm], P is precipitation [mm], a and b are parameters.

AQ‘U = Qsim - Q/70by AQP = % - Qsim (4)
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AQtotal =AQy +AQp = Qobs - Q/ohs ®)

AQP AQU
C, = X (1 —Cgr)% and C, = X (1 —Cgr)% 6
P AQt‘otul ( ET) ? AQtotal ( ET) ( )

where Qs and Q' are observed mean surface runoff (base flow) (mm) in baseline period and
changing period respectively; Qg = a% + b, which means simulated surface runoff (base flow),
where % is observed mean precipitation (mm) in the changing period; AQ},; is total change in
observed mean surface runoff (base flow) comparing baseline period to changing period; AQ, and AQp
are surface runoff (base flow) changes caused by vegetation restoration and precipitation variation,
respectively.

3. Results and Discussion

3.1. Seasonal Distribution of Precipitation, Evapotranspiration (ET), Surface Runoff and Base Flow

Based on daily precipitation, runoff data and base flow separation results of Pengchongjian
hydrological station in 1983-2014, the monthly, seasonal (spring is March to May, summer is June
to August, autumn is September to November, winter is December to the following February) and
annual precipitation, ET, surface runoff and base flow were obtained. In this condition, it was possible
to investigate the annual and inter-annual distribution of precipitation, ET and runoff, and the impacts
of various factors on surface runoff and base flow in small watershed. Annual mean precipitation, ET,
surface runoff and base flow from 1983 to 2014 were 1560.3, 811.9, 743.7 and 353.2 mm, respectively
(Table 1). In spring and summer, both parameters except ET accounted for a large proportion in
whole year, while a small ratio in autumn and winter. However, the seasonal distribution of ET was
relatively even.

Table 1. Seasonal distribution of precipitation, ET, surface runoff and base flow in Pengchongjian small
watershed from 1983 to 2014.

Parameters Spring Summer Autumn Winter Year

Precipitation/mm 564.6 589.7 199.3 206.7 1560.3

Annual proportion/% 36.2% 37.8% 12.8% 13.2% —
ET/mm 218.0 2722 168.8 153.0 811.9

Annual proportion/% 26.9% 33.5% 20.8% 18.8% —

Surface runoff/mm 354.8 300.9 34.3 53.7 743.7
Annual proportion/% 47.7% 40.5% 4.6% 7.2% —

Base flow/mm 159.9 131.2 19.1 43.0 353.2

Annual proportion/% 45.3% 37.1% 5.4% 12.2% —

3.2. Variations of Precipitation and Surface Runoff

According to the MK test, the annual variation trend of precipitation (P) in Pengchongjian small
watershed during 1983-2014 was as follows: (i) precipitation generally showed a fluctuated downward
trend (Figure 4a). For example, it declined significantly in 1983-1986, and reached the bottom in 1986
(p > 0.05), while in 1987-2003, it showed a fluctuated rise, reaching the peak in 1998. However, from
2004 to 2009, precipitation began to decline, at the beginning of 2010 a peak (2010) and a valley (2011)
appeared, then gradually it increased. (ii) According to the intersection point of UF and UB curves, the
t test method was applied. It was also determined that the inflection point of the small watershed was
2003 (Figure 4b).
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Figure 4. Inter-annual variation of observed precipitation (a) and its Mann—-Kendall (MK) test results
(b) in Pengchongjian small watershed. in 1983-2014.

According to the MK test, annual variation trend of surface runoff (SR) in 1983-2014 was as
follows: (i) surface runoff showed a fluctuated downward trend (Figure 5a). It decreased significantly
in 1983-1986 (p > 0.05), then increased gradually in 1987-2003 and reached the maximum value in 1999;
since 2004, surface runoff was relatively small except for 2010. (ii) UF and UB curves have multiple
intersections (Figure 5b). In order to remove the invalid mutation point, the t test method was used.
Furthermore, surface runoff and precipitation shared the same inflection point of year 2003. In other
words, surface runoff change was directly related to precipitation.
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Figure 5. Inter-annual variation of observed surface runoff (a) and its MK results (b) in Pengchongjian
small watershed in 1983-2014.

