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Abstract The relationships between water yields of tributaries and coverage of
different vegetation types in the corresponding sub-watersheds were investigated
during the wet season in the Heishui River Valley, located in the upper portion of
the Yangtze River in western China. Stable isotope analysis was used to calculate
the relative contributions of the tributaries to water yield in the main stem of
the Heishui River, while relative coverages of the different vegetation types were
calculated from classified Landsat 7 TM satellite images of the study area. We found
that all the sub-watersheds were dominated by two vegetation types (subalpine
forest and alpine shrub-meadow) which influenced water yields in opposite ways.
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Lower subalpine forest coverage was significantly associated with higher tributary
water yield, whereas lower alpine shrub-meadow coverage was associated with
lower tributary water yield. Comparing our results to similar studies at different
spatial scales, we found increasing uncertainty in the relationship between vegetation
coverage (total and individual community types) and water yields as scale increased.
Nevertheless, the quantitative relationships found in our study may prove useful at
the appropriate scales by allowing policy makers and managers to use vegetation
coverage as an indicator or index of water yield when attempting to manipulate the
vegetation of watersheds to reduce the risk of flooding in this region.

Keywords Water yield · Land cover type · Scale · Stable isotope · Remote sensing ·
Watershed

1 Introduction

Water and vegetation are the most important resources on earth and the main
components of ecosystems. The hydrological regime is dependent on water storage in
soils, vegetation, and stream channels and is a critical factor driving many ecosystem
processes (Post David and Jones Julia 2001). It is very important to understand the
relationships between water and vegetation in ecosystem studies, in particular for
managing flooding in mountainous areas during the wet season.

Many studies have investigated the impact of changes in vegetation cover, in-
cluding afforestation, deforestation, regrowth and forest conversion, on water yields
(e.g. Bosch and Hewlett 1982; Brown et al. 2005). Hibbert (1967) reviewed 39
experimental watershed studies and concluded that reduction in forest coverage
increases water yields. In their review of 94 watershed studies, Bosch and Hewlett
(1982) found that annual water yields differed according to the vegetation type
(e.g., coniferous forest vs. deciduous hardwoods) that dominated in the watershed.
Sahin and Hall (1996) drew a similar conclusion from their analysis of 145 studies.
Despite landscape differences in climate, soils and vegetation, many studies have
found a negative correlation between vegetation coverage and water yield. However,
more uncertainty exists concerning the impact of vegetation changes on peak flow
than on annual water yields and baseflow (Jones and Grant 1996; Bruijnzeel 2004;
Andreassian 2004; Sun et al. 2006). These findings also need to be scaled up and
verified in larger watersheds, since most previous studies took place in relatively
small catchments (Andreassian 2004; Brown et al. 2005). Moreover, the effects of
vegetation coverage on seasonal, monthly and daily flows are less well understood
than annual water yields, although the impact of vegetation changes on seasonal
water yields could be as or more important (Brown et al. 2005).

In hydrological studies, stable hydrogen and oxygen isotopes are usually used
to identify water sources and flows (Leopoldo et al. 1987; McDonnell et al. 1991;
Kendall 1993; Mortathi et al. 1997). For example, based on an isotope trace,
McDonnell et al. (1991) found that stream water in New Zealand was supplied
partially by subsurface flow in the humid zone, while Mortathi et al. (1997) suggested
that average contributions of surface runoff and base flow (pre-event) were 30% and
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70%, respectively, in the Amazon River. Therefore, stable isotope tracers can be
powerful tools for investigating hydrological processes and identifying water sources,
and they are potentially very useful for studying the changes in water yields at
watershed scales.

The Heishui Valley is one of the upper watersheds in the Yangtze River Basin
that is an extremely important transitional region between eastern and western
China. This region has great potential for economic development, yet it has one
of the most sensitive environments in China (Chen 2000). Ecological degradation
or destruction of the upper reaches of the Yangtze River could postpone economic
development in western China and lead to downstream flooding (Liu et al. 2001).
Since vegetation protection has been practiced in this region for many years, it
is necessary to understand the relationships between relative vegetation coverages
and water yields during the wet season for effective watershed management and
development of sound policies.

The objective of this study was to identify important relationships between the
watershed vegetation and hydrology of the various tributaries of the Heishui River.
To accomplish this, we used stable hydrogen isotope analysis to quantify the water
yield of the tributaries and remote sensing techniques to classify the vegetation. Our
goal was to understand how the relative proportions of different vegetation types in
the Heishui Valley sub-watersheds affected tributary water yields spatially, rather
than temporally, during the wet season.

