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from logging, and soil water re-

pellency following severe fires), 

and their recovery through re-

forestation could take much lon-

ger, because of the difficulty in 

restoring damaged soils (10).

Generally, climate, watershed 

properties, forest characteristics, 

and their interactions are the 

major drivers for large variations 

in hydrological responses to for-

est change (2, 4). Zhou et al. as-

sessed global land-cover effects 

on annual streamflow, based on 

a general theoretical framework 

(11). They found that hydrological 

sensitivity to land-cover change 

was determined by watershed 

properties (watershed size, slope, 

configuration, and soil), climate 

(precipitation or potential evap-

oration), and their interactions, 

where land cover and watershed 

properties jointly indicate water 

retention ability. Land cover or 

forest change can cause greater 

hydrological responses in drier 

watersheds or those with low water retention 

capacity. Similarly, McDonnell et al. (12) rec-

ommended studying watershed storages and 

water movements in the vertical zone that in-

cludes forest canopy, soil, fresh bedrock, and 

the bottom of groundwater (13), to further re-

veal the mechanisms for variable hydrologi-

cal response to forest change.

The feedback between forests and cli-

mate may also introduce complexity. 

Forests can supply atmospheric moisture 

through evapotranspiration and poten-

tially increase precipitation (precipitation 

recycling) locally and in downwind direc-

tions. Therefore, forest change affects not 

only downstream river flow, but also pre-

cipitation and water supply downwind (5). 

Lawrence and Vandecar revealed variable 

rainfall responses to tropical deforestation 

across landscapes, depending on deforesta-

tion thresholds, such as reduced rainfall by 

large-scale deforestation and increased rain-

fall by small clearings (14). The effects of for-

est change on precipitation are likely related 

to topography, prevailing wind, and climate, 

because they affect moisture residence time, 

moisture transportation, and precipitation 

generation. The lack of observational evi-

dence highlights the need for research on 

the feedback between climate and forest 

change at regional or continental scales.

Time scale is important for understanding 

these variations. Hydrological effects of forest 

change can vary with time as forests regrow. 

Coble et al. reviewed long-term responses of 

low flows to logging in 25 small catchments in 

North America (10). They identified dynamic 

low-flow responses over three distinct time 

periods associated with the development of 

forest canopy leaf area index and correspond-

ing evapotranspiration: consistent increase 

in the first 5 to 10 years, variable responses 

(increase, no change, or decline) during the 

next 10 to 20 years, and substantial decline 

in some (16 out of 25) watersheds multiple 

decades later. However, no decline in low 

flows was found in nine watersheds during 

the third period—likely dependent on similar 

factors previously identified for variations in 

low-flow response. The dynamic hydrologi-

cal responses suggest that long-term studies 

are critical for fully capturing possible trends 

and variations in the effects of forest change 

on water supply (5).

The consistencies and large variations over 

space and time in streamflow responses to 

forest change call for a systematic perspec-

tive to elucidate both explanatory (factors af-

fecting hydrological functions) and response 

(hydrological functions) variables in future 

studies (see the figure). In the systematic con-

text, explanatory variables, including climate, 

forest, watershed properties, and their inter-

actions and feedback across multiple spatial-

temporal scales that jointly control stream-

flow responses, should all be assessed. To 

better clarify the response, a more complete 

spectrum of hydrological variables, including 

the magnitude, duration, timing, frequency, 

and variability of flows, which collectively 

determine river flow conditions, aquatic 

functions, and thus ecosystem services such 

as water supply, should be included in an 

assessment (15). Nonetheless, water-supply 

assessments often use limited 

hydrological variables (such as 

annual mean flows), which could 

underestimate total hydrologi-

cal functions or even produce 

misleading conclusions resulting 

from different or contrasting re-

sponses of various flow variables.

A systematic assessment of the 

effects of deforestation and fores-

tation on water supply requires 

multidisciplinary collaborations. 

The classic paired watershed ex-

periment (PWE: one watershed 

as a control and the others as the 

treatment) (12), mainly designed 

to assess streamflow response to 

forest change, has limitations to 

evaluate interactions and feed-

back among water, forests, cli-

mate, and watershed properties. 

