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ABSTRACT
The relationship between forests and water yield on the Loess Plateau is a concern to forest hydrologists and local governments. 
Most research indicates that forests reduce runoff but the degree of reduction is different at different sites. Data on precip-
itation, runoff depth, evapotranspiration and forest cover were collected for 67 watersheds through synthesizing published 
literature. Results suggest that afforestation on sparsely vegetated catchments reduces runoff and that this effect decreased with 
increasing forest cover. Annual runoff coefficients fluctuate around 4.1%. Catchment scales influence the relationship between 
percent forest and runoff coefficient. We believe that afforestation–water yield relationships are variable. Large-scale water-
sheds may have a relatively high buffering capacity that masks forest cover effects on runoff because of a number of interacting 
factors. Results from this research will support the implementation of large-scale afforestation programs on the Loess Plateau. 

Keywords: afforestation, hydrologic impact, water yield

RÉSUMÉ
La relation entre les forêts et l’apport en eau sur le Plateau de Loess est au cœur des interrogations des hydrologistes forestiers et 
des gouvernements locaux. La plupart des recherches indiquent que les forêts réduisent le ruissellement mais le niveau de ré-
duction est différent selon les sites. Les données sur les précipitations, la profondeur du ruissellement, l’évapotranspiration et le 
couvert forestier ont été recueillies dans 67 bassins hydrographiques à partir de la synthèse des documents publiés. Les résultats 
indiquent que le boisement effectué sur des bassins hydrographiques à végétation rare réduit le ruissellement et que cet effet 
diminue selon l’accroissement du couvert forestier. Les coefficients de ruissellement annuel fluctuent aux environs de 4,1%. La 
taille du bassin hydrographique influence la relation entre le pourcentage de forêt et le coefficient de ruissellement. Nous croy-
ons que les relations entre le boisement et le ruissellement sont variables. Les bassins hydrographiques de grandes dimensions 
peuvent présenter un pouvoir tampon relativement supérieur qui masque les effets du couvert forestier sur le ruissellement à 
cause de l’interaction de plusieurs facteurs. Les résultats de cette recherche aideront à la mise en place de programmes de boise-
ment de grande envergure sur le Plateau de Loess.    

Mots clés : boisement, impact hydrologique, apport en eau
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Introduction
Forests provide goods and services that play an important 
positive role in environmental rehabilitation, biodiversity main-
tenance, carbon sequestration, bio-fuel, timber production, 
amenities and social benefits (Calder 2007). However, several 
studies ( Sun et al. 2006; Wang et al. 2011a,b; Feng et al. 2012) 
demonstrated that forests decrease water yield, i.e., they reduce 
runoff. This effect of forests on water yield is important, espe-
cially on the Loess Plateau, an arid/semi-arid region of China. 
Water shortages here are a major limiting factor for ecological 
improvement and social-economic development. Afforestation 
on the Loess Plateau is necessary to control soil erosion but at 
the same time may aggravate water shortages.

Li (2001) stresses an urgent need to examine how current 
large-scale afforestation efforts throughout China affect water 
resources at the watershed and regional levels. Understand-
ing hydrological effects of afforestation is critical in the Loess 
Plateau. Trade-offs between afforestation and water yield are 
significant and a clear understanding of the relationships be-
tween forests and runoff is important to local land managers 
(Sun et al.2006).

During the past few decades, with changes in forest man-
agement principles and strategies, China has implemented 
several large-scale afforestation programs that increased for-
est cover from 16.0% in the early 1980s to 20.4% by 2008 (Li 
et al. 2009). Implementation of these large-scale programs 
has generated significant growth in forest resources. Forest 
cover has increased by 20.5 million ha since 2003. The extent 
of the country’s forest plantations is approximately 54 mil-
lion ha, accounting for one-quarter of the world’s total forest 
area (Raloff 2009).