Fig. 1 Location of the Heishui Valley in western Sichuan, China
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2 Study Area and Sampling Design

Our study took place in the Heishui River Valley in western Sichuan, China. The
Heishui River (102◦36′–103◦30′ E, 31◦53′–32◦38′ N), including its western tributary
originating from Yanggong Mountain and its northern tributary originating from
Ruoergai Marshland, is the largest tributary of the Minjiang River in western Sichuan
Province. The main stem of the Heishui River is 122 km long and drops 1,048 m
in elevation from Maoergai Grassland to Shaba Village (Wang 2003). The entire
Heishui watershed covers an area of 7,240 km2. (Figs. 1 and 2)

The Heishui Valley is dominated by a monsoon climate that is characterized by a
distinct wet season (May–October) and dry season (November–April) (Zhang et al.
2002a, b). Mean annual temperature is 9◦C, mean annual precipitation (P) is 833 mm
and mean annual actual evapotranspiration (AET) is 704 mm. Topography in this
region is complex, with elevation ranging from 1,000 to 5,200 m (Fig. 3) (Zhang et al.
2002a, b; Chen and Chen 2003). Five soil types occur within distinct altitudinal zones:

Fig. 2 Locations of water sampling sites, sub-watersheds and hydrological monitoring stations in the
Heishui Valley, western Sichuan, China
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Fig. 3 Topography in the Heishui Valley, western Sichuan, China

alluvial soil and mountain gray cinnamon soil between 1,900 and 2,400 m; mountain
cinnamon soil between 2,400 and 2,900 m; mountain brown forest soil between 2,900
and 4,000 m; alpine meadow soil between 4,000 and 4,500 m; and alpine forest desert
soil above 4,500 m.

Thirteen sites were established for water sampling along the tributaries, tributary
confluences, and main stem of the Heishui River (Fig. 2). Sites C, G, J, L and M
represented the confluences of the tributaries represented by sites A and B; E, D
and F; H and I; G and J; and K and L, respectively. Site M also represented the
main stem of the river downstream from all sampling sites; thus, site M represented
the mixed water from all the tributaries. These 13 sampling sites were located in 12
sub-watersheds (sites C and D were located in the same sub-watershed; Fig. 2).



1454 Y. Liu et al.

To determine whether our sampling year (2004) was abnormal in terms of
hydrological processes, which could influence our results, we obtained precipitation
(P) data from 1971 to 2004 and actual evapotranspiration (AET) data from 1980 to
2004 from the Heishui precipitation station. T-tests were used to determine whether
P and AET in the sampling year (2004) differed from the corresponding variable for
the overall data set. Tests were conducted based on the mean annual and monthly
values of P and AET for 2004 vs. the entire time period for which data were available.
No significant differences in P or AET were found between 2004 and the entire time
period, indicating that 2004 was an ordinary year.

3 Methods

3.1 Vegetation Classification

The vegetation in the study area was classified from a Landsat 7 TM satellite image
acquired on July 10, 2002 (path 130, row 38) according to the optimal iterative
unsupervised classification (OIUC) method (Jiang et al. 2004) and distinct natural
vegetation types distributed in altitudinal zones in the Heishui valley (Jiang 1994;
Zhuang et al. 1995; Zhang et al. 2002a, b; Jiang et al. 2004). The accuracy of the
vegetation classification was calculated to be 92% for the entire area as assessed
by field validation and a previously published ancillary spatial database (Hou 1982,
2002; Jiang et al. 2004). Relative vegetation coverages were calculated as the percent
of area of each vegetation type within the total sub-watershed area.

3.2 Field Sampling and Laboratory Measurements

Because our interest was in identifying the important spatial, rather than temporal,
relationships between vegetation coverage and tributary water yields, water samples
were collected at the same time at the 13 sampling sites. Water samples were
collected in 250 ml non-reactive plastic bottles at 8:00 a.m., 12:00 p.m. and 4:00 p.m.
each day for 3 days (June 3–June 5, 2004) at each sampling site, for a total of
117 samples. During the 3-day sampling period, effects of preceding precipitation
events on water yields were negligible, as determined by statistical tests of stream
flow curves and turbidity and conductivity data obtained from the hydrological
monitoring stations in the Heishui valley (Fan et al. 2006).