Future PWEs should system-

atically consider more variables 

and processes (flow pathways, 

water storage and retention, and 

hydrological sensitivity) with 

various approaches (isotopic 

tracing, telemetering, and modeling). With 

long-term in situ monitoring and growing re-

mote-sensing data, the forest-water nexus at 

larger spatial scales should be explored using 

advanced analytical tools (machine learning, 

and coupled climatic-ecohydrological mod-

eling) within a systematic context. Future 

assessment should also focus on watershed 

management tools such as payments for eco-

system services, with the inclusion of more 

representative water variables to support 

synergies or trade-offs between hydrological 

and other ecosystem services provided by for-

ests in a changing environment. j

REFERENCES AND NOTES 

 1.  R. J. Keenan et al., For. Ecol. Manage.352, 9 (2015). 
 2.  X. Wei et al., Glob. Change Biol.24, 786 (2018). 
 3.  K. D. Holl, P. H. S. Brancalion, Science368, 580 (2020).  
 4.  M. Zhang et al., J. Hydrol. (Amst.)546, 44 (2017). 
 5.  I. F. Creed et al., in Forest and Water on a Changing 

Planet: Vulnerability, Adaptation and Governance 
Opportunities. A Global Assessment Report, I. F. Creed, 
M. van Noordwijk, Eds. (International Union of Forest 
Research Organizations, 2018).

 6.  D. W. Hallema et al., Nat. Commun.9, 1307 (2018).  
 7.  K. M. Slinski, T. S. Hogue, A. T. Porter, J. E. McCray, 

Environ. Res. Lett. 11, 074010 (2016). 
 8.    S. Filoso, M. O. Bezerra, K. C. B. Weiss, M. A. Palmer, PLOS 

ONE 12, e0183210 (2017).  
 9.  X. Feng et al., Nat. Clim. Chang.6, 1019 (2016). 
 10.  A. A. Coble et al., Sci. Total Environ. 730, 138926 (2020).  
 11.  G. Zhou et al., Nat. Commun.6, 5918 (2015).  
 12.  J. McDonnell et al., Nat. Sustain. 1, 378 (2018). 
 13.  G. Grant, W. Dietrich, Water Resour. Res.53, 2605 (2017). 
 14.  D. Lawrence, K. Vandecar, Nat. Clim. Chang.5, 27 (2015). 
 15.  N. L. Poff, J. K. H. Zimmerman, Freshw. Biol.55, 194 

(2010). 

ACKNOWLEDGMENTS

 This paper was supported by China National Science 
Foundation (no. 31770759).

10.1126/science.abe7821

Upstream forests
regulate stream�ows by 
canopy interception, 
evapotranspiration, and 
soil in�ltration.

Deforestation and 
forestation can a�ect 
river �ows positively 
or negatively.

Downstream

water supply

The complex influence of forests on water supply
Forests in watersheds play a critical role in regulating downstream water supply 
and associated ecosystem services.

Published by AAAS

Zhang & Wei (2021), science, 10.1126/science.abe7821 



Quale informazione idrologica?

0 100 200 300

0
20
0

40
0

60
0

Index

Q
Q

(m
3 /

s)

Giorno dell'anno

idrogramma

Scale temporali e spaziali…



Analisi quantitativa
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Fig. 6. Mean annual water budget under default and improved model parameterization across all sites.

Fig. 5. Simulated versusMODIS ET under default and improvedmodel parameterizations. The bottom table shows the SWATmodel performance for predicting monthly ET under default
and improved parameterizations. Values in parenthesis refer to the default model performance.
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Except for the slash pine site, all selected parameters were sensitive to
monthly LAI prediction. Similarly, results indicate that all selected pa-
rameters were sensitive to seasonal ET simulation. Overall, BIO_E and
MAT_YRS showed the highest sensitivity to biomass, while GSI and
CHTMXwere the most sensitives to ET.

5. Discussion

Given the widespread application of SWAT as a hydrologic simula-
tor, its simplistic plant database for modeling forest dynamics, and the
importance that forests play in driving hydrological processes, we con-
tend that forests in SWAT's plant database should be re-parameterized
for species-specific trees before conducting hydrological and water
quality assessments.