Much progress has been made in understanding forest and 
water yield relationships. One of the first influential reviews was 
published by Bosch and Hewlett (1982). Andréassian (2004) 
synthesized experimental results from 137 paired watersheds 
located in various geographic regions. A review by Robinson 
et al. (2003) focused on Europe, Scott et al. (1998) in South 
Africa, and Bruijnzeel (2004) and Scott et al. (2004) for the trop-
ics. Although there is a large variability due to differences in 
climate, soils and vegetation, these studies concluded that defor-
estation generally increases water yield and base flow for most 
watersheds.
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There have been similar studies carried out in China. 
Liu and Zhong (1978) reported that forested watersheds on 
loess soils had lower water yields (25 mm per year) and lower 
yield:precipitation ratios than adjacent basins with less forest 
cover on the upper reaches of the Yellow River, northwestern 
China. They concluded that forests may reduce stream flow 
by 37% based on data from a number of hydrological stations 
throughout the Loess Plateau. Ran (1992) found a much smaller 
reduction of 7.5% on the Jinghe watershed (43 000 km2). Sun 
et al. (2006) examined the sensitivity of water yields to affores-
tation across China by employing a simple evapotranspiration 
model and a set of continental-scale databases, including cli-
mate, topography and vegetation. They suggested that the 
reduction in water yields due to afforestation was on average 
approximately 50% (or 50 mm) each year. McVicar et al. (2007) 
conducted a literature review of land use–hydrology studies in 
the Loess Plateau region and confirmed that the annual stream 
flow is reduced by afforestation. Bi et al. (2009) showed that 
afforestation reduced stream flow by 49.6% (or 6.5 mm) each 
year in paired catchments on the Nanxiaohegou watershed on 
the Loess Plateau. Wang et al. (2011b) reported that the regional 
average annual runoff from forestlands was only 16 mm, 58% 
lower than that of 39 mm from lands without forest cover. They 
suggested that large-scale afforestation may have serious conse-
quences for water management and sustainable development 
on the Loess Plateau due to runoff reduction.

However, studies have shown that the magnitude of flow re-
duction may differ. Wang et al. (2011a) examined forest cover 
and runoff in northern China and concluded that forest cover 
was negatively correlated with the runoff coefficient (r = 0.64, P 
< 0.05). They estimated that forests might reduce annual water 
yields by 37%. Feng et al. (2012) found that yields of water on 
almost 40% of the Loess Plateau might have decreased by up to 
48 mm per year as a result of cover change alone.

Some studies (Li 2001, Huang and Liu 2002, Huang et al. 
2003) have reported an obvious decline in water yield as for-
est cover increased. However, these studies also observed that 
forests might increase flow in low flow seasons, indicating that 
forested catchments produce greater base flows and more natu-
ral springs. A comparison of stream flow from 10 large basins 
(674–5322 km2) in the Yangtze River basin suggested that ones 
with higher forest cover generally had higher runoff/rainfall 
ratios (>0.9). Similar positive correlations between forests and 
water yield for large basins (>100 km2) were reported for north-
ern China (Wei et al. 2003). However, Wei et al. (2008) stated 
that afforestation campaigns were not likely to lead to large-
scale changes in annual water yields, low flows or flood peaks 
before the hydrologic properties of degraded soils were fully im-
proved. These findings were corroborated by Russian literature, 
which suggests stream flow is generally higher for large forested 
basins (Wei et al. 2003). More rigorous studies suggested these 
seemingly contradictory conclusions might be due to data inter-
pretation (Wang et al. 2011b).

Why these different conclusions about the relationship be-
tween forests and runoff levels? Wei et al. (2008) argue that 
the effects of afforestation on stream flow may not be decisive 
because there are few established standard paired catchment 
experiments in China. Empirical observations and limited data 
on the environmental influences of forests are often inconclu-
sive and even contradictory. Vertessy et al. (2001) showed that 
this relationship varied over time with changes in watershed 

conditions and ecosystem structure. Hibbert (1967) concluded 
that the response of stream flow to altered land use was “highly 
variable and for the most part unpredictable”. Sun et al. (2006) 
suggested that large spatial and temporal variability of hydro-
logic responses to afforestation will follow gradients in climate, 
topography, soil conditions and stage of vegetation.

This study is focused on the uncertainty of the effects of 
forests on runoff at different scales through an analysis of the re-
lationships between a) precipitation and catchment forest cover, 
b) precipitation and catchment runoff/runoff coefficients, and 
c) catchment cover and annual runoff coefficient. The objective 
is to clarify relationships between forest cover and water yields 
in order to provide a sound eco-hydrological basis for improv-
ing future forestry development strategies on the Loess Plateau 
and in other arid regions in China.

