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Abstract: Forest change and climatic variability are two major drivers for influencing change
in watershed hydrology in forest-dominated watersheds. Quantifying their relative
contributions is important to fully understand their individual effects. This review paper
summarizes the progress on quantifying the relative contributions of forest or land cover
change and climatic variability to hydrology in large watersheds using available case studies.
It compared pros and cons of various research methods, identified research challenges and
proposed future research priorities. Our synthesis shows that the relative hydrological effects
of forest changes and climatic variability are largely dependent on their own change
magnitudes and watershed characteristics. In some severely disturbed watersheds, impacts of
forest changes or land use changes can be as important as those from climatic variability. This
paper provides a brief review on eight selected research methods for this type of research.
Because each method or technique has its own strengths and weaknesses, combining two or
more methods is a more robust approach than using any single method alone. Future research
priorities include conducting more case studies, refining research methods, and considering
mechanism-based research using landscape ecology and geochemistry approaches.
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1. Introduction

Studies on the relationship between forests and water in forested watersheds have been conducted
over the last century. Researchers have provided reviews at different times [1-6]. The general
conclusions are that forest removal increases annual mean flow, peak flow and base flow when soils are
not significantly disturbed. This relationship can be reversed if forest change is associated with soil
compaction and decreased infiltration [7]. However, the majority of these conclusions is from the
studies conducted in small watersheds, usually less than 100 km?, and cannot simply be extrapolated to
large watersheds (more than 1000 km?). This suggests that more studies on the relationship between
forest change and water in large watersheds must be conducted separately. In large watersheds, research
targeting the relationship between forest changes and water is limited. There are many reasons
contributing to fewer large watershed studies. The first and perhaps the most important reason is that
paired watershed approach is not suitable for large watersheds because of the difficulty of locating
reference watersheds with similar climate, vegetation and topography. The second reason is that large
watersheds have different land uses and their complex interactions. Additionally, large watersheds very
rarely coincide with the long-term records of hydrology, land use, and climate that exist for smaller
research watersheds. However, with the expanding scope of land use planning and environmental
protection, resource managers and planners require appropriate information at large watersheds or
landscapes to support management decisions. Therefore, large watershed studies are urgently needed.

It has been widely accepted that climate variability and land cover or land use changes are two critical
drivers for influencing watershed hydrological changes. Because of this, it is important to separate their
relative contributions to hydrological change so that their individual effects can be quantified. In small
watersheds, a paired watersheds approach is usually used to remove the effect of climate variability so
that the effects of forest or land cover changes can be quantitatively assessed. However, this experimental
paired watersheds approach is generally not feasible for large watersheds. Thus, alternative methods
must be used for studying this subject in large watersheds. In the past 20-30 years, researchers have
developed and applied diverse techniques for this research subject. These techniques can be broadly
classified into statistical and modeling (process-based watershed modeling) categories. The objectives
of this review are: (1) to describe various existing research methods and compare their pros and cons;
(2) to briefly summarize the progress on quantifying the relative contributions of forest or land cover
change and climatic variability to hydrology in large watersheds using available case studies; and (3) to
identify research challenges and propose future research priorities.
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2. Research Methods
2.1. Hydrological Modeling

Hydrological models are frequently used in the large watershed hydrological research. Hydrological
models can be divided into lumped, semi-distributed and fully-distributed models. Lumped hydrological
models study the watershed as a whole, and do not consider the detailed, spatial representations of
watershed elements and processes. Unlike lumped or semi-distributed models, distributed models can
well represent a watershed by assigning input data and physical characteristics to grids or elements.
Physically based distributed models are able to provide distributed approximations or predictions of
hydrological variables across watersheds, and thus have a better representation of reality. However, a
fully-distributed model requires a large dataset with data on various processes, components and their
interactions. For a large-scale watershed research, a semi-distributed model is commonly used because
of a general absence of detailed data at large scales.

