
Forest Ecology and Management 529 (2023) 120718

Available online 16 December 2022
0378-1127/© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

A global synthesis of hydrological sensitivities to deforestation 
and forestation 

Yiping Hou a, Xiaohua Wei a,*, Mingfang Zhang b, Irena F. Creed c, Steven G. McNulty d, 
Silvio F.B. Ferraz e 

a Department of Earth, Environmental and Geographic Sciences, University of British Columbia (Okanagan Campus), 1177 Research Road, Kelowna, British Columbia 
V1V 1V7, Canada 
b School of Resources and Environment, University of Electronic Science and Technology of China, Chengdu 611731, China 
c Department of Physical and Environmental Sciences, University of Toronto, 1265 Military Trail, Toronto, Ontario M1C 1A4, Canada 
d USDA Southeast Regional Climate Hub, P.O. Box 12254, Research Triangle Park, NC 27709-2254, United States 
e Department of Forest Sciences, University of Sao Paulo, Sao Paulo 13400-970, Brazil   

A R T I C L E  I N F O   

Keywords: 
Hydrological sensitivity 
Deforestation 
Forestation 
Inter-annual and intra-annual climate 
Watershed property 
Water retention capacity 
LAI 

A B S T R A C T   

Hydrological sensitivity to forest change, defined as hydrological response intensity (%) per unit of forest cover 
change (%), is essential for understanding the magnitude of possible hydrological consequences caused by forest 
disturbance (e.g., deforestation, wildfire, and insect infestation) or forestation (e.g., reforestation and affores
tation). This synthesis estimated and compared hydrological sensitivities (HSf) of annual streamflow to defor
estation and forestation based on quantitative analyses of 311 watersheds across the globe. The roles of climate 
(both inter-annual and intra-annual) and watershed properties (e.g., topography-related water retention ca
pacity, site condition, watershed size, forest type, and soil type) in HSf were assessed in deforestation and 
forestation groups, respectively. The key findings are: (1) hydrological sensitivities to forestation are significantly 
larger than those to deforestation, with an average value of 1.24% and 0.91% change in annual streamflow 
following 1% forestation and deforestation, respectively; (2) annual climate dryness (defined by PET/P at the 
annual scale) is the primary contributor to HSf to deforestation and forestation, with a relative importance of 
75.5% and 60.6%, respectively, but intra-annual synchronicity of water and energy (i.e., greater matching in the 
timing of maximum P and maximum PET at the monthly scale) produces a significant impact on HSf to fores
tation; (3) leaf area index (LAI) has a contrasting effect on HSf to deforestation (negative response) versus 
forestation (positive response); (4) water retention index (IR) has a negative role in HSf, demonstrating that 
watersheds with larger water retention capacities are less hydrologically sensitive, particularly in the forestation 
group; (5) contrast to our general expectation, hydrological sensitivities to forestation are significantly greater in 
larger watersheds; and (6) hydrological responses are more sensitive to deforestation in watersheds with pure 
forest types and are more sensitive to forest cover change in Lithosols-dominated watersheds. Our findings 
suggest that hydrological effects between deforestation and forestation are not simply reversed and demonstrate 
that hydrological sensitivities are significantly influenced by climate and watershed properties. Hydrological 
sensitivities and their contributing drivers must be considered in protecting water and other aquatic properties.   

1. Introduction 

Forests cover nearly one-third of the global landmass and play an 
essential role in regulating hydrological processes and, by extension, 
ecological functions and services, such as water supply, water purifica
tion, biodiversity, and carbon sequestration (Creed et al., 2016; Clerici 
et al., 2019; Liu et al., 2021; Zhang and Wei, 2021). However, forests are 

experiencing substantial forest management activities, for example, 
deforestation, reforestation, afforestation, conversion in response to 
agricultural intensification and expansion, and urbanization, to meet the 
needs of economic development and environmental protection. For 
example, the Global Forest Resources Assessment (2020) reported that 
global forests have decreased since 1990, with most forest harvesting 
activities in South America and Africa (FAO, 2020; Keenan et al., 2015). 
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In comparison, the most significant forest cover gain has been observed 
in Asia, primarily attributed to China and India’s large-scale ecological 
restoration and plantation programs (FAO, 2020; Jones et al., 2018). 
These changes have stimulated a growing interest in assessing how hy
drological processes respond to forest cover change induced by forest 
management activities, particularly globally (Creed and van Noordwijk, 
2018; Creed et al., 2019; Li et al., 2017; Villarini and Wasko, 2021; 
Zhang et al., 2017; Zhang and Wei, 2021). 

Most studies suggest that deforestation increases annual streamflow 
and increases the size and frequency of floods (Goeking and Tarboton, 
2020), while forestation (afforestation and reforestation) has the 
opposite impact (Farley et al., 2005; Filoso et al., 2017; Jackson et al., 
2005). Despite a general consistency in the direction of hydrological 
responses, there are significant variations in the magnitude of hydro
logical responses (Zhang et al., 2017; Zhang and Wei, 2021). For 
example, based on a global review, Zhang et al. (2017) found that 1.7 to 
100% forest cover loss resulted in annual streamflow increases from 0.4 
to 599.1%, while 0.7 to 100% forest cover gain resulted in annual 
streamflow changes from 0.7 to 167.7%. These large variations in hy
drological responses suggest that hydrological sensitivities to forest 
change are likely related to the scale of the investigation, climate, type 
and severity of forest disturbance, and watershed properties (Zhang and 
Wei, 2021). As far as we know, hydrological sensitivities to deforestation 
or forestation remain poorly studied and synthesized, particularly at the 
global scale. 