Here we present a methodology to re-parameterize SWAT's
plant database using publicly available remote-sensing data, pub-
lished literature, and field measurements to derive physically
meaningful parameter values underlying key forest processes in
SWAT. Our improved parameterization aimed to enable SWAT to
reasonably simulate the growth and dynamics of two widely culti-
vated tree species in the SE-US and serve as a starting point for fu-
ture modeling studies in this region and open new avenues for
SWAT re-parameterization of other tree species worldwide. Our re-
sults highlight the benefits of re-parameterization for modeling for-
est processes such as LAI development and biomass accumulation
and their subsequent effects on hydrologic processes such as ET,
demonstrating the magnitude of water balance changes brought
about by improving SWAT's skills in simulating forest processes.
We believe the re-calibration approach and results presented in
this work are important for advancing scientifically based and

data-driven parameterization of hydrologic models and increasing
the reliability of such models as decision-making tools.

5.1. Re-parameterization effects on simulated forest structure

5.1.1. Leaf area index
LAI controls canopy evaporation and strongly influences plant tran-

spiration and needs to be accurately represented in hydrologic models
in order to estimate the amount of water being lost as ET (Sampson
et al., 2011).

The intra/inter-annual LAI predicted by all re-parameterizedmodels
showed good agreement with MODIS estimates and findings from for-
estry studies. For instance, Wightman et al. (2016) found that loblolly
pine LAI peaked at the end of July in northern Florida. The authors
also reported peak values of LAI ranging from 2 to 3.6 m2/m2 in
2012–2013, similar to theMODIS estimates andmodel predictions pre-
sented here (Fig. 3), although simulated LAI peaks usually occurred in
August. The divergent timing of maximum LAI may be due to natural
variability, site management conditions, or annual variation associated
with climatic variability between our study site and that of Wightman
et al. (2016). Another reason could be the uncertainties associated
withMODIS LAI estimates, whichmight have delayed the LAI peak dur-
ing the parameterization stage. Notably, Samuelson et al. (2017) re-
ported peak LAI of 2 to 3.2 m2/m2 in late August or early September
for loblolly pine stands in GA, which is in good agreement with the re-
sults presented here for Loblolly 3 – GA.

Despite some uncertainties in the MODIS-derived LAI algorithm
(Jensen et al., 2011), these data proved useful for deriving species-
specific phenological patterns and stand characteristics and generally
improved SWAT's skills in predicting inter-annual LAI. However, there

Fig. 4. Simulated versus fieldmeasured total annual biomass under default and improvedmodel parameterizations. The bottom table shows themodel performance for predicting annual
biomass under default and improved parameterizations. Values in parenthesis refer to the default model performance.
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Berghuijs et al. (2020), HP, 10.1002/hyp.13958 

We pose four hypotheses that may explain why aridity controls so

much of the partitioning of precipitation into streamflow and evapo-

transpiration. The first is that the Budyko curve is accurate because

landscape features (e.g., soils and vegetation) coevolve with the local

climate in such a manner that precipitation partitioning into streamflow

and evapotranspiration converges towards the Budyko curve

(e.g., Gentine, D'Odorico, Lintner, Sivandran, & Salvucci, 2012; Troch

et al., 2015). A second hypothesis is that catchments over time evolve

towards the supply and demand limits (rather than towards a curve),

because landscapes and their vegetation are unaware of the Budyko

curve but do evolve to maximize their use of available resources

(including water). However, because limiting factors such as climatic

variability exist (which will reduce a catchment's ability to use all water

because it cannot fully buffer the highly variable precipitation input),

catchments will tend to not reach these limits. This may lead to an

(apparent) existence of the Budyko curve which falls relatively close to

the demand and supply limits. A third hypothesis is that the existence

of a strong universal relationship between aridity and catchment water

balances might be explained by an underlying organizing principle such

as maximum entropy production because the Budyko curve may be

consistent with how hydrologic systems optimally partition water and

energy (e.g., D. Wang, Zhao, Tang, & Sivapalan, 2015; Westhoff, Zehe,

Archambeau, & Dewals, 2016). A fourth hypothesis is that virtually any

landscape and climate combination (also those in heavily disturbed

landscapes: e.g., a city, agricultural lands, etc.) will fall near the Budyko

curve because climate aridity will dominate precipitation partitioning

largely independent of the climate-landscape configuration or any opti-

mization principle. Understanding which hypothesis best explains the

global patterns of precipitation partitioning into streamflow and evapo-

transpiration will not only provide deeper insight into how the environ-

ment functions and evolves, but importantly will also guide under what

conditions Budyko framework may be a reasonable model to apply.