Methods
Study area
The Loess Plateau is along the upper and middle reaches of the 
Yellow River (Fig.1) with a total area of 632 520 km2, approxi-
mately 6.3% of the land area of China, and lies mostly on the 
transitional border between the monsoon and the continen-
tal arid climate zones. Mean annual precipitation ranges from 
110 mm to 800 mm and average yearly temperatures from 5°C 
to 12.5°C from NW to SE. There are four climatic sub-zones 
over the Plateau: (i) arid temperate; (ii) semi-arid temperate; (iii) 
semi-arid warm temperate; and, (iv) sub-humid warm temper-
ate. The area is characterized by thick layers of loess1, often 100 
m to 200 m in depth. Soil texture ranges from sand, sandy loam, 
light loam, medium loam to heavy loam. Common tree species 
are black locust (Robinia pseudoacia L.), Chinese pine (Pinus 
tabulaeformis Carr.), apple (Malus domestica Borkh.), Little-
leaf peashrub (Caragana microphylla Lam.) and Seabuckthorn 
shrub (Hippophae rhamnoides L.) in plantations. However, due 
to water limitations, these planted trees grow quite slowly, ap-
pearing ‘‘small but old’’ (McVicar et al. 2007).

1Loess is wind-blown deposits of fine-grained, calcareous silt or clay, 
buff to grey in colour.

Fig 1. Location of the Loess Plateau.
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Data compilation
Catchment datasets were collected from published, peer-
reviewed Chinese and international journals where annual 
precipitation, annual runoff, annual evapotranspiration and for-
est cover percent were recorded. The final datasets used for this 

analysis covered 67 catchments (Table 1). Detailed description 
of complied catchments datasets is shown in Table 1, in which 
runoff coefficient is the percentage of annual runoff and annual 
precipitation.
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Analysis
Simple comparative analysis using SPSS 20.0 for Windows 
shows relations between precipitation and forest cover percent, 
precipitation and runoff or runoff coefficient, runoff coefficient 
and forest cover percent, runoff coefficient and catchment area.

Results
Annual precipitation and forest cover percent
Average annual precipitation in selected catchments ranges 
between 300 mm and 650 mm. Forest cover is low (less than 
20%; Fig. 2), especially where annual precipitation is less than  

400 mm. However, forest cover may reach as high as 100% 
when precipitation is more than 500 mm.

Annual precipitation and runoff
The scatter plots of annual precipitation and runoff (Fig. 3a) 
indicate that the relationship is complex and not a good linear 
relationship. Statistical results show that the Pearson correlation 
is 0.05, significant at the 0.35 level. However, there is a significant 
negative relationship at the 0.001 level and Pearson correlation 
is 0.36 (Fig. 3b). This is because runoff is generally low in the 
semi-arid regions of the Plateau. The reasons for this compli-

cated relationship may be: 1) differences 
in annual precipitation and other factors 
such as topography, climate and soils 
types; and, 2) when annual precipitation 
is similar, rainfall intensities are very 
different in different years and over dif-
ferent catchments. On the Loess Plateau, 
the depth of runoff is determined more 
by rainfall intensity than amount.

Forests cover percent and annual 
runoff coefficients
The percent of forest cover and annual 
runoff coefficient (Fig.4) illustrates that 
afforestation reduces runoff. However, 
this effect decreased as forest cover 
increased, until the annual runoff coef-
ficient fluctuated around a fixed value.

Catchment area (spatial scale) and 
annual runoff coefficients
Fig. 5a illustrates that the relationship be-
tween catchment area and annual runoff 
coefficient is irregular when catchments 
are less than 50 km2, but gradually 
becomes stable with increasing size. 
Runoff coefficients vary considerably 
for different catchments even if the areas 
are similar. The relation between pre-
cipitation and runoff is complicated with 
several factors affecting this relationship. 
If the logarithm value of the catchment 
area is used, there is a positive linear re-
lation (Fig. 5b).

The 67 catchments were separated 
into three groups by plotting forest cover 
percentages and runoff coefficients. 
These groups illustrate three different 
catchment spatial scales. Less than 50 
km2 is a micro catchment or small wa-
tershed and is the basic unit for erosion 
control; 50 km2 to 3000 km2 is a meso 
catchment; greater than 3000 km2 is a 
macro-scale catchment. Relationships 
between forest cover and runoff coeffi-
cient in different scales are different (Fig. 
6). For catchments less than 50 km2, the 
relationship is insignificant (R2 = 0.29; 
correlation significant at the 0.21 level). 
This relationship on small watersheds 
may be due to local topography, rainfall 

Fig. 2. Relationship between annual precipitation and forest cover.