The one-factor-at-a-time approach (OFAT) commonly used in sensitivity analysis [8—10] is also used
in association with hydrological models to distinguish the impact of climate factors and land cover
change on watershed hydrology [11,12]. In a hypothetical example, the impacts of climatic variability
and land use change on runoff are assessed with the available data in the period of 1960 to 2000. First,
we keep the land cover in 1960 unchanged over the simulation period while climate change is allowed
from 1960 to 2000. Then we simulate the runoff change (AQc), which can be treated as the impact of
climatic variability on hydrology. Second, keep the climate of 1960 unchanged while land cover is
changed, then calculate the runoff change (AQy) as the impact of land cover change. Finally, we assume
the changes of both climate and land cover, then calculate the runoff change (AQy + ¢). In this way, the
relative contributions of forest and land cover changes and climatic variability to hydrology can
be computed.

Various distributed hydrological models have been successfully used to quantitatively study
the effects of climate change and forest change/land cover change on hydrology, for examples,
SWAT [13,14], DHSVM [15-17], MIKE-SHE [18], efc. In spite of increased applications, hydrological
models are still based on our current theories that are deeply rooted in the physics of small-scale
processes. This gives rise to difficulties in representing nonlinear hydrological processes and their
interactions at all scales across heterogeneous landscapes. In addition, calibrating and testing a model
may not always assure its validity, since there are some inherent drawbacks in the approaches of
parameter calibration and validation. We often over-parameterize our models to meet high accuracy
levels, ignoring the equifinality problem that different parameter sets for a model might yield the same
result during calibration, but distinctly different predictions when conditions are altered [19,20].

2.2. Trend Analysis

Trend analysis is a commonly used method to qualitatively assess hydrologic responses [21-24]. The
trend analysis uses historic data to fit a curve, which reflects a trend of the interested hydrological
variable and can then be used to predict any future values if the trend is statistically significant.

b= Median( el >1c1 jV( j (1)
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where the Equation (1) is used to calculate the slope of a time series data; the Equation (2) is used to
estimate change percentages of the sample mean E(x); and the Equation (3) is for correlation coefficient
at a significant level.

When the trend analysis is applied to detect the effects of forest change on hydrology, information
on climate change and land use change is needed. If there is no a significant trend in climate variable
(e.g., precipitation), the significant trend in hydrological variable is then judged to be caused by forest
change or land cover change [24,25]. Clearly, this method is simple and qualitative, but may not be
reliable, as the interactions between forest change and climatic variability are not considered. Wei and
Zhang detected the offsetting effects of forest change and climatic variability on annual streamflow,
which caused an insignificant trend on annual mean flow even though the forest effects on hydrology
were statistically significant [26].

2.3. Double Mass Curves

Double Mass Curve (DMC) is a simple and intuitive method, widely used in long-term trend analysis
of hydrometeorological elements. DMC draws a curve between two cumulative hydro-meteorological
variables to test the consistency of two variables or analyze the trend change and its strength [27-30].
DMC method can be also used to separate the relative influences of forest change and climatic effects to
hydrology [31]. For example, a modified DMC (MDMC) between cumulative annual streamflow and
cumulative effective precipitation (the difference between total precipitation and evapotranspiration) is
constructed for a large forested watershed (Figure 1). In this way, climatic effect on annual streamflow
can be eliminated. In the period of no forest disturbance, the curve should produce a straight line, a
baseline that describes the linear relation between annual streamflow and annual effective precipitation,
and a break in this curve (e.g., year 1986 in Figure 2) would suggest the change of annual streamflow
caused by forest disturbance. In other words, a step change or regime shift occurs in the slope of MDMC
and the slope before the break is different from that afterwards. However, this visually detected
breakpoint needs confirmation of its statistical significance by a non-parametric test or application of
ARIMA model [32,33]. The difference between actual observations and the predict line after the change
point can be calculated, and is regarded as the cumulative impact of forest changes.

2.4. Quasi-Paired Watershed Method

Paired watershed method compares two adjacent basins with similarity in size, morphology, geology,
climate and vegetation including one as control and the other as treatment. The method is widely used in
studying forest-water relationship in small (<100 km?®) watersheds. For large watersheds, the concept of
“quasi-paired watersheds” was proposed [34]. The quasi-paired watersheds method chooses two or
more basin, with relative similarity in size, morphology, geology, climate and vegetation, but different
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forest disturbance levels. In this method, the watershed experienced the least forest disturbance is treated
as “control”. Double mass curves of runoff coefficients (annual runoff/precipitation) obtained by
plotting accumulated coefficients of the “treated” (Ct) against those of the “control” watershed (Cc), are
used to detect the effect of forest disturbance on annual mean flow. If the “treated” watershed undergoes
insignificant disturbance, a straight line would be expected. Otherwise, a break in the observed line
indicates the emerging effect of forest disturbances on a hydrological variable (e.g., annual mean flow),
and the difference between the expected and observed lines can be attributed to the difference in forest
disturbances between “control” and “treated” watersheds. Statistical significance of the breakpoint
found in the DMC slope can be tested using ARIMA intervention analysis [35,36].