Forests go through a disturbance-recovery cycle. Following a 
disturbance (e.g., harvesting or wildfire), recovery or forestation occurs 
through natural regeneration or plantation. It is unclear whether 
deforestation and forestation produce similar magnitudes of hydrolog
ical response or if the hydrological impacts caused by deforestation can 
be reversed through forestation? Very few studies have directly 
compared the difference in hydrological responses or sensitivities be
tween deforestation and forestation. For example, Liu et al. (2015) 
found that there was an increase of 113 mm/yr in annual streamflow 
due to deforestation, but a reduction of 51 mm/yr caused by forestation 
in the Meijiang Watershed, China. Swift and Swank (1981) found that 
two consecutive clear-cuts increased annual streamflow by 65% in 23 
years and 40 % in 12 years, respectively in WS13 at the Coweeta Long- 
Term Experimental Forest, while streamflow recovery took 31 and 49 
years, respectively. Despite being limited in their geographic scope, 
these studies indicate different hydrological sensitivities between 
deforestation and forestation. A synthesis of this topic at the global scale 
would help address this knowledge gap. 

Hydrological sensitivity to forest change can be defined as the in
tensity of hydrological responses per unit of forest cover change. The 
concept is the opposite of hydrological resistance (Mitchell et al., 2016; 
Creed et al., 2014). A hydrologically sensitive watershed will experience 
significantly more overland flow and evapotranspiration (ET) changes 
than a hydrologically insensitive watershed. Additionally, a hydrologi
cally sensitive watershed may require a more extended period to fully 
recover hydrological functions (Creed et al., 2014). Hydrological 
sensitivity can be affected by climate and watershed properties (e.g., 
tree species, land cover characteristics, topography, and landscape 
pattern) (Hou et al., 2021; Zhang et al., 2017; Zhang and Wei, 2021). For 
example, hydrological sensitivities to forest change were more signifi
cant in watersheds situated in semi-arid and arid regions compared to 
watersheds situated in humid regions (Hou et al., 2021; Peña-Arancibia 
et al., 2019). Further, hydrological sensitivities to forest change were 
smaller in watersheds with mature trees, mixed forest types, diverse 
landforms, and gentle slopes compare to watersheds with young trees, 
single forest types, simple landforms, and steep slopes (Creed et al., 
2014; Zhou et al., 2015). For any watershed, watershed properties are a 
crucial factor for determining the hydrological response to external 
changes. Thus, understanding the contributing factors of hydrological 
sensitivity can help us better identify and manage forest areas with large 
hydrological sensitivities and associated negative consequences. 

Research interests into the sensitivity of hydrological responses to 
forest change are growing. Recent theoretical analyses examined hy
drological sensitivity associated with watershed characteristics and 
climate variability using the conceptual Budyko framework. For 
example, Zhou et al. (2015) used Fu’s Budyko framework to show that 
the effects of land cover change on hydrological sensitivities (using 
runoff ratio as a proxy) were largest in watersheds with a wetness index 
(the ratio of precipitation to potential evapotranspiration) of 0.5 to 0.7. 
Further, Zhang et al. (2004) showed that the effects of watershed 
characteristic changes (represented as the changes in the Budyko 
parameter) on hydrological sensitivities (using the ratio of evapotrans
piration to precipitation as a proxy) were largest in watersheds with a 
wetness index near 1.0. Although these analyses hardly address hydro
logical sensitivity to a specific land cover type such as forests, they 
provide valuable insights into hydrological sensitivities in a broader 
climate and land cover change. Watershed-based assessments have 
examined hydrological sensitivities by proposing a pre-defined index 
(Zhang et al., 2017; Li et al., 2017), applying the principle of elasticity 
(Kibria et al., 2016; Zheng et al., 2013), retrieving the sensitivity coef
ficient to the Budyko parameter (Berghuijs et al., 2017; Chen et al., 
2021; Gudmundsson et al., 2016; Lv et al., 2019), and conducting hy
drological modeling (Mo et al., 2021; Pomeroy et al., 2012). Despite 
growing research interest in the topic, to our knowledge, there remains a 
lack of a global review or synthesis that examines hydrological sensi
tivities to forest change induced by forest management activities and 
their contributing factors critically. 

Zhang et al. (2017) proposed a hydrological sensitivity index to 
indicate the response intensity of annual runoff to forest cover change, 
and then applied this index to explore their relationships with climate, 
forest type, and hydrological regime in 312 watersheds around the 
globe. While hydrological responses to both natural and anthropogenic 
forest change were estimated, Zhang et al. (2017) did not evaluate the 
effects of forest management activities (i.e., deforestation and foresta
tion) on hydrological sensitivities and did not answer the question that 
whether hydrological impacts of deforestation are simply reversed to 
forestation? Besides, the relative importance of integrated drivers in 
deforestation and forestation groups was not assessed. To fill this gap, 
we evaluated hydrological sensitivities to forest management activities 
(i.e., deforestation and forestation) and their contributing drivers using 
published data from non-modeling work. Our study addresses the 
following scientific questions: (1) Are hydrological sensitivities to 
deforestation and forestation the same? If not, (2) how do hydrological 
sensitivities to deforestation and forestation vary among climate classes? 
(3) How do hydrological sensitivities to deforestation and forestation 
vary among watershed property classes? And (4) to what extent do 
climate and watershed properties contribute to hydrological sensitivities 
to deforestation and forestation? 

2. Methods 

2.1. Data collection 

We collected data from published papers that quantified the effects 
of forest cover change on hydrological processes. First, we searched Web 
of Science databases for published papers with the following terms: 
"hydrological" or "streamflow" or "runoff" or "runoff ratio" or "runoff 
coefficient" or "evapotranspiration" or "evapotranspiration ratio" AND 
"forest change" or "forest disturbance" or "deforestation" or "forestation" 
or "planting" in the title, abstract, or keywords. Among the selected 
papers, we then searched for those that reported: (1) forest change 
proportions (%); (2) the absolute or relative changes in annual stream
flow caused by forest cover change; and (3) the watershed properties (e. 
g., slope and range in elevation). We included data from papers that 
applied paired watershed experiments (PWEs), conceptional frame
works (e.g., the Budyko and Tomer-Schilling frameworks), and statisti
cal analyses of long-term data (e.g., graphic methods, trend analyses, 
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and elasticity analyses). We focused on data for forest management 
activities (i.e., deforestation and forestation). Since data based on hy
drological models generally have a coarse representation of forest cover 
change, they were excluded from the analysis. Our final data set includes 
311 watersheds across the globe (Fig. 1 and Table S1), of which 218 
watersheds are from deforestation activities with an average response 
period of 12 years (ranging from 1 to 41 years), while 93 watersheds are 
from forestation activities with an average response period of 18 years 
(ranging from 1 to 46 years). Most data on deforestation are from North 
America, Europe, and Australia, while most data on forestation are from 
Asia (Fig. 1). Detailed descriptions of data collection, auxiliary data 
sources, data preparations, and variable collections are provided in the 
Supplementary Materials (Sections S1 and S2). 