In explaining why many catchments fall within a small envelope

around the Budyko curve, it is important to realize that the curve itself

has the potential to be a spurious self-correlation because both aridity

(Ep/P) and the evaporative fraction (E/P) have precipitation as a com-

mon denominator (Sposito, 2017). When a correlation is purely arith-

metic, it does not reveal meaningful properties of the underlying data

(Benson, 1965). This does not mean the Budyko curve is solely arith-

metic; observed correlations between aridity and the evaporative

fraction (e.g., Figure 1) far exceed the strength of typical correlations

between two variables with a common denominator (Brett, 2004).

Yet, displaying long-term water balances in a different way, for exam-

ple by removing the common denominator from the evaporative frac-

tion, can reveal behaviours that otherwise remain unseen. For

example, for the MOPEX catchments the correlation with climate

aridity strongly reduces when evaporation is not normalized by pre-

cipitation (Figure 2a; Spearman ρ = −0.12), whereas the correlation

between aridity and streamflow is stronger than with the evaporative

fraction (Figure 2b; Spearman ρ = −0.94). We do not claim that the

patterns of Figure 2 are necessarily universal or accurate (e.g., given

data uncertainty); we solely want to highlight that alternative views of

the data might reveal behaviours that remain hidden when the regular

Budyko framework representation is chosen. Such alternative views

may aid in understanding why aridity explains so much of rainfall par-

titioning into streamflow and evapotranspiration.

1.2 | How do we infer which other factors
influence the water balance?

Aridity does not explain all spatial variations in catchment long-term

water balances and scatter around any curve will always exist for any

real-world datasets (e.g., Figure 1). However, such scatter often appears

to have a systematic pattern, as catchments with particular properties

sometimes almost all fall below (or above) the Budyko curve. This

makes it reasonable to assume that scatter in the Budyko space arises

not just randomly (e.g., due to data uncertainty) but is caused by poten-

tially measurable physical processes and catchment properties. Thus,

systematic patterns of scatter in the Budyko space may provide insight

towards how factors besides aridity affect the water balance.

Past work has mainly attributed such patterns to climate (most

notably seasonality and snowiness) and landscape (most notably to

landcover/vegetation type) (e.g., Berghuijs, Sivapalan, Woods, &

Savenije, 2014; Berghuijs, Woods, & Hrachowitz, 2014; Li et al., 2013;

Padrón et al., 2017; Potter et al., 2005; L. Zhang et al., 2001). Broadly,

empirical studies rely on two approaches to infer which other vari-

ables than aridity control long-term water balances. A first approach

quantifies how catchments deviate from the Budyko curve; if places

with more of a particular catchment property fall further below

(or above) the Budyko curve compared to the other catchments this
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F IGURE 1 Basics of the Budyko framework. The x-axis contains
the aridity index (Ep/P) and the y-axis the evaporative fraction (E/P),
which often is approximated by one minus the runoff ratio (E/P = 1-Q/P)
because storage changes are assumed to be negligible at multi-year
timescales. Together, these two axes form the two-dimensional
Budyko space. Catchments within the space should theoretically fall
below the supply limit (E/P = 1) and the demand limit (E/Ep = 1), but
tend to approach these limits under very arid or very wet conditions.
Many catchments around the world fall around the Budyko curve
(black solid line), including 410 US MOPEX catchments which are
indicated by blue markers
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Li et al. (2021), HP, 10.1002/hyp.14414 

Engelmann Spruce-Subalpine Fir biogeoclimatic zone. Forest cover is

predominantly lodgepole pine with some Engelmann spruce and sub-

alpine fir. Soils are derived from morainal and glaciofluvial sediments

and coarse-grained granitic rocks (Winkler et al., 2017, 2021). The

streamflow in both watersheds has been monitored since 1983. The

mean annual temperature, precipitation and dryness index are 1.9!C,

763 mm and 0.6, respectively.