Figure 1. A hypothetical example of application of the MDMC (modified double mass
curve) between cumulative annual runoff (Q,) and cumulative annual effective precipitation

(P,e) for assessing the effects of forest change on annual mean flow.
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Figure 2. Relationship between forest or land cover changes (LUCC) and their relative
contributions to streamflow.
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The method is an alternative approach to the paired watersheds method where there are two similar
watersheds with contrasted forest disturbance levels or land use changes. If long-term data are available,
such a method can provide reliable results as what the paired experimental watersheds do. The challenge
of this method is that it requires the “treated” watershed must have two significant long periods with and
without severe forest disturbance. In addition, both watersheds should have relative similarity in climate,
soil and vegetation. This could impose some difficulties in large watersheds where great spatial
heterogeneities and complexities always exist.

2.5. Sensitivity-Based Approach

Sensitivity-based approach is similar to elasticity method [37], and is used to calculate the effect of
climate variability on streamflow. Perturbations in both precipitation and PET can lead to changes of
water balance. It can be assumed that a change in mean annual runoff can be determined using the
following expression [31,38]:

AQciim = BAP+YAPET 4)

where AQ.iim, AP, and APET are changes in streamflow, precipitation, and potential evapotranspiration,
respectively, and B and y are the sensitivity coefficients of streamflow to precipitation and potential
evapotranspiration, expressed as:

_ (1+2x+3wx2) ’
(1 + w4 wx® )2 )
_ (1+2wx)
(1 + x4+ wx’ )2 ©)

where x is the mean annual index of dryness (equal to PET/P); and the values of vegetation factor w for
forest, grassland and shrub land are 2, 0.5 and 1, respectively [39].

This method is suitable for the analysis of a single basin, and for quantitative calculation of the impact
of climate variables on runoff. Once the effects of climatic variability on flow are estimated, the effects
of forest disturbance or land use changes can be deducted from total streamflow variations. The method
has been successfully used for several case studies [37-39]. There may be two challenges in this method.
First, it is not easy to determine w values for specific forest vegetation types. Where there are always
different types of forests in a large watershed, how to select a specific w value remains challenging.
Second, the effect of forest disturbance or land use changes on hydrology is indirectly estimated from
total hydrological variations and the effects of climatic variability. Thus, its reliability is dependent on
the accuracy of the other two terms.

2.6. Simple Water Balance

The water balance methods provide a framework to determine changes in the water balance
components [40]. Simple water balance model can be used to determine the influence of climate and
vegetation on streamflow at a watershed scale.

P=ET+Q+AS (7
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where P is precipitation, E7 is actual evapotranspiration, Q is streamflow and S is change in catchment
water storage. When averaged over a long period, deep percolation (recharge) and change in soil
moisture storage is often only 5% to 10% of the annual water balance, and therefore the change in
catchment water storage (AS) can be neglected [41,42].

Precipitation and actual evapotranspiration constitute the most important variables to influence
runoff change at the watershed scale. Precipitation, which varies both in temporal trend and spatial
distribution, is regarded as independent of vegetation types [39], which mainly reflects changes of
climate. However, actual evapotranspiration is a complex process. There are various ways to estimate
watershed-scale evapotranspiration. For example, following the Budyko’s hypothesis, the simple
two-parameter model for estimating the actual evapotranspiration was developed [43,44]. The
model is consistent with the previous theoretical work and shows good agreement with more than
250 catchment-scale measurements from around the world [39,45,46].

ET
1+w —
ET P

P M{Erj (ETOJI (®)
I+w — [+ —
P P

where ET is the actual evapotranspiration, ET) is reference evapotranspiration as substitute of potential

evapotranspiration calculated by the P-M method. The w is the plant-available water coefficient
estimated in the same way as in the sensitivity-based approach [39].