2.2. Data analyses 

2.2.1. Hydrological sensitivity to forest change 
Hydrological sensitivity to forest change (HSf) is defined as the 

response intensity (%) of streamflow per unit of forest cover change (%) 
(Equation (1); Zhang et al., 2017). This dimensionless index provides a 
unified measure for comparing hydrological response per unit of forest 
cover change among watersheds with different forest change pro
portions, climates, and watershed properties. Here, we focused on hy
drological sensitivities of annual streamflow to deforestation and 
forestation. 

HSf =

⃒
⃒
⃒
⃒
ΔQf %
ΔF%

⃒
⃒
⃒
⃒ (1)  

where, ΔQf % is the relative change in annual streamflow caused by 
forest change, which is calculated as the absolute change in annual 
streamflow (ΔQf , mm) divided by the long-term mean annual stream
flow (Q, mm); and ΔF% is the proportion of forest change (%). 

2.2.2. Integrated drivers of HSf 
Water retention capacity of a watershed plays an essential role in 

streamflow generation processes. Water retention capacity is a function 

of watershed properties (e.g., slope, landform complexity, site condi
tions, and land cover characteristics). Watersheds with steep slopes and 
significant elevation differences (i.e., relief) tend to have shorter water 
residence times, shorter flow paths, and consequently smaller water 
retention capacities than watersheds with gentle slopes and slight 
elevation differences (Jencso and McGlynn, 2011; Nippgen et al., 2011; 
Huang et al., 2020; Zhou et al., 2015). Here, we proposed the water
shed’s average water retention index (IR, Equation (2)), calculated as a 
function of the watershed’s average slope and range in elevation. Other 
topographic indices such as relief ratio, slope length factor, flow path 
length, and downslope distance gradient can also be used to explain 
topography-related water retention capacity (Hou et al., 2021; Jencso 
and McGlynn, 2011; Nippgen et al., 2011; Zhang et al., 2004). Unfor
tunately, those topographic indices were unavailable from the selected 
studies. 

IR =
1

log(Slope) × log(Elev.diff .)
(2)  

where, IR is the water retention index, and Elev.diff. is the elevation 
difference. 

We chose long-term dryness index (DI) and leaf area index (LAI) in 
the growing season to represent averaged climate and site conditions 
that influence HSf. DI, the ratio of mean annual potential evapotrans
piration (PET) to mean annual precipitation (P), is an integrated indi
cator to reflect the interaction between energy and water on ET at the 
annual scale (Zhang et al., 2017). LAI represents the site condition 
related to land cover type, vegetation coverage, growth condition, and 
other biophysical processes (Donohue et al., 2007; Jin et al., 2021; 
Zhang et al., 2004). Watersheds with high LAI tend to have large 
evapotranspiration capacity, more layers of vegetation structure, and 
high vegetation cover (Khairiah et al., 2017). 

2.2.3. Watershed classifications 
Once hydrological sensitivity to forest change (HSf) for each water

shed was quantified, we compared HSf among various watershed classes. 
Watersheds were classified in different ways. First, according to the 

Fig. 1. Locations of the selected study sites with the red circles representing watersheds with deforestation activities and the green triangles representing watersheds 
with forestation activities. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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long-term DI, watersheds were classified into water-limited (WL) and 
energy-limited (EL) watersheds. Watersheds with a long-term DI less 
than 1.0 belong to energy-limited conditions, while water-limited wa
tersheds have long-term DI>1.0 (Creed et al., 2014; Patterson et al., 
2013). Second, watersheds were classified based on their intra-annual 
synchronicity of water supply (P) and energy demand (PET). We 
applied the intervals between maximum monthly P timing and 
maximum monthly PET timing (PfPET) to measure the matching of 
water supply and energy demand (Berghuijs and Woods, 2016; Shao 
et al., 2012). Based on calculated intervals, watersheds were grouped 
into synchronized systems with PfPET less than or equal to 2 and 
desynchronized systems with PfPET>2. Third, watersheds were classi
fied as tropical, arid, temperate, or continental climate zones according 
to the Köppen-Geiger climate classification. Site locations in the Köppen- 
Geiger climate classifications can be found in Figure S1 in the Supple
mentary Materials. Finally, watersheds were classified according to the 
water retention index, watershed size, soil type, and forest type (Table 1, 
Section S2.4 and Table S1 in the Supplementary Materials). 

2.2.4. Statistical analyses 
The nonparametric Mann-Whitney U test was used to detect statis

tically significant differences in HSf between watershed classes because 
there is no explicit requirement for data distribution (Aryal and Zhu, 
2020; Mann and Whitney, 1947). 

We used linear and nonlinear methods to evaluate the relationships 
between influencing drivers and HSf as well as their relative importance. 
Multiple linear regression (MLR) models can indicate drivers’ positive or 
negative roles in HSf, and the standardized beta coefficients can indicate 
the relative importance of each driver in HSf. We also used a regression 
tree-based machine learning model, the gradient boosting machine 
(GBM), to explore the nonlinear relationships and relative importance of 
each driver in HSf (Giles-Hansen et al., 2021; Hallema et al., 2018). 
Although the GBM can describe nonlinear regression relationships, it 
runs as a black box with no specific indications of drivers’ positive or 
negative roles. Thus, the combined estimation of two different methods 
was used to provide more robust results. MLR models were performed 
separately for HSf in both deforestation and forestation groups with a 
significant level of 0.05. For GBM, we applied the R ’GBM’ package to 

build deforestation and forestation model groups (R Core Team, 2016). 
15-fold cross-validation repeated three times was used to tune the GBM 
models, and the model with the minimum root mean square error 
(RMSE) was selected to determine their relative importance. 

