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a b s t r a c t

Despite extensive studies on hydrological responses to forest cover change in small watersheds, the
hydrological responses to forest change and associated mechanisms across multiple spatial scales have
not been fully understood. This review thus examined about 312 watersheds worldwide to provide a gen-
eralized framework to evaluate hydrological responses to forest cover change and to identify the contri-
bution of spatial scale, climate, forest type and hydrological regime in determining the intensity of forest
change related hydrological responses in small (<1000 km2) and large watersheds (P1000 km2). Key
findings include: (1) the increase in annual runoff associated with forest cover loss is statistically signif-
icant at multiple spatial scales whereas the effect of forest cover gain is statistically inconsistent; (2) the
sensitivity of annual runoff to forest cover change tends to attenuate as watershed size increases only in
large watersheds; (3) annual runoff is more sensitive to forest cover change in water-limited watersheds
than in energy-limited watersheds across all spatial scales; and (4) small mixed forest-dominated water-
sheds or large snow-dominated watersheds are more hydrologically resilient to forest cover change.
These findings improve the understanding of hydrological response to forest cover change at different
spatial scales and provide a scientific underpinning to future watershed management in the context of
climate change and increasing anthropogenic disturbances.

� 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The interactions between forest change and water have been
studied for over a century. Several classic reviews on hydrological
responses to forest change in small watersheds (<1000 km2) have
been published, and these provide deep insights into the impact
of forest change on annual runoff in small watersheds (Bosch and
Hewlett, 1982; Sahin and Hall, 1996; Stednick, 1996;
Andréassian, 2004; Bruijnzeel, 2004; Brown et al., 2005; Moore
and Wondzell, 2005; van Dijk et al., 2012). A general conclusion
drawn from small watershed studies is that deforestation (e.g., har-
vesting, urbanization, land cover change, wildfire, and insect infes-
tation) can increase annual runoff while afforestation affects
streamflow in the opposite way (David et al., 1994; Stednick,
1996; Neary et al., 2003; Bruijnzeel, 2004; Wu et al., 2007; Bi
et al., 2009; Webb and Kathuria, 2012; Beck et al., 2013; Zhang
et al., 2015; Carvalho-Santos et al., 2016; Buendia et al., 2016a).
However, there have been some inconsistent responses, suggesting
the response intensity of annual runoff to forest cover change can
be variable among watersheds, especially for watersheds with
afforestation or reforestation (Stednick, 2008; Lacombe et al.,
2016).

In contrast, the relationship between forest change and water
yield has been less investigated in large watersheds
(P1000 km2). This is mainly due to the lack of high quality data
on precipitation and streamflow or suitable methodology to
exclude the hydrological impact of non-forest factors such as cli-
mate variability and human activities (e.g., dam construction, agri-
cultural activities, and urbanization) (Wei and Zhang, 2010a, 201b;
Vose et al., 2011). Unlike small watershed studies, a general con-
clusion on the relationship between forest change and annual run-
off in large watersheds has not yet been drawn. Indeed,
inconsistent responses, and high variations in response intensity
of annual runoff to forest change, have often been reported in large
watershed studies (Eschner and Satterlund, 1966; Ring and Fisher,
1985; Cheng, 1989; Buttle and Metcalfe, 2000; Costa et al., 2003;
Tuteja et al., 2007; Adnan and Atkinson, 2011; Wu et al., 2015).
For example, in Canadian boreal forests (watershed areas from
401 to 11,900 km2), with disturbance levels ranging from 5% to
25% of the watershed areas, no definitive changes in annual runoff
were found (Buttle and Metcalfe, 2000) while in the upper Yangtze
River annual runoff was increased by a mean of 38 mm with only
15.5% of the watershed area logged (Zhang et al., 2012b).

In small watershed studies, large variations in the hydrological
response to forest change are attributed to factors such as forest
type, topography, climate, hydrological regimes, soil, geology,
and landscape pattern (Moore and Wondzell, 2005; Zhang and
Wei, 2014). However, an understanding on hydrological responses
to forest change and on how those factors affect interactions
between forest and water in large watersheds or across multiple
spatial scales is limited. In most cases, the inconsistent findings
from large watersheds are simply ascribed to the complexity in
watershed processes and heterogeneity in landscape, climate and

geology in large watersheds (Stednick, 1996; Moore and
Wondzell, 2005; Vose et al., 2011). Although Peel et al. (2010) eval-
uated the vegetation impact on hydrology at both large and small
watershed, they studied annual evapotranspiration rather than
annual runoff. Similarly, some studies have investigated the cli-
matic effects on water use efficiency of vegetation (Huxman
et al., 2004; Troch et al., 2009; Yang et al., 2016), and this helps
to disclose the mechanisms that explain the effect of precipitation
on hydrological response to vegetation change.

Due to a lack of a generalized relationship between forest and
water in large watersheds, the empirical relationships between dif-
ferent watershed processes and components from small watershed
studies are largely used in hydrological models, and may be prob-
lematic when scaled to large watersheds (Kirchner, 2006). Simi-
larly, watershed management often relies on a simple
extrapolation of concepts and information generated from small
watersheds to large watersheds, which can be misleading in
decision-making (Yang et al., 2009; van Dijk et al., 2012; Xiao
et al., 2013; Zhang et al., 2016). Since the design of natural resource
management strategies is normally performed in large watersheds,
a comprehensive understanding on the likely hydrological impact
of forest change in large watersheds and the associated mecha-
nisms is in critical need. This can be particularly true given the fact
that climate change and anthropogenic activities (e.g., widespread
afforestation, deforestation, forest harvesting, urbanization, and
fire) are dramatically and extensively altering the watershed pro-
cesses and ecosystem services (Keenan et al., 2013; Frank et al.,
2015). Some of these forest disturbances are more frequent and
catastrophic (e.g., insect infestation and wildfire) due to climate
change (Schindler, 2001; Kurz et al., 2008). This critical scientific
information gap, along with growing watershed management
and planning needs in large watersheds calls for a substantial
review of forest ecohydrology across multiple spatial scales.

This review aims: (1) to provide a generalized relationship
between forest cover change and annual runoff response at multi-
ple spatial scales; (2) to examine how the response intensity of
annual runoff response to forest cover change varies along spatial
scale and climatic gradients; (3) to investigate the effects of forest
type and hydrological regime on hydrological responses to forest
cover change in both small and large watersheds. Since annual run-
off is the commonly investigated response variable to forest cover
change, this paper focuses on this variable as a means to maximize
the sample size.

2. Study sites and materials

This study synthesized quantitative assessments of annual run-
off response to forest cover change from 312 watersheds world-
wide in the literature. Collected watersheds are classified into
large watersheds (watershed size P1000 km2) and small water-
sheds (watershed size 61000 km2) (Wei and Zhang, 2010a,
2010b). 61 of them are large watersheds, ranging from 1033 to
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