The following steps were used to describe how a simple water balance method is implemented to
estimate the effects of forest change on hydrology [40]. They are described as follows. First, according
to Equation (8), calculate the actual evapotranspiration using the original data including precipitation, air
temperature, relative humidity, wind speeds and sunshine hours after calculating E7y by the P-M
method. Second, estimate annual runoff using the Equation (10). In this step, the change of annual runoff
is influenced by both climate variability and vegetation changes, and thus, the calculated annual runoff
can be defined as Qy + ¢; Third, removing the decreasing or increasing trend of precipitation, air
temperature, relative humidity, wind speeds and sunshine hours in data series to make them as stationary
time series [47], recalculate the E7y using the detrended climate variables and estimate annual runoff
according to the Equations (10) and (11). In this step, the change of annual runoff mainly reflects the
influences of vegetation changes, and thus, the recalculated annual runoff can be defined as Q,. Finally,
calculate the difference between Qy + ¢ and Qy so the change of annual runoff caused by the climate
variability can then be estimated [40].

A simple water balance method provides a new way to distinguish the impact of climatic variables
and vegetation factors on hydrological change. However, the choice of w values and the difficulty
associated with removal of the decreasing or increasing trends in climate data may introduce some errors
in this method.
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2.7. Time Trend Method

In the time trend method, a relationship is established between discharge and climatic variables
before the basin’s vegetation perturbation occurs and is then used to predict the discharge response of
post-perturbation assuming undisturbed basin conditions. The typical time trend approach is to divide
the whole study period into the calibration section and prediction section. The model accuracy depends
on the length of the calibration or pre-perturbation periods [48].

During the calibration section:

Q1 =aP;+b (9)

During the forecast section:
O,=aP,+b (10)
AQveg :Q_Z_Q'2 (11)

where P is precipitation, Q is runoff, Q' is the predicted streamflow for the treated catchment (from using
Equation (9) developed during the calibration period), AQ,c, represents the change in mean annual
streamflow because of vegetation change, subscripts 1 and 2 represent the calibration period and the
prediction period, and b is the fitted regression coefficient.

This method uses a simple regression to express the relationship between precipitation and runoff
both before and after forest cover changes. The method only requires data of precipitation, runoff and
other meteorological variables, and the requirement on the detailed forest cover change can be ignored to
some extent. The method may accept discontinuous data. Depending on different hydrometeorological
characteristics in a study basin, time trend method performance at yearly hydrological variables is better
than on the variables at monthly or daily intervals. Guardiola-Claramonte ef al. proposed to consider the
impact of temperature on the relationship between precipitation and runoff [49].

2.8. Tomer-Schilling Framework

Tomer and Schilling developed an elegant, coupled water—energy balance framework that requires
long-term time series of precipitation (P), streamflow (Q), and PET to assess if unused available energy
and water were related to climate and/or to land management in agricultural catchments [25,50]. The
conceptual framework that qualitatively discriminates whether the dominant drivers of observed
changes are related to land cover change and/or climate. The framework relating changes in land cover
change and/or climate to the observed changes in the excess amounts of water (Pe) and excess amounts
of energy (Ex) as fractions is illustrated in Pefia-Arancibia et al. [25].

The Tomer—Schilling framework assumes that land cover change will affect ET but not P or PET,
acknowledging that effects of land cover change on P and PET can be considered indirect at this scale
and of second order when compared to changes in £7 in the woodland environment. Thus, land cover
change will cause ecohydrological shifts towards increased P.x and E.y, or towards decreased P.x and
E. Changes in climate are required to cause increased P and decreased E.x, due to the temporal
increase in the P/PET ratio and vice versa [25].
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PTX:(P‘TFT) (12)

Tomer-Schilling framework is an effective and qualitative analysis tool of hydrological processes.
The method can not only analyze long-term impacts of climate and forest cover on hydrology, but also
explain the main factors of hydrological responses in different time periods. However, as all the
qualitative methods, the impact of each variable of climate or vegetation cannot be quantitatively
evaluated, and this brings difficulties to study the common law of hydrological responses under different
topographies and different vegetation types.