3. Results and discussion 

3.1. Hydrological sensitivities to deforestation and forestation 

Hydrological sensitivities to forestation are significantly larger than 
those associated with deforestation (p<0.001; Fig. 2). 

This result answers our first question: hydrological sensitivities to 
forestation differ from and are significantly larger than those to defor
estation (Fig. 2). 1% forest change caused by deforestation and fores
tation, on average, can result in a 0.91% and 1.24% change in annual 
streamflow, respectively. This finding is consistent with previous 
research evaluating the change magnitude of streamflow to forest cover 
change. Wang et al. (2020) revealed that absolute changes in streamflow 
after forestation are much larger than deforestation. Piao et al. (2007) 
found that deforestation can increase annual streamflow by 8 mm/yr 
worldwide, while Jackson et al. (2005) found forestation can decrease 
annual streamflow by 227 mm/yr, with some streams drying up. 

The significant difference in HSf between deforestation and foresta
tion groups may be due to the following several factors. First, differences 
in forest management operations and their associated changes in 
ecosystem structure and functioning could contribute to the difference 
in HSf. Forest harvesting activities can partially offset hydrological 
changes. For example, understory vegetation may be left on the site 
typically exhibiting competitive release (e.g., a rapid post-disturbance 
growth response) that may reduce increases in streamflow. Dead ma
terials (e.g., woody debris) may be left on the site to mitigate the in
creases of surface flow (Coble et al., 2020), and soil infiltration ability 
and soil moisture would be maintained if soil disturbance is not 
considerable (Peña-Arancibia et al., 2019). For example, using brush 
mats can significantly reduce soil compaction in harvested sites (Ring 
et al., 2021). These activities can maintain streamflow. In contrast, 
forestation, particularly afforestation (55 of 93 cases in this study), often 
starts from bare land or converts other land-use types (e.g., agriculture, 
urban) into forests where initial forest cover is less or limited (Filoso 
et al., 2017). Therefore, forestation activities could dramatically alter 
initial conditions in vegetation (e.g., type, structure, and component) 
and soils (e.g., infiltration, soil moisture), leading to larger HSf. In 
summary, even if both processes occur under the same climate, defor
estation immediately alters forest structure and some hydrological 

Table 1 
The sample size (N) across different watershed classes.  

Category Deforestation 
(N = 218) 

Forestation 
(N = 93) 

Climate Inter-annual Energy-limited 
(DI≤1.0) 

161 54 

Water-limited 
(DI>1.0) 

57 39 

Intra-annual Synchronized 
(PfPET≤ 2) 

102 26 

Desynchronized 
(PfPET>2) 

116 67 

Köppen- 
Geiger 
classification 

Tropical 11 2 
Arid 19 14 
Temperate 123 52 
Continental 65 25 

Watershed 
property 

Water 
retention 
index 

IR≤0.5 176 81 
IR>0.5 42 12 

Watershed 
size 

Small 
(<1000km2) 

197 59 

Large 
(>1000km2) 

21 34 

Forest type Broadleaf 102 60 
Coniferous 105 22 
Mixed 11 11 

Soil type Acrisols 37 17 
Podzols 33 9 
Cambisols 31 23 
Lithosols 9 18  

Fig. 2. A comparison of HSf between deforestation and forestation groups with 
mean, median, standard deviation (SD), sample size (N), and the result of the 
Mann-Whitney U test (*denotes statistically significant with a p-value less than 
0.10). The data shown are mean values with SD. 
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processes linked to it, but could maintain the functioning of the soil, 
while forestation changes the soil and forest structure over a long period 
of time, resulting in an ecosystem structure and functioning probably 
different from the original one. 

Second, forestation programs often use non-native, fast-growing tree 
species in monocultural plantations, which causes more rapid changes in 
ET, and consequently, annual streamflow (Farley et al., 2005; Ferraz 
et al., 2021; Jackson et al., 2005; Rahmat et al., 2018). For example, 
83% of forestation sites in our dataset are associated with non-native, 
fast-growing tree plantations. This forest composition might lead to 
larger HSf. However, there are some cases where native trees are re- 
planted, and natural regeneration of native species takes place, which 
may result in smaller HSf than planting non-native, fast-growing tree 
species. 

Third, the response time following deforestation and forestation 
might also contribute to differences in HSf. Deforestation causes changes 
in streamflow immediately after tree removal, but rapid changes are 
diminished as forest recovery progresses (Brown et al., 2005; Moore 
et al., 2020). In comparison, streamflow responses to forestation are 
gradual and persist for an extended period as the site reaches a new 
equilibrium (Farley et al., 2005; Zhang et al., 2015). While the magni
tude of hydrological change can be variable (Filoso et al., 2017), a 
consistent decreasing trend in hydrological response may continue for 
decades after forestation (Feng et al., 2016). The more extended hy
drological responses from forestation suggest the hydrological sensitiv
ities would be more significant. 

Finally, the difference in climate conditions between deforestation 
and forestation groups might also contribute to larger HSf in the fores
tation group. Forest harvesting occurs typically in areas where trees 
have matured, while forestation activities are implemented anywhere. 
Our analysis shows lower DI values (mean DI=0.88, energy-limited) in 
the deforestation group and higher DI values (mean DI=1.08, water- 
limited) in the forestation group. As Fig. 3 in the next section illus
trated, hydrological sensitivities in water-limited systems are signifi
cantly larger than in energy-limited systems. 

The above reasons explain the difference in HSf between deforesta
tion and forestation groups, suggesting that hydrological responses to 

deforestation and forestation are not simply reversible. Instead, defor
estation and forestation activities modify forest ecosystem structures 
and functioning (vegetation and soil) differently in time and space 
(Ferraz et al., 2020), causing fundamental changes to HSf. However, 
different management activities may result in variable hydrological re
sponses, suggesting that more future research is needed. 