The contributions of the different tributaries to the mixed water at the tributary
confluences and the outlet of the Heishui River were assessed using stable hydrogen
isotope analysis. Stable hydrogen isotope (D) concentrations of water samples were
measured using the Thermal Finnigan MAT Delta Plus XP isotope ratio mass
spectrometer. Accuracy of the measurements was ±3‰. The final results were
expressed as concentration of the hydrogen isotope in samples relative to that of
Standard Mean Ocean Water (SMOW):

δD = [(D/H)sample − D/H)SMOW]/(D/H)SMOW × 103 × ‰ (1)

where (D/H)sample and (D/H)SMOW] are hydrogen isotope ratio for individual samples
and the SMOW value, respectively.
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3.3 Calculation of Tributary Water Contributions

In this study, the contributions of water from tributaries within each of the 12 sub-
watersheds were used to describe water yields. A two-component model (Pinder and
Jones 1969) and IsoSource model (Phillips and Gregg 2003) were used to calculate
water contributions as discussed below. An analysis of variance indicated that no
significant differences existed in stable hydrogen isotope concentrations among the
sampling days; therefore, the mean values were used in the models (Eqs. 2, 3, 4, 5) to
compute the contributions of water from different tributaries.

The two-component model (Eqs. 2, 3) is applicable to situations in which a single
isotope is measured and two water sources exist:

Qt × Ct = Qr1 × Cr1 + Qr2 × Cr2; (2)

Qr1 + Qr2 = Qt (3)

where Q is the discharge (m3/s), C is the concentration of the applicable tracer
(mg/L), and the subscripts r1, r2 and t refer to the first tributary, the second tributary,
and the confluence of r1 and r2, respectively.

The IsoSource model (Eqs. 4, 5) is applicable to situations in which a single isotope
is measured and three water sources exist:

δM = fA × δA + fB × δB + fC × δC (4)

1 = fA + fB + fC (5)

In this study, the subscripts A, B and C refer to water samples from the three
tributaries, and M refers to the mixed water from the confluence of the three
tributaries. δA, δB and δC are the isotopic signatures of tributary waters, and δM is
the isotopic signature of the mixed water from the confluence. f is the proportion of
the isotopic signature from tributaries A, B, C attributable to the mixed confluence
water.

We used stream flow data collected at two hydrological monitoring stations
located near sampling sites G and M in the Heishui Valley (Fig. 2) to validate the
results of the stable hydrogen isotope method.

4 Results

4.1 Vegetation Coverage in Sub-watersheds

Land cover types in the Heishui Valley included subalpine forests, alpine shrub
meadows, crop lands, slash lands, barren lands, water bodies and glaciers (Fig. 4).
Subalpine forest and alpine shrub-meadow dominated the vegetation across the
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Fig. 4 Vegetation types and distribution in the Heishui Valley, western Sichuan, China

study area, together covering more than 90% of the land area in each sub-watershed
(Table 1). Alpine shrub-meadow occupied ∼65–71% of the vegetation cover in all
sub-watersheds except A and I, where it covered about 61% and 53%, respectively.
Coverage of subalpine forests varied from about 20–43% of the sub-watersheds. No
other land cover comprised more than about 6% of any sub-watershed.

4.2 Contributions of Tributaries to Total River Water

Results of the stable hydrogen isotope analysis indicated that contributions of the
different tributaries (represented by sampling sites A, B, E, D, F, H, I, K, L, G and J)
to the water at the relevant immediate downstream sampling sites (i.e., confluences
of the tributaries represented by sampling sites C, G, J, M and L) and to water in the
entire river (represented by sampling site M) varied (Table 2). Thus, the tributaries
did not contribute equally to water yield of the main river. The tributary represented
by sampling site H contributed the greatest percentage of total river water (40.4%)
among seven first order tributaries, whereas the tributary represented by sampling
site F contributed the lowest percentage (2%).
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Table 2 Mean concentrations of the stable hydrogen isotope at sampling sites relative to that of
Standard Mean Ocean Water (δD) and contributions of the tributaries to downstream water of the
Heishui River in western Sichuan, China

Confluence Mean δD Contribution to Contribution to total
(tributary) site (‰) Confluence water (%) River (site M) water (%)

C −91.0 ± 4.6
(A) −90.8 ± 1.6 60 4.2
(B) −91.3 ± 2.9 40 6.2

G −90.5 ± 2.5
(E) −91.5 ± 3.6 56 15.7
(D) −89.4 ± 1.6 37 10.4
(F) −88.5 ± 1.9 7 2.0

J −87.8 ± 2.5
(H) −88.1 ± 2.5 88 40.4
(I) −85.7 ± 2.2 12 5.5

L −88.8 ± 2.8
(G) −90.5 ± 2.5 38 28.1
(J) −87.8 ± 2.5 62 45.9

M −86.1 ± 2.3
(L) −88.8 ± 2.8 74 74.0
(K) −78.4 ± 4.1 26 26.0

Tributary sampling site labels are shown in parentheses under their corresponding confluence
sampling sites (italicized)