2.2 | Quantification of forest disturbance levels

Forest disturbance accumulates over space and time in any for-

ested watershed. Equivalent clear-cut area (ECA) is a widely used

indicator to quantify forest disturbance levels in Western North

America. It accounts for the area that has been clear-cut, burned or

killed by MPB, with a reduction factor (ECA coefficient) to account

for re-growth of the tree cover (Winkler et al., 2014; Winkler

et al., 2015; Zhang & Wei, 2012). In practice, an ECA coefficient of

100% means that no hydrological recovery has occurred in a dis-

turbed area, while zero implies full hydrological recovery (Wei &

Zhang, 2010; Li, 2018). The sum of annual ECA values is defined as

the cumulative equivalent clear-cut area (CECA) in a watershed.

Developing an ECA data series within a watershed is determined

by many factors, including disturbance type, climate and tree spe-

cies. A detailed description of the ECA calculation procedure can

be found in Zhang and Wei (2012).

Here, we first assessed the history of forest disturbance in Camp

and Greata Creeks watersheds (Figure 2). The CECA data revealed

that forest disturbance in Greata Creek watershed was minor (<5%)

before 2007 (Figure 2a), while it increased dramatically from 4.8% in

F IGURE 1 (a) and (c) Elevations and stream networks for the Camp Creek and Greata Creek watershed as well as Upper Penticton Creek
(240 and 241 creek watersheds). The two sets of watersheds are plotted at the same spatial resolution. (b) Locations of two sets of paired
watersheds in British Columbia, Canada. (d) and (e) Spatial distributions of forest disturbance in two sets of paired watersheds. Watersheds are
plotted at a different spatial resolution to show spatial forest disturbance. (f) and (g) Daily streamflow and annual mean daily streamflow (m3/s) in
the Camp and 241 Creek watersheds
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consistent with the publication search results from Web of Science. The 
number of citations based on the search in Web of Science with the 
model title as key word for a few popular models was presented in 
Fig. S1. 

Hydrological models are becoming more complex (e.g., explicitly 
considering the spatial heterogeneity, biogeochemical cycles) and more 
integrated (e.g., vegetation, soil, topography, atmosphere) during the 
past two decades. During the past 10 years, the rapid advances of super 
computers, cloud-based storage and computing, remote sensing tech-
nology, and Earth information systems allow detailed watershed rep-
resentations and hydrological modeling in a much finer scale for large 
areas from large basins (e.g., RHESSys model, Tague and Band, 2004; 
WRF-Hydro, Gochis et al., 2013) to the globe (e.g., WaterWorld, Mul-
ligan, 2013). A search with Web of Science using key words “Distributed 
Watershed Hydrological Modeling” resulted in 1506 records 

(1991–2022) in which 95% of the publications occurred during 
2001–2022. However, when adding “Forest” in the previous search, only 
233 or 15% of the general publications on distributed hydrological 
modeling were recoded. The number of publications on distributed 
forest hydrological modeling, as represented by The Distributed Hy-
drology Vegetation Soil Model (DHVSM, Wigmosta et al., 1994) has 
been stable since 2010, suggesting a divergent trend in model applica-
tions in forest watershed management. Distributed modeling tends to be 
for large basins that encompasses non-forest ecosystems and link 
forested watershed processes with downstream with non-forested 
landscape dominated by agricultural landcovers or urban areas (Zheng 
et al., 2020). In addition, more models are emerging to address future 
climate change effects on water resources at both fine and coarse scales 
during the 21st century (Zhang et al., 2022). 

The 33 modeling tools were grouped by temporal and spatial scales 

Fig. 1. Timeline of 47 selected models related to forest hydrology that may be used in Decision Support Systems for watershed management. Most recent citations are 
used for model variants. (See above-mentioned references for further information.) 

Fig. 2. A comparison of key modeling tools 
by their spatial and temporal resolutions. 
Model functions are color coded. Blue: water 
quantity only, Red: water quality and quan-
tity, and Green: water quantity and carbon. 
The numbers next to each model represent 
the approximate number of publications 
found by a search by Web of Science using 
model names constrained to forest condi-
tions. (For interpretation of the references to 
color in this figure legend, the reader is 
referred to the web version of this article.)   

G. Sun et al.                                                                                                                                                                                                                                     
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forested watershed processes with downstream with non-forested 
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The numbers next to each model represent 
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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. 

Y. Hou et al.                                                                                                                                                                                                                                     
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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. 

Y. Hou et al.                                                                                                                                                                                                                                     
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E se non ho i parametri?