3.2. HSf and climate 

Hydrological sensitivities to deforestation and forestation in water- 
limited watersheds are both significantly larger than those in energy- 
limited watersheds (p<0.001) (Fig. 3). For the deforestation group, 
the mean value of HSf is 0.66 for energy-limited watersheds and 1.60 for 
water-limited watersheds, while for the forestation group, it is 0.61 for 
energy-limited watersheds and 2.11 for water-limited watersheds. 

This result answers our second question: climate controls HSf to both 
deforestation and forestation, with significantly larger HSf observed in 
water-limited watersheds than in energy-limited ones (Fig. 3). There is 
also a positive relationship between DI and HSf (Table 2). 

This finding is in line with global and regional assessments (Luo 
et al., 2020; Peña-Arancibia et al., 2019; Zhang et al., 2017; Zhou et al., 
2015). Climate directly affects water and energy inputs in watersheds 
and indirectly affects forest distribution, growth, and phenology (Bearup 
et al., 2014; Villarini and Wasko, 2021; Yang et al., 2021). For example, 
under water-limited conditions, forest distribution, growth, and suc
cession are more water-dependent (Bai et al., 2020). In turn, forest 
characteristics can affect water flux (Asbjornsen et al., 2011). If forests 
are changed in water-limited systems, the close linkages between forests 
and water processes are disrupted, and more significant changes in hy
drological processes are expected. In addition, ET/P ratios in water- 
limited systems are much larger than those in energy-limited systems. 
For example, the average ET/P ratio of two energy-limited subtropical 
watersheds in the Poyang Lake Basin is 0.54. In comparison, the ET/P 
ratio is 0.92 for four water-limited semi-arid watersheds in the Loess 
Plateau, China (Hou et al., 2021). Thus, a change in forest cover could 
lead to larger changes in annual ET and annual streamflow, and 
consequently, HSf in water-limited systems. 

Fig. 3. Comparisons of HSf between energy-limited (EL) and water-limited (WL) systems with mean, median, standard deviation (SD), sample size (N), and the 
results of Mann-Whitney U tests (*denotes statistically significant with a p-value less than 0.10) in deforestation and forestation groups. The data shown are mean 
values with SD. 
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Fig. 4 estimates HSf to deforestation and forestation among Köppen- 
Geiger climate classifications. We tested differences in HSf between 
tropical and other climate zones in the deforestation group but did not 
involve tropical watersheds in the forestation group because there are 
only two samples in this climate zone undergoing forestation (Fig. 4). 
We failed to detect any significant differences in HSf between water
sheds in the deforestation group in the Köppen-Geiger tropical, arid, 
temperate, and continental climate zones. Nevertheless, 1% deforesta
tion, on average, can cause 0.78%, 1.61%, 0.87%, and 0.73% changes in 
annual streamflow in tropical, arid, temperate, and continental water
sheds, respectively. In contrast, we detected significant differences in 
HSf between watersheds in the forestation group. Hydrological sensi
tivities in the arid (mean HSf=1.93) and continental (mean HSf=1.42) 
zones are significantly larger than in the temperate zone (mean 
HSf=1.00). Nevertheless, the largest HSf in both deforestation and 
forestation groups is in the arid zone, consistent with the comparison 
between energy-limited and water-limited systems. 

Fig. 5a shows differences in HSf to deforestation and forestation 
between synchronized (PfPET≤ 2) and desynchronized (PfPET> 2) 
watersheds. In the deforestation group, there is no significant difference 
in HSf between synchronized (mean HSf=0.84) and desynchronized 
watersheds (mean HSf=0.97; p>0.10). In contrast, in the forestation 
group, hydrological sensitivities are significantly larger in synchronized 
watersheds (mean HSf=1.42) than in desynchronized watersheds (mean 
HSf=0.76; p<0.10). Overall, the interval phase (PfPET) has limited im
pacts on HSf in the deforestation group (r=0.008 and p=0.904; Fig. 5b), 
but there is a significant negative relationship between PfPET and HSf in 
the forestation group (r=− 0.204 and p=0.050; Fig. 5c). These results 
suggest that hydrological responses to forestation are more sensitive in 
more synchronized watersheds. 

Fig. 5b and 5c show that hydrological sensitivities decrease signifi
cantly with increasing PfPET in synchronized watersheds in both 
deforestation and forestation groups (the purple dashed lines in Fig. 5b- 
5c). In contrast, hydrological sensitivities increase significantly with 
increasing PfPET in desynchronized watersheds in the forestation group 
alone (the orange dashed line in Fig. 5c). These results highlight sig
nificant and dynamic relationships between HSf and synchronicity of 
PfPET, with the largest HSf occurring at PfPET=0 (i.e., perfect matching 
of synchronicity between monthly energy (PET) and water (P)) in both 

deforestation and forestation groups. 
Generally, synchronized watersheds have significantly larger HSf 

than desynchronized watersheds in the forestation group, and there are 
negative relationships between HSf and PfPET for both deforestation and 
forestation groups with the largest sensitivity at PfPET=0. This is 
because the intra-annual synchronicity of P and PET plays an essential 
role in tree growth, and thus HSf. Water and energy availability are 
better matched in more synchronized watersheds, promoting and 
increasing tree growth and ET and leading to more significant hydro
logical responses when forests are altered. Berghuijs et al. (2014) found 
that the synchronicity of P and PET can significantly affect inter-annual 
precipitation partitioning by increasing annual ET and reducing annual 
streamflow, suggesting a smaller amount of annual streamflow in syn
chronized watersheds than in desynchronized watersheds. 

There is a positive relationship between HSf and PfPET in 
desynchronized watersheds in the forestation group (the orange dashed 
line in Fig. 5c). A closer look at this positive relationship indicates that 
the large sensitivity at PfPET=6 might cause the positive relationship. 
When monthly P and PET are the least matched (at PfPET=6) in 
desynchronized watersheds, these watersheds are likely energy-limited 
during winter and water-limited during summer (Feng et al., 2019). 
The increase in forest cover causes the most severe soil moisture deficit 
in the growing season, especially during the summer period, which in 
turn causes the large HSf. 