We used traditional water discharge data to validate our estimates of tributary
contributions obtained using the stable hydrogen isotope method. The average river
discharge at two hydrological monitoring stations (near sites G and M) over a 15-year
period (1990–2004) was used to calculate the contribution of site G to site M during a
similar time period as that used in our study, resulting in calculated contributions of
29% in May and 32% in June. Using this method of calculation, the contributions of
site G to site M in May and June of 2004 (the year in which our study was conducted)
were 30% and 34%, respectively. The closeness of these calculated values to the
value obtained using the stable hydrogen isotope method during the study period
(28.1%) increased our confidence in the reliability of our results.

4.3 Relationships Between Vegetation Coverage and Tributary Water Yields

Although linear correlation analysis showed a slight negative relationship between
tributary water yield and total vegetation coverage, this relationship was not statis-
tically significant (p = 0.12; Fig. 5a). However, a significant negative relationship
was found between tributary water yields and subalpine forest coverage (water
yield = −0.037×forest coverage + 1.99; p < 0.05), indicating that higher subalpine
forest coverage was associated with lower water yields, and vice versa (Fig. 5b).
The opposite trend was found for alpine shrub-meadow coverage, with water
yields increasing linearly with increasing coverage of the alpine shrub-meadow
vegetation type (water yield = 0.034×shrub-meadow coverage ratios−1.34; p < 0.05;
Fig. 5c).
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Fig. 5 Relationships between
tributary water yields and
a total vegetation coverage
(i.e., subalpine forest and
alpine shrub-meadow),
b subalpine forest coverage,
and c alpine shrub-meadow
coverage
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5 Discussion

Vegetation coverage plays a key role in the hydrological cycle (Giertz et al. 2005),
while water yield is an important indicator of water balance at the scale of large
watersheds (Smith 1990). Water exchanges, including evaporation, transpiration,
soil moisture movement, groundwater movement and surface runoff, determine the
formation, distribution and variability of ecosystems (Wang et al. 2005). Thus the
relationship between vegetation coverage and water yield is an important issue in
the study of ecosystems.

5.1 Effects of Vegetation Coverage on Tributary Water Yields

In this study, we found that relatively lower coverage of subalpine forest and higher
coverage of alpine shrub-meadow in the watershed were associated with increases
in tributary water yields. This was consistent with the findings of previous studies
in paired watersheds (Bosch and Hewlett 1982; Sahin and Hall 1996) and results of
model simulations (Saghafian et al. 2008; Carlon Allende et al. 2009). Our results
provided further evidence for correlations between forest coverage and water yields
that have been found in many different watersheds (Bosch and Hewlett 1982;
Bruijnzeel 1996; Andreassian 2004; Sun et al. 2006). Recently, Cao et al. (2009)
used model simulation for the Motueka River catchment in New Zealand and
found water yields from the current actual land use to be higher than those from
both prehistoric land use and maximum pine plantation scenarios. This finding was
established in assuming some ideal changes in vegetation coverage. In our study,
however, we quantified the linear correlations and exact water yields corresponding
to actual differences in vegetation coverage resulting from human activities in 12
sub-watersheds, and this quantitative aspect further validated the results of model
simulation (Saghafian et al. 2008; Cao et al. 2009; Carlon Allende et al. 2009) and
strengthened our understanding of land use effects on water yield. The effect of
alpine shrub-meadow on water yield in our study mirrored that of subalpine forest.
This was a reasonable finding given that the sub-watersheds in our study were all
dominated by these two vegetation types, which together covered at least 90%, and
often at least 95%, of the sub-watershed area. Therefore, any change in the relative
proportions of subalpine forest and alpine shrub-meadow would cause water yields to
change in a predictable fashion based on our results. Awareness of this relationship
should assist with efforts to reduce the risk of flooding in this mountainous region
using sound vegetation management.