On the basis of the trend and inflection point analysis of precipitation and surface runoff, the
research periods were divided into 1983-2003 and 2004-2014. The average annual precipitation and
surface runoff in 1983-2003 were 1608.2 and 831.9 mm, while in 2004-2014, they were 1468.9 and
588.9 mm. Compared with the baseline period, precipitation and surface runoff in the changing
period decreased by 8.7% and 29.2%, respectively, with mean annual reduction of 12.7 and 22.1 mm.
The decreasing proportion of surface runoff was larger than that of precipitation. That was to say,
besides precipitation, ET and vegetation factors also influenced surface runoff. How to quantitatively
distinguish the contribution rates of various factors on surface runoff in a small watershed is a scientific
problem that needs to be further investigated.

3.3. Contribution Rates of ET to Surface Runoff and Base Flow

3.3.1. Variation in Temperature and ET

Annual mean temperature from 1983-2014 overall presented an upward trend, with a rate of
0.0349 °C-year~! (Figure 6a). It reached its highest level of 17.9 °C in year 2013, while in year 1984,
its historical low level was 15.9 °C. Compared to the baseline period (1983-2003), annual mean
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temperature in the changing period (2004-2014) increased by 1 °C. The annual variation of ET is
shown in Figure 6b. The fluctuation since the early 21st century was more remarkable than that in
the 1980s, and showed an upward trend not as remarkable as that as temperature. However, the
rising temperature caused the ET to go up, which would probably affect the process of the water cycle,
directly leading to a decrease in surface runoff as well as base flow. Thus, we firstly calculated the
contribution rate of ET to surface runoff and base flow decrease by SCRCQ.

18 1200
| ET=4.6692y - 8519.4
175 1000 4 y
&
o 17 1 E
E E 800 -
) =
5 165 @
5 600 A
= 16 4
15.5 400

1980 1985 1990 1995 2000 2005 2010 2015 1980 1985 1990 1995 2000 2005 2010 2015

Figure 6. Variation trend of annual mean temperature (a) and ET (b) from 1983 to 2014.

3.3.2. Impacts of ET on Surface Runoff and Base Flow

The linear relationships between year and cumulative ET, surface runoff and base flow are shown
in Figures 7 and 8. The calculation results of the contribution rates of ET to surface runoff and base
flow are shown in Table 2. Annual average ET during the baseline period and changing period were
773.4 and 860.9 mm, while annual mean surface runoff were 831.9 and 588.9 mm, and average base
flow were 384.3 and 293.7 mm, respectively. Compared with the baseline period, ET, surface runoff
and base flow in changing period increased by 87.5, 243 and 90.6 mm, with corresponding change rates
of 11.3%, —29.2% and —23.6%, respectively. This somewhat reflected the fact that surface runoff and
base flow declined synchronously with the increase of ET. In annual scale, the contribution rates of ET
to the decrease of surface runoff and base flow were 38.7% and 47.9%, which was basically consistent
with the conclusion drawn in the Yinjiang basin [29], while quite distinct from that (less than 10%) in
the Yellow River basin [32]. This fully illustrated that under the subtropical humid monsoon climate,
ET could affect surface runoff and base flow to a greater extent, similar to the conclusion drawn by
Chaplot [11]. On a seasonal scale, the contribution rates of ET to the decrease of surface runoff was
between 28%~40%, while that to base flow reduction was between 38%~52%. We could deem that the
sensitivity of response of base flow to ET is higher than that of surface runoff, as depicted by Lin [33].
Moreover, the contribution rate of ET to base flow in summer was obviously higher than that in other
seasons, which may be due to more precipitation, higher temperature and higher ET in summer caused
by forest restoration. On the other hand, the variation of average ET, surface runoff and base flow in
winter were both 2~3 times that of other seasons compared to the baseline period (Table 2). Meanwhile,
the contribution rates of ET to surface runoff and base flow in winter were quite close to that in other
seasons, indicating that vegetation accounted for a larger part in water yield when encountering the
dry season with less precipitation.

In short, ET impact on surface runoff and base flow could not be negligible whether in annual
scale or seasonal scale, especially in winter. The response of dry season runoff to forest change is
mainly determined by soil conditions, tree species and vegetation regeneration after disturbances, as
well as topography [34], or rather, water consumption (ET) and subsequent changes in soil infiltration
and water storage capacity.
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Figure 7. Relationships between year and cumulative surface runoff, ET in spring (a), summer (b),

autumn (c), winter (d) and whole year (e) during two periods in Pengchongjian small watershed.

Table 2. Slopes of the relations between year and cumulative quantities of ET (K3,,), surface runoff

(K3,4), base flow (K 3,4) and contribution rates of ET to surface runoff and base flow decrease.