3.3. HSf and watershed properties 

Topography delineates flow path, water movement, water residence 
time, and water storage capacity, which is partly associated with water 
retention capacity (Li et al., 2018; Teutschbein et al., 2018; Zhang and 
Wei, 2021; Zhou et al., 2015). Our results show that watersheds with 
lower values of water retention index (i.e., IR≤0.5) have significantly 
larger hydrological sensitivities to forestation. Fig. 6 shows that there is 
no significant difference in HSf between low IR (i.e., IR≤0.5) and high IR 
(i.e., IR>0.5) watersheds in the deforestation group (p>0.10). In 
contrast, hydrological sensitivities are significantly larger in watersheds 
with low IR than those with high IR (i.e., p<0.10) for the forestation 
group. On average, 1% forestation results in 1.29% and 0.88% changes 
in streamflow in low and high IR watersheds, respectively. This 

Fig. 4. Comparisons of HSf between Köppen-Geiger climate classes with mean, median, standard deviation (SD), sample size (N), and the results of significant Mann- 
Whitney U tests (*denotes statistically significant with a p-value less than 0.10) in deforestation and forestation groups. The data shown are mean values with SD. 
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difference is likely because watersheds with lower water retention ca
pacities tend to have poor water storage for soil infiltration and 
groundwater recharge (López-Ramírez et al., 2020). As a result, these 
watersheds are more likely to “flush“ with quicker hydrological re
sponses to forest cover change (e.g., conversion to a plantation). The 
non-significant difference in HSf between low and high IR watersheds in 
the deforestation group might be because the classification criterion 
(IR=0.5) is subjective. However, the MLR models clearly suggest that 
hydrological sensitivities decrease with rising IR for deforestation and 
forestation groups (Table 2). These results suggest that watersheds with 
greater topography-related water retention capacities are more resistant 

or less sensitive to forest cover change. 
Our results show that hydrological sensitivities in large watersheds 

(mean HSf=2.02) are significantly greater than in smaller watersheds 
(mean HSf=0.78) (p<0.001) in the forestation group (Fig. 7). Therefore, 
large watersheds (i.e., watershed size>1000 km2) are more sensitive to 
forestation than small watersheds (i.e., watershed size<1000 km2). 
However, in the deforestation group, there is no significant difference in 
HSf between small and large watersheds (p>0.10), with their mean 
values being 0.88 and 1.16 in small and large watersheds, respectively. 
This result contradicts commonly held perceptions that larger water
sheds have larger hydrological buffering capacities and are therefore 

Fig. 5. (a) Comparisons of HSf between watersheds with synchronized and desynchronized monthly P and PET timing in deforestation and forestation groups. The 
data shown are mean values with SD. In addition, the mean, median, standard deviation (SD), sample size (N), and the results of Mann-Whitney U tests (*denotes 
statistically significant with a p-value less than 0.10) are presented; (b) The relationship between HSf and interval phase between peak monthly precipitation and 
peak monthly potential evapotranspiration (PfPET) in the deforestation group; and (c) The relationship between HSf and PfPET in the forestation group. 

Fig. 6. Comparisons of HSf between watersheds with low (IR≤0.5) and high (IR>0.5) water retention index (IR) in deforestation and forestation groups. The data 
shown are mean values with SD. In addition, the mean, median, standard deviation (SD), sample size (N), and the results of Mann-Whitney U tests (*denotes sta
tistically significant with a p-value less than 0.10) are presented. 
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less sensitive to forest disturbance or forest change (Blöschl et al., 2007; 
Filoso et al., 2017; Huff et al., 2000; Zhou et al., 2015). Nevertheless, our 
result is consistent with Li (2018), who detected an amplified effect on 
annual streamflow changes caused by cumulative forest disturbance 
with increasing watershed size in the southern interior of British 
Columbia. 

The following reasons could explain the larger hydrological sensi
tivities to forestation in large watersheds. First, large hydrological 
buffering capacities in large watersheds are commonly related to the 
total magnitudes of peak or low flow (Eaton et al., 2002). However, the 

larger hydrological sensitivities in large watersheds, which are the focus 
of this study, are related to variations in the total magnitude of annual 
streamflow caused by forest cover change. HSf can be amplified with 
increasing watershed size due to interactions and possible feedback 
among various processes (Li, 2018). Second, the selection of study wa
tersheds might also contribute to this contrasting result. Researchers 
commonly avoid complicated landforms (e.g., large lakes or wetlands) 
when selecting watersheds to assess hydrological responses to forest 
change. Therefore, these complicated landforms with large hydrological 
buffering capacities might not be well represented in their research 

Fig. 7. Comparisons of HSf between small (<1000 km2) and large (>1000 km2) watersheds with mean, median, standard deviation (SD), sample size (N), and the 
results of Mann-Whitney U tests (*denotes statistically significant with a p-value less than 0.10) in deforestation and forestation groups. The data shown are mean 
values with SD. 

Fig. 8. Comparisons of HSf between broadleaf (BF), coniferous (CF), and mixed forest-dominated (MF) watersheds with mean, median, standard deviation (SD), 
sample size (N), and the results of Mann-Whitney U tests (*denotes statistically significant with a p-value less than 0.10) in deforestation and forestation groups. The 
data shown are mean values with SD. 
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design. For this reason, larger watersheds tend to have greater stream 
power through the greater contributing area assuming a similar slope. 
This factor could probably contribute to larger hydrological sensitivities 
to forest change. Finally, this study used 1000 km2 as a dividing line to 
compare small and large watersheds. Although this definition has often 
been used (England et al., 2007; Singh, 1995; Wei et al., 2013; Wei and 
Zhang, 2010), it is a subjective threshold that could introduce uncer
tainty. Therefore, we applied another watershed size threshold to clas
sify small and large watersheds (Figure S2) and found the watershed size 
threshold does not affect the result. 