Dati di letteratura vs modelli regionali
Trasferimento informazioni da siti strumentati a siti non strumentati 
(sostituzione del tempo con lo spazio)
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• Modello fisicamente basato
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Fig. 7 Maps of applicability of ASE and KJ (simplified type) models for the case study area. The highlighted part of the
drainage network represents the points where the models are applicable making use of the donor stations represented by the
code numbers.

KJ approach (both versions), since the overall errors
(see MAE and RMSE reported over the plots) are
smaller. All the models are able to reduce the overall
error with respect to the pure regional approach, as is
apparent from the MAE and the RMSE (labelled R)
in Fig. 6.

The very different nature and applicability of the
ASE and KJ models can be examined considering
the river reaches wherein the models can actually be
applied. For the river network in the study region,
the results are mapped in Fig. 7, where the domain
of applicability is represented as a thicker line. This
representation highlights the different results obtained
for the propagation of information: for a highly
heterogeneous area like the case study, the along-
stream information propagation appears more suitable
because it has a larger area of applicability.

5 DISCUSSION AND CONCLUSIONS

The Along-Stream Estimation (ASE) approach pro-
posed herein hinges on the river structure to perform
an information transfer towards ungauged basins.
This integrates standard regional procedures because
it is based on local relationships, as the estimation
is performed considering only nested catchments.

Along-stream and regional estimates can therefore
be combined to develop a general framework for
improved evaluation of a given hydrological variable,
as well as its variance at ungauged locations.

In general, when two or more models are avail-
able for the same purpose, one can consider one of
the following scenarios:

• Model competition: the results of different mod-
els (in our work “propagated” and regional pre-
dictions) can be evaluated separately and then
compared, in order to identify which model is
more efficient in the reconstruction of the vari-
able of interest. In the case study presented here,
propagated and regional predictions show different
reliability, depending on the location of the tar-
get site and, in particular, on its distance from the
donor site. From this perspective, the aim of the
propagation of information is to identify an alter-
native procedure that is more appropriate for the
analysis at some ungauged basins.

• Model cooperation: the output of one model is
used to initialize the other model. In this work,
for instance, the regional estimate is used as an
additional parameter in the propagation function
and thus contributes to the final along-stream
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transpiration, soil water storage, and then runoff generation (Jones 
et al., 2020). As suggested by Fig. 4, the impact of climate change on 
annual streamflow in a forested watershed can be positive or negative 
depending on climate change-induced response in precipitation and ET 
(Guimberteau et al., 2013; Creed et al., 2014; Sorribas et al., 2016; 
Table A1). In watersheds with a greater increment in annual precipita-
tion than in ET, climate change will positively affect streamflow (Ma 
et al., 2009; Lu et al., 2013), and vice versa (Liu et al., 2019). The re-
ductions in annual streamflow caused by climate change in forest wa-
tersheds in the south and central part of Europe were widespread 
(Huntington, 2006; Schlosser et al., 2014; Hu et al., 2019; Teuling et al., 
2019). Seasonal streamflow response to climate change often varies with 
seasonal precipitation changes in response to climate change. Climate 
change is usually found to increase wet season streamflow and decrease 
dry season flow resulting from increased precipitation in the wet season 
and decreases in the dry season due to climate change in watersheds 
dominated by a monsoon climate such as in Malaysia and China (Adnan 
and Atkinson, 2011; Li et al., 2021). The effects of climate change on 

floods are mixed. A substantial increase in the magnitude of floods was 
projected in most areas below the 60◦N line in Europe, even in the 
Mediterranean under a + 2 ◦C global warming (Roudier et al., 2016). 
However, based on the projected rainfall, the results showed that flow 
magnitudes of large floods are unlikely to increase in future in two 
catchments in Queensland although intensive land-use change coupled 
with climatic change has raised the concern on flood risk (Chen and Yu, 
2015). The magnitude of floods has even been projected to decrease due 
to a decline in snowpack in areas where most of the floods are caused by 
spring snowmelt and rainfall, mainly in the regions above the 60◦N line 
in Europe (Roudier et al., 2016). 