Fig. 3. Relationship between annual precipitation and runoff depth (A) or runoff coefficient (B).
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intensity, soil types and forest structure but not for-
est cover. The relationship between forest cover 
and runoff first decreases and then stabilizes as 
cover increases with meso level catchments. The re-
lationship with macro-scale catchments is not clear 
because the samples were limited. With large catch-
ments, forest cover may be less than 30%. It seems 
that the larger the watershed, the more complicated 
the relations between forest cover and runoff. Large 
watersheds have relatively high buffering capacities 
that may mask the forest cover effects on runoff.

Discussion
Results indicate a complex, non-linear relation 
between forest cover and runoff. Runoff does not 
always decrease with increased forest cover. This 
does not agree with previous studies based on 
the water balance equation—runoff equals pre-
cipitation less evapotranspiration. In the equation, 
evapotranspiration is a key factor. Although the 
existing “curve-type” models (Zhang et al. 2001) 
are generally easy to use for continental-scale stud-
ies, they are difficult to apply on a regional scale. 
The equation did not explicitly account for vegeta-
tion characteristics and seasonal dynamics of key 
controls on actual evapotranspiration (Feng et al. 
2012). However, when applied at a regional scale, 
it is difficult to determine numerical values for het-
erogeneous watersheds affected by land cover, soil, 
geology and topography (Zhang et al. 2008). In ad-
dition, large basins generally have complex cover 
compositions beyond forest and grass lands.

Regional annual water yields on the Loess Pla-
teau, like any terrestrial ecosystem, are controlled 
mostly by precipitation and evapotranspiration 
(Potter et al. 2005). Changes in land use/land cover 
and climate can directly impact the regional hy-
drological cycle by altering evapotranspiration 
processes (Zhang et al. 2004, Sun et al. 2011). There-
fore, many studies use the water balance equation 
to analyze the effects of afforestation on stream 
flow yields, and conclude that forests decrease 
runoff based on the changes of evapotranspiration 
using Zhang’s model (Ma et al. 2008, Zhang et al. 
2008). The results indicate that evapotranspiration 
from forested land is larger than from other land 
uses. Annual evapotranspiration in Zhang’s model 
depends upon the minimum value of potential 
evapotranspiration and available water for evapo-
transpiration. It considers two major cover types, 
forest and grasslands, using an empirical coefficient 
w to represent the relative differences of water use 
for transpiration among plant communities. The w 
parameter is reported as 0.5 for short grasses and 
crops and 2.0 for forests. Sun et al. (2006) applied 
this model to analyze potential water yield reduc-
tions due to afforestation across China. This simple 
analysis suggested that a dry region such as the 
Loess Plateau will have a much higher decrease in 
runoff due to forest cover. However, according to 
long-term studies of evapotranspiration during the 
growing season from different land uses (Yin et al. 

Fig. 4. Relationship between forest cover and runoff coefficient.

Fig. 5. Scatter diagram of catchment area and runoff coefficient.

Fig. 6. Relationship between forest cover and runoff coefficient at different 
spatial scales. Note: squares denote catchments less than 50 km2, circles 
catchments from 50 km2 to 3000 km2, and triangles catchments larger than 
3000 km2.
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2005), if the evapotranspiration of bare land is 1, then the ratio 
of evapotranspiration of the main species for afforestation, black 
locust and Chinese pine, is 1.5 (Table 2).

Conclusions
Watershed hydrological effects of afforestation have not been 
well studied by the international forest hydrology community 
as a whole. This study has provided a simplified analysis of the 
water balance of catchment basins on the Loess Plateau using 
literature published over the past 50 years. The results show that 
the relationships between forest cover and runoff is uncertain 
because forest hydrological processes are complex. There are 
numerous interacting factors that need to be studied further. 
The following should be addressed in future studies: 1) rela-
tions between water yield and forest cover, and other factors 
such as the heterogeneity of catchments, watershed scale fea-
tures, and forest features (structure, species, age); 2) long-term 
observations to better understand forest–water interactions to 
minimize uncertainties.

With China’s afforestation program, there is a strong desire 
to increase forest cover but little consideration of the effects on 
local precipitation. These results may help local forest manag-
ers to make more informed decisions on the optimum forest 
cover on a catchment. A rigidly uniform cover percent should 
not be applied to every catchment when planning afforesta-
tion. Trade-offs between afforestation for erosion control and 
the maintenance of sufficient water supplies must be carefully 
balanced. An integrated management of water and forest/veg-
etation should be an important aspect of forestry policy in dry 
regions like the Loess Plateau.
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