Our results show that mixed forest-dominated watersheds have 
significantly smaller HSf to deforestation than coniferous forest- 
dominated watersheds (Fig. 8). In contrast, differences in HSf between 
coniferous and broadleaf types (BF vs CF) and between broadleaf and 
mixed types (BF vs MF) are not significant in the deforestation group 
(Fig. 8). Mean hydrological sensitivities to deforestation are 1.02, 0.86, 
and 0.31 in broadleaf, coniferous, and mixed forest-dominated water
sheds, respectively. In comparison, hydrological sensitivities to fores
tation in broadleaf, coniferous, and mixed forest-dominated watersheds 
are not significantly different. These results demonstrate that forest 
types could have an important role in HSf to deforestation. 

The significantly smaller hydrological sensitivities to deforestation in 
mixed forest-dominated watersheds suggest that these watersheds are 
more hydrologically resistant to deforestation than coniferous forest- 
dominated watersheds. The diversity of tree species in coniferous for
ests is relatively small. In contrast, the diversity of tree species is large 
with complex, multi-layered stand structures in mixed forest-dominated 
watersheds (Ferraz et al., 2013). These structural and functional traits of 
mixed forest-dominated watersheds are expected to play a positive role 
in buffering hydrological responses to deforestation, and consequently 
reducing HSf. Similar results were also found in other studies (Creed 
et al., 2014; Ellison et al., 2017; van Dijk et al., 2012; Zhang et al., 2017; 
Zhou et al., 2015). In the forestation group, recovery of hydrological 
functioning and services always takes much longer and may not be fully 
realized (Liu et al., 2016; Senf et al., 2019). As a result, the difference in 
HSf to forestation among coniferous, broadleaf, and mixed forest- 
dominated watersheds is likely less pronounced. 

Finally, our results show that the dominant soil type in watersheds 

influences HSf. Fig. 9 shows hydrological sensitivities to deforestation 
and forestation in Acrisols-, Podzols-, Cambisols-, and Lithosols- 
dominated watersheds. In the deforestation group, Acrisols-dominated 
watersheds have significantly larger HSf values than those in Podzols- 
and Cambisols-dominated watersheds, and Lithosols-dominated water
sheds have significantly larger HSf values than Podzols-dominated wa
tersheds. Mean hydrological sensitivities are 0.92 for Acrisols- 
dominated, 0.32 for Podzols-dominated, 0.27 for Cambisols- 
dominated, and 0.97 for Lithosols-dominated watersheds, respectively. 
In the forestation group, significantly smaller hydrological sensitivities 
are observed in Acrisols-dominated watersheds with an average value of 
0.38. Mean hydrological sensitivities to forestation in Podzols-, Cambi
sols-, and Lithosols-dominated watersheds are 0.69, 1.57, and 2.24, 
respectively. 

Soil types affect soil moisture, groundwater recharge, discharge, and 
the interaction between surface and subsurface processes, influencing 
HSf (Schoonover and Crim, 2015). For both deforestation and foresta
tion groups, Lithosols have the largest HSf, while Podzols have relatively 
smaller HSf (Fig. 9). Lithosols typically have shallow soil layers less than 
10 cm in thickness and low soil water holding capacities as they are 
generally located on steep slopes (Nachtergaele, 2017). Once forest 
change activities are implemented in Lithosols-dominated watersheds, 
changes in soil moisture and other hydrological processes are expected 
to be dramatic and quick, resulting in more severe hydrological re
sponses to forest change. In contrast, Podzols are the typical soils of 
coniferous forests with coarse textures. Podzols are acidic soils with low 
fertility (Sanborn et al., 2011). As a result, forest change-related tree 
growth rates are often low in Podzols-dominated watersheds, and the 
related hydrological responses are less sensitive. 

Our results (Figs. 6–9) answer the third question: water retention 
capacity and watershed size contribute to HSf to forestation (Figs. 6–7), 
forest type affects HSf to deforestation (Fig. 8), and soil type modulates 
HSf to both deforestation and forestation (Fig. 9). 

3.4. HSf and the relative importance of contributing drivers 

The multiple linear regression (MLR) model for the deforestation 
group shows that DI is positively related to HSf, while LAI (representing 

Fig. 9. Comparisons of HSf between Acrisols-, Podzols-, Cambisols-, and Lithosols-dominated watersheds with mean, median, standard deviation (SD), sample size 
(N), and the results of significant Mann-Whitney U tests (*denotes statistically significant with a p-value less than 0.10) in deforestation and forestation groups. The 
data shown are mean values with SD. 
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the site condition) and IR (representing the topography-related water 
retention capacity) are negatively related to HSf (Table 2). For the 
forestation group, MLR suggests hydrological sensitivities increase with 
DI while decrease with IR. However, there is a positive relationship 
between HSf and LAI (Table 2). Fig. 10 exhibits the averaged relative 
importance of climate and watershed properties to HSf, estimated by the 
machine learning based GBM and MLR models (GBM model parameters 
and performance, and the relative importance of the two methods are 
presented in Section S4 in the Supplementary Materials). In the defor
estation group, the relative importance of climate in estimating HSf is 
75.5%. In comparison, the relative importance of watershed properties 
is 24.5% in the deforestation group (with IR contributing 13.7% and LAI 
contributing 10.8%) (Fig. 10). In comparison, in the forestation group, 
the relative importance of climate in estimating HSf is 60.6 %, with IR 
contributing 27.2% and LAI contributing 12.2% (Fig. 10). Climate is the 
most important contributing driver of HSf in deforestation and foresta
tion groups, while IR and LAI are secondary drivers. 