The streamflow response to climate change varies with climate types, 
hydrological regimes, and forest characteristics (Teutschbein et al., 
2018; Akesson et al., 2020). The streamflow response to climate change 
can be more pronounced in snow-dominated or water-limited water-
sheds, especially in watersheds with increasing droughts due to climate 
change and intensively managed plantations of non-native tree species 
(e.g., Eucalyptus plantations in Brazil, Chile, Uruguay, Australia) or with 
plantations of young coniferous species (Jones et al., 2017). 

Climate change can significantly affect the timing and magnitude of 
streamflow in snow-dominated forested watersheds, because global 
warming can significantly alter water and energy balances in snow en-
vironments (Creed et al., 2014). In the snow-dominated Rocky Mountain 
region in the western US, global warming has shown to cause early snow 
melt and earlier arrival of floods (Stewart et al., 2005, Hidalgo et al, 
2009, Foster et al., 2016). Similar findings have also been reported in 
snow-dominated forest watersheds in the northern Europe (Bouraoui 
et al., 2004; Graham et al., 2007). Climate change has increased pre-
cipitation in the northeastern U.S., the fraction of precipitation that falls 

Fig. 4. Direct and indirect impacts of climate change on annual streamflow and 
peak flow. 

Table 2 
Adaptive Forest management options to manage hydrological impact of climate change.  

Environment Hydrological Impact Risks to forest ecosystem and society Adaptive forest management options  

Semi-arid and arid 
watersheds 
Temperate watersheds 
with distinct dry 
seasons  

ET (+), annual streamflow 
(-), low flow (-), and peak 
flow (-)  

⋅ Water shortage, drying up of streams; 
Increasing soil moisture stress and 

hydrological droughts; 
Increasing invasive species, forest 

degradation; 
Loss of aquatic and floodplain habitats  

⋅ Thinning; 
Selective logging of plantations with high water use (e.g., young 

plantations, Radiata pine or Eucalyptus plantations) 
Removal of invasive species; 
Plant native species; 
Replacement of drought avoidant species (e.g., Pinus sylvestris, 

Pinus nigra and Pinus strobus) with drought-tolerant species (e.g., 
Quercus rubra and Quercus faginea) 

Increasing water retention facilities (e.g., terrace, and pond) for 
water storage and irrigation. 

ET (-), annual streamflow 
(+), low flow (-), and peak 
flow (+)  

⋅ Increasing flood risks and sediment; 
Tree dieback or mortality; 
Increasing forest fires and insect 

infestations; 
Loss of aquatic habitats  

⋅ Increasing water retention facilities (e.g., terrace, and pond) for 
flood control, sediment control and dry season water supply; 

Reducing tree stocking, removal of forest litter, increasing fire 
buffers, and thinning forests, prescribed burning; 

Removal of infected or dead trees, and pest control by 
introducing predators; 

Restore fire-burnt forest floors; 
Maintain and increase forest riparian buffers. 

Alpine and boreal snow- 
dominated 

ET (+), annual streamflow 
(-), low flow (-), and peak 
flow (-)  

⋅ Water shortage; 
Increasing soil moisture stress and 

summer hydrological droughts; 
Forest structure and species 

composition changes (e.g., increasing 
invasive species or broadleaf species); 

Forest expansion with tree-line shift; 
Increasing insect infestations; 
Loss of aquatic and floodplain habitats.  

⋅ Thinning; 
Selective logging of invasive species or broadleaf species (e.g., 

birch) with highwater consumption; 
More logging activities performed at higher elevations to 

synchronize snow-melt processes at both high and low elevations; 
Removal of infected or dead trees, and pest control by intro-

ducing predators; 
Increasing water retention facilities (e.g., terrace, and pond) to 

guarantee water supply and restore aquatic and floodplain 
habitats. 

Subtropical and tropical 
rain-dominated 
watersheds 

ET (-), annual streamflow 
(+), low flow (-), and peak 
flow (+)  

⋅ Increasing flood risks and sediment; 
Loss of aquatic habitats.  

⋅ Restoring hydrological functions of natural forests; 
Increasing plantations; 
Redesigning logging roads (e.g., minimizing direct discharge of 

runoff from roads to streams) and installing larger culverts for flood 
control;Constraining or carefully designing logging activities (e.g., 
time, location, proportion, and soil disturbance) 

; 
Maintain and increase forest riparian buffers.  

M. Zhang et al.                                                                                                                                                                                                                                  
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