Slope (mm-year—1) Spring Summer Autumn Winter Whole Year

Ky 213.6 260.2 152.7 146.9 773.4
Ky 229.7 289.1 165.5 176.6 860.9
AKgr 0.075 0.111 0.084 0.202 0.113
K3 381.1 353.9 26.2 62.8 831.9
Ky 280.9 248.1 18.7 26.7 588.9

AKgsr —0.263 —0.299 —0.286 —0.575 —0.292
K3 166.5 150.1 18.2 495 384.3
Ky 136.7 118 14.2 24.1 293.7

AKp —0.179 —0.214 —0.220 —0.513 —0.236
Cpr to surface runoff (%) 28.5 37.1 29.4 35.1 38.7
Ckr to base flow (%) 419 51.9 38.2 39.4 479

Note: AKgr, AKsr, AKp is the variation rate of slopes of ET, surface runoff and base flow compared to baseline
period, respectively.
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Figure 8. Relationships between year and cumulative base flow, ET in spring (a), summer (b), autumn
(c), winter (d) and whole year (e) during two periods in Pengchongjian small watershed.

3.4. Contribution Rates of Precipitation Variation and Vegetation Restoration to Surface Runoff Decrease

The regression analysis between mean surface runoff and precipitation in seasonal and whole
year scale during baseline period were carried out, and the linear equations were shown in Figure 9.

The mean annual and seasonal precipitation during changing period were then substituted into
the corresponding equations, and the simulated mean surface runoffs were obtained. The calculation
results of contribution rates of precipitation variation and vegetation restoration to surface runoff are
shown in Table 3.
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during baseline period.
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Table 3. Calculating results of contribution rates of precipitation variation and vegetation restoration
to surface runoff decrease.

Impact of Precipitation Impact of Vegetation
. Simulated Mean Observed Mean Variation Restoration
Time Scale Surface Runoff (mm) Surface Runoff (mm) .o P . P
Variation Contribution  Variation Contribution

(mm) (%) (mm) (%)
Spring 322.1 280.9 —59.0 421 —41.2 29.4
Summer 278.2 248.1 —75.7 45.0 —30.1 179
Autumn 23.0 18.7 -32 30.1 —43 40.5
Winter 53.5 26.7 -9.3 16.7 —26.8 48.2
Year 693.2 588.9 —138.7 35.0 —104.3 26.3

Note: The observed mean surface runoff during baseline period is 381.1, 353.9, 26.2, 62.8 and 831.9 mm in spring,
summer, autumn, winter and whole year respectively.

Compared to the baseline period, average surface runoff in spring, summer, autumn, winter
and the whole year decreased by 100.2, 105.8, 7.5, 36.1 and 243 mm, respectively. The surface runoff
decrease caused by precipitation variation was 59.0, 75.7, 3.2, 9.3 and 138.7 mm, respectively, while by
vegetation restoration was 41.2, 30.1, 4.3, 26.8 and 104.3 mm. The contribution rates of precipitation
variation and vegetation restoration to surface runoff were 42.1%, 29.4% in spring, 45.0%, 17.9% in
summet, 30.1%, 40.5% in autumn, 16.7%, 48.2% in winter, and 35.0%, 26.3% in annual scale, respectively
(Table 3). Obviously, in seasonal scale, attribution of surface runoff reduction to precipitation in spring
and summer was larger than that in autumn and winter, and vice versus for attribution to vegetation
restoration. Herein the contribution rate of precipitation in summer reached the maximum, which may
be related to much more precipitation, heavier rainfall intensity, and more rainfall days. For this reason,
on the contrary, vegetation restoration counted less (only 44% of that in autumn) than precipitation
for surface runoff decease in summer (Table 3). The water diminishing effect of vegetation in autumn
and winter was significantly strengthened, which is likely because of less precipitation in autumn and
winter, and vegetation enriched the understory and forest litter, and enhanced soil infiltration and
water storage [34], hence reducing surface runoff. On an annual scale, in contrast to the conclusion
that vegetation change induced by human activity dominated surface runoff generation in arid areas
of northern China [25,26,31,35,36], we found that for Pengchongjian small watershed, the contribution
of precipitation (35%) to surface runoff was nearly close to that of ET (38.7%), followed by vegetation
restoration (26.3%). The reason why the results varied, on the one hand, is probably due to distinct
climatic conditions, topography, vegetation structure and type. On the other hand, human activity
there is relatively slight with no local residents or water conservancy facilities and soil and water
conservation projects. In general, climatic factors (including precipitation variation and elevated ET
caused by rising temperature) are the major drivers for annual surface runoff, which is in accordance
to similar results in Poyang Lake basin, China [15,16,37].