This result answers the fourth question: climate is the primary driver 
of hydrological sensitivities to deforestation and forestation, while 
watershed properties play a secondary role. Previous studies have 
demonstrated the roles of climate and watershed properties in terms of 
the total magnitude of hydrological variables. For example, Zhang et al. 
(2004) showed that ET is mainly driven by climate (i.e., P and PET) with 
a lower contribution of watershed properties. From the theoretical 
Budyko framework analysis, Zhou et al. (2015) suggested that climate 
dominates hydrological responses when the watershed characteristic 
parameter (m in Fu’s Budyko framework) is greater than 2. Conversely, 
watershed properties dominate hydrological responses when the 
watershed characteristic parameter is less than 2. Similarly, Liu et al. 
(2019) showed that the relative contribution of precipitation to hydro
logical response is more significant than that of watershed properties at 
the global scale. However, the relative importance of climate and 
watershed properties to hydrological responses, such as HSf, is rarely 
examined. Our result suggests that climate variability can alter hydro
logical processes and make a large contribution to HSf. It also suggests 
that a framework that considers climatic aspects, watershed properties, 
and forest management type, extent, and intensity as determinants of 
the observed effects is required to understand hydrological effects of 
forest change (see also Ferraz et al., 2019). 

LAI plays different roles in HSf in deforestation versus forestation 
(Table 2). While LAI positively influences on HSf in the forestation 
group, it negatively influences HSf in the deforestation group. LAI, 
determined by site conditions (e.g., land cover types, forest types, and 
tree species), largely controls ET and gross photosynthesis (Potithep 
et al., 2013; Reichenau et al., 2016). Therefore, higher LAI values 
indicate more favorable site conditions for forest growth and vegetation 
regeneration. The positive role of LAI in terms of HSf to forestation may 
reflect the fast growth of non-native tree species often used in forestation 
activities that lead to the large change in hydrological processes in these 
watersheds (Chi et al., 2015). In contrast, the negative role of LAI in 
terms of HSf to deforestation may reflect the fast regeneration rates of 
native tree species that may mitigate streamflow increments after tree 
removal (Brown et al., 2005). 

4. Uncertainties 

There are some uncertainties in this study. First, we selected data 
from existing publications using modeling approaches across the globe. 
However, the representation of tropical watersheds is relatively low. 
According to the Köppen-Geiger classification, only 13 study watersheds 
are situated in the tropics. Also, we have a relatively small sample size of 
large watersheds (e.g., 55 of our study watersheds are above 1000 km2). 
The imbalanced sample sizes among classes might cause uncertainty in 
our statistical analyses. Second, inconsistent quantification methods and 
response periods among the selected studies prevent consistent com
parisons. For example, hydrological sensitivities might decrease with 
increasing response periods in the deforestation group while increase 
with increasing response periods in the forestation group. Since 
streamflow responses in each year were not available from selected 
studies, inconsistent response periods might also cause uncertainty. To 
understand hydrological sensitivities to deforestation and forestation, it 
is impossible to capture the period from reforestation or afforestation to 
a mature stand since some types of forests take a very long time to reach 
maturity and such periods would vary with climate and forest types, e.g., 
tropical forests may recover in 10 years, while boreal forests could take 
>100 years. In this study, we assumed that the case studies are based on 
data collected during periods of high impact on hydrological sensitiv
ities. Third, the proposed water retention index (IR) is only based on 
watershed slope and elevation difference (i.e., basin relief), which might 
not entirely reflect water retention capacity. Other watershed property 
indices are related to the water retention capacity (Li et al., 2018; Scown 
et al., 2015), but the selected studies’ data to generate these indices were 
unavailable. Fourth, there are likely other factors that were not 
considered in this study that contribute HSf. Finally, forest cover change 
is not a perfect indicator as it may not capture variations in terms of 
forest state, distribution, and canopy condition since these variations at 
the finer scale (i.e., stand-level) can also affect hydrological processes. 
However, forest cover at the watershed scale is a suitable indicator to 
reflect forest dynamics and their effects on hydrology at this scale. 

5. Implications for forest and watershed management 

The key findings on hydrological sensitivities to deforestation and 
forestation and their implications for forest management are summa
rized in Fig. 11. First, hydrological sensitivities to forestation differ from 
and are significantly larger than those to deforestation, suggesting that 
hydrological responses to deforestation and forestation are not simply 
reversible. Second, hydrological sensitivities to forest change are larger 
in water-limited or arid environments than in energy-limited or humid 
environments. This indicates that forest management activities must be 
customized to different climatic regions. For example, forestation op
erations could aggravate water shortages in arid watersheds (Feng et al., 
2016), especially with synchronized energy demand and water supply. 
Third, watershed properties (e.g., water retention capacity, site condi
tion, and forest type) are crucial drivers of HSf. For example, watersheds 
with low water retention capacity have large HSf because of limited soil 
infiltration and groundwater recharge opportunities. Therefore, forest 
management activities must respect the limitations imposed by the 

Table 2 
Results of multiple linear regression (MLR) models between HSf and contributing drivers.  

Forest change group Constant Integrated index Coefficient Standardized beta coefficients R2 p-value 

Deforestation 0.127 DI  0.997  0.368 0.15 <0.001 
LAI  − 0.030  − 0.029 
IR  − 0.013  − 0.007 

Forestation 0.218 DI  1.516  0.453 0.21 <0.001 
LAI  0.059  0.045 
IR  − 2.315  − 0.180 

Note. DI, LAI, and IR denote dryness index, leaf area index, and water retention index, respectively. 
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climate and watershed characteristics. Adapting the type of tree species, 
the intensity of forest management, and the scale of conversions be
tween forest cover and other vegetation types is essential to avoid 
adverse hydrological effects. Finally, our findings demonstrate that 
certain forest management activities such as deforestation should be 
avoided in areas with a potential for large hydrological sensitivities. 

6. Conclusions 

This study critically examined and compared hydrological sensitiv
ities (HSf) to deforestation and forestation, and their influencing factors 
across multiple watershed classes. We conclude that forestation results 
in larger HSf than deforestation. Climate is the primary driver for 
influencing HSf. For both forest management groups, arid watersheds 
have larger HSf than humid watersheds. Hydrological sensitivities are 
larger in forestation watersheds with better matchings between water 
and energy at the monthly scale. Watershed properties such as site 
condition, water retention capacity, forest type, and soil type also 
contribute to HSf. We suggest that both climate and watershed proper
ties, including forest cover change, must be included in assessing hy
drological sensitivities. Forest management decisions should account for 
variations in hydrological sensitivities for protecting hydrological 
functions and minimizing water-related environmental risks. 
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