Many studies have demonstrated that the various effects of different vegetation
types and coverages on water yields depend on differences in infiltration, evapotran-
spiration and the available water storage capacity of the soil (e.g. Brown et al. 2005).
Further, the capacity of the soil to retain water has been closely linked to vegetation
type, soil type and slope (Lee 1980; Hewlett 1982; Ma 1993; Guo and Gan 2002). In
this region, evapotranspiration in forests is higher than that in alpine shrub-meadow,
but the opposite is true of infiltration (Sichuan Vegetation Editing Committee
1980). Forest soils have greater water storage capability since forests have a greater
ability than the alpine shrub-meadows to increase soil organic matter, improve soil
construction, reducing soil bulk density and enhance soil porosity than the alpine
shrub-meadows (Chang et al. 2003; Wang et al. 2003). Higher evapotranspiration
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and greater soil water storage of forests relative to alpine shrub-meadows probably
largely explain our results, i.e., reductions in water yield associated with higher
subalpine forest coverage and lower alpine shrub-meadow coverage.

Topography could also influence the spatial patterns of water yield, soil water
properties and soil moisture in mountainous areas, and these differences in hy-
drologic processes could be evident in toposequences of ecosystems resulting from
climate and vegetation zonations corresponding to altitude and/or aspect (Ambroise
1995). In our study area, clear ecosystem toposequences existed. For example, the
subalpine forests occur primarily on north-facing slopes, whereas the alpine shrub-
meadows dominate the south-facing slopes and mountaintops (Sichuan Vegetation
Editing Committee 1980; Jiang et al. 2004). Therefore, in our study, vegetation
coverages actually reflected interactions among climate, topography and soil. This
topographic zonation of the subalpine forest coverage and the alpine shrub-meadow
coverage could also influence water yields. Using vegetation coverage as an index
to estimate water yields could prove very useful to policy makers and managers
attempting to manipulate the vegetation of watersheds to reduce the risk of flooding.

5.2 Effect of Watershed Scale on Tributary Water Yields

Since spatial heterogeneity is omnipresent (Wu 2000), scale plays an important
role in landscape studies of the relationships between hydrology and land cover
(Dietrich and Montgomery 1998). Relationships found between vegetation coverage
and water yield in relatively small, paired watersheds are probably not applicable
to larger watersheds (Brown et al. 2005). At small scales (<2 km2), the results from
paired-watershed studies have shown that a reduction in vegetation coverage (e.g.,
forests) increased water yields (Hibbert 1967; Bosch and Hewlett 1982; Sahin and
Hall 1996; Brown et al. 2005). At an intermediate scale (i.e., 200 to 2,300 km2), our
results showed that tributary water yields decreased with increases in subalpine forest
coverage, similar to what was found at small scales, but we found no correlations
between water yield and total vegetation coverage. In similar study areas at a
large scale (2,300 to 7,600 km2), Jiang et al. (2004) found that increases in the
total vegetation coverage were associated with decreased annual runoff, while the
relationship between forest coverage and annual runoff was inconsistent in the
different watersheds. These studies suggest that forest coverage plays an important
role in regulating water yields at small to intermediate scales (2 to 2,300 km2), but the
relationship is irregular and weak at large scales (>2,300 km2), indicating a probable
increase in heterogeneity and uncertainty with increasing scale (>2,300 km2).

By analyzing the characteristics of our watersheds along with the five watersheds
of Jiang et al. (2004), we found that the relationship between forest coverage and
water yield became much weaker when the watershed area was much larger. This
changing relationship might result from differences in heterogeneity and complex
interactions among climate, topographic variations and vegetation characteristics
that are related to scale. Thus, whether increases in the total vegetation coverage
are associated with reduction in water yields at different scales (from small to large
scales) remains uncertain. The factors affecting water yields at large scales appear to
be complex, and the relationships between vegetation coverage and tributary water
yields at small scales are not easily scaled to large watersheds in this region.
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6 Conclusions

In the Heishui Valley, the two dominant vegetation types (i.e., subalpine forest and
alpine shrub-meadow) comprised >90% of the vegetation coverage of our 12 sub-
watersheds and were significantly correlated with tributary water yields. A negative
relationship existed between subalpine forest coverage and tributary water yield,
whereas a positive relationship was found between alpine shrub-meadow coverage
and tributary water yield. By comparing our results to those of another study
completed at a larger scale in the same region, we found that the negative correlation
between subalpine forest coverage and tributary water yield was only valid at a
relatively small scale (<2,300 km2) and became non-existent or weak at a relatively
large scale (>2,300 km2), with some uncertainty likely due to the heterogeneous
effects of climate and topography. Nevertheless, the quantitative relationships found
in our study may prove useful at the appropriate scales by allowing policy makers
and managers to use vegetation coverage as an indicator or index of water yield when
attempting to manipulate the vegetation of watersheds to reduce the risk of flooding.
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