3.5. Contribution Rates of Precipitation Variation and Vegetation Restoration to Base Flow Decrease

The regression analysis between mean base flow and precipitation in seasonal and whole year
scale during the baseline period were carried out, and the linear equations were shown in Figure 10.

The mean annual and seasonal precipitation during the changing period were then substituted
into the corresponding equations, and the simulated mean base flow was obtained. The calculation
results of contribution rates of precipitation variation and vegetation restoration to base flow are
shown in Table 4.
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Figure 10. Relationship between observed base flow and precipitation in seasonal and annual scale

during baseline period.

Table 4. Calculated results of contribution rates of precipitation variation and vegetation restoration to

base flow decrease.

Impact of Precipitation Impact of Vegetation
. Simulated Mean Observed Mean Variation Restoration
Time Scale Base Flow (mm) Base Flow (mm) . s P . ore P
Variation Contribution Variation Contribution

(mm) (%) (mm) (%)
Spring 149.5 136.7 -17.0 33.1 —12.8 25.0
Summer 123.9 118.0 —26.2 39.3 —-5.9 8.8
Autumn 15.6 142 —2.6 40.2 —-14 21.6
Winter 39.3 24.1 —10.2 243 —15.2 36.3
Year 341.8 293.7 —42.5 244 —48.1 27.7

Note: The observed mean base flow during baseline period is 166.5, 150.1, 18.2, 49.5 and 384.3 mm in spring,
summer, autumn, winter and whole year respectively.

Compared to the baseline period, average base flow in spring, summer, autumn, winter and the
whole year decreased by 29.8, 32.1, 4.0, 25.4 and 90.6 mm, respectively. Base flow decrease caused
by precipitation variation was 17.0, 26.2, 2.6, 10.2 and 42.5 mm, respectively, while by vegetation
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restoration it was 12.8, 5.9, 1.4, 15.2 and 48.1 mm. The contribution rates of precipitation variation
and vegetation restoration to base flow were 33.1%, 25.0% in spring, 39.3%, 8.8% in summer, 40.2%,
21.6% in autumn, 24.3%, 36.3% in winter and 24.4%, 27.7% on an annual scale, respectively (Table 4). It
could be seen that, as with surface runoff, the contribution rate of each factor to the reduction of base
flow also showed obvious seasonality. The contribution rate of precipitation variation was the lowest
in winter while almost the same in other seasons. The contribution rate of vegetation restoration,
however, reached the minimum in summer (only 20%~40% of that in other seasons). Moreover, base
flow reduction due to vegetation restoration obviously escalated in winter, which was consistent
with the conclusion drawn on surface runoff. On an annual scale, the contribution rate of vegetation
restoration to base flow reduction was slightly larger than that of precipitation, but ET still dominated.
We know that the increase of vegetation coverage and the improvement of stand quality directly led
to the increase of ET and thus base flow decrease. So, we assumed that forest may be a main factor
with a negative impact on base flow, as mentioned by Huang [38] and Zhang [39]. Anyhow, ET has an
important influence on the dynamic change of base flow. Meanwhile, vegetation plays an irreplaceable
role in regulating water flow in dry seasons and improving hydrological ecology in watersheds.

4. Conclusions

In this paper, we quantitively calculated the contribution rates of precipitation variation,
vegetation restoration and ET to surface runoff and base flow. The results indicated that each factor
played a role in reducing surface runoff and base flow, and their contribution rates varied from season
to season. For spring and summer, the contribution rate of precipitation was equal to that of ET,
which was slightly larger than vegetation restoration; for autumn and winter; however, the effect of
vegetation restoration on water yield was obviously stronger than that in spring and summer. On
an annual scale, climatic factors including precipitation and ET change dominated surface runoff
generation. Meanwhile, the sensitivity of base flow response to ET was higher than surface runoff, so
that ET dominated the dynamic change of annual base flow. As presented in this study, ET change
is closely associated with vegetation restoration, which fully illustrates that the protection of natural
forest ecosystem and the optimization of forest operation and management are important guarantees
for ecological water circulation and the sustainable utilization of forest resources.
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