3. Research Progress

Table 1 summarizes the progress on quantifying the relative contributions of climate variability and
forest or land cover changes to hydrology in large watersheds. As shown in Table 1, more researchers
have used statistical methods, while the others have applied the modeling approach. There are two
reasons contributing to this difference. First, statistical methods normally analyze historic data for
assessing the effects of forest change and climate variability, while models predict the possible effects of
future scenarios on hydrology. With increasing availability of long-term data on hydrology, climate and
land use change, it is not surprising that statistical methods gain more popularity due to their efficiency
and provision of robust inferences. Hydrological models can be used to simulate the relative
contributions of forest change and climate variability to hydrology, but they are limited due to the lack of
various empirical relationships at large watersheds. Second, data on forest change or land over change
are difficult to collect at large spatial scales across extended time periods. Without these data, models
are difficult to calibrate. In comparison, some statistical methods such as trend analysis method,
sensitivity-based approach and the elasticity method [51-55] can be used to quantify the effects of
climatic variability first and then estimate the influence of forest or land cover change from the total
variations. Those estimations can be done without long-term data on forest or land cover changes.
However, in the watersheds where long-term and high quality data are not available for application of
statistical approaches, models can be alternative approaches given that there are sufficient data for model
calibration and validations.

Among the applied models (Table 1), SWAT, a semi-distributed model was widely used to evaluate
the effects of climate and land use changes on streamflow [56,57]. It simulated streamflow responses to
change in climate, land use, or both to distinguish the impact of climate variability from that of land use
change on hydrology [35,58,59]. Other distributed hydrological models such as DTVGM model
(Distributed Time-Variant Gain Model); VIC model (Variable Infiltration Capacity) and DHSVM
model (Hydrology-Soil-Vegetation Model) were also applied to this research topic (Table 1). For
example, lumped hydrological model (CHARM) and distributed model (TOP MODEL) were used to
simulate the effect of climate variability and land cover change on hydrology in the upper reaches of
the Yangtze River [58]. Three applied models show similar results, suggesting that their simulations
were reliable.
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There is a clear tendency that a combined approach of two or more complementary techniques
(particularly the combination of statistical and modeling methods) is superior to application of a single
technique alone. For example, both climate elasticity and hydrological modeling methods were applied
to distinguish the effects of climate variability and human activities in Baiyangdian Basin [52]. Using
the climate elasticity method, the results indicated that climate variations accounted for 40% of decrease
in streamflow, while human activities accounted for 60%. Using the hydrological modeling method, the
results showed that climate variations accounted for 38% of decrease in streamflow, while human
activities accounted for 62%. Because two independent methods achieved relatively consistent results,
the result was believed more reliable.

The general perception is that climate is dominant in influencing streamflow change [26,60,61].
However, Table 1 shows that the relative hydrological effects of climate variability and forest change or
land use change are largely dependent on their own change magnitudes and watershed characteristics. In
some severely disturbed watersheds, impacts of forest change or land cover change are as important as
those from climate change. For example, large-scale land use changes and practices were found to be the
most important factor responsible for the streamflow change in the northwest China’s Loess Plateau
(Table 1) [21,40]. Based on comparable studies listed in the Table 1, we detected that a significant linear
relationship between forest or land cover changes and their contributions to streamflow changes
(Figure 2). This significant linear relationship clearly demonstrated that the more severe change of forest
or land cover, the greater in their relative contributions to hydrological changes. Another example
showed that the forest disturbance (25%-30%) accounted for 45% of decrease in streamflow and is
similar to that from climate change (55%) in Willow watershed located in the central interior of British
Columbia, Canada [26].

Table 1. Summary of the studies on relative contributions of forest or land cover changes
and climate variability to hydrology.

Relative contribution (%)

) Forest change or land use . Forest
Method Watershed (km") Climate References
change (%) at a watershed Lo change/land
variability
use change
The source regions 0.13%~34.03% area
of Yellow River change in woodland and 65%-95% 6%—16% [56]
(1.22 x 10° km?) shrub/grassland
. . 4.5% of the catchment area
. Heihe River .
Hydrological ,.  was changed mainly from 95.8% 9.6% [57]
. watershed (1506 km")
Modeling shrubland and sparse

Forest area decreased by 17%,
Suomo Watershed  open woodland increased by
) ) 60%—-80% 20% [62]
(2536 km") 8%, grassland area increased

by 10%
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Relative contribution (%)

5 Forest change or land use Forest
Method Watershed (km®) Climate References
change (%) at a watershed o change/land
variability
use change
The upper Yangtze River
watershed Human activities 55%-73.3%  28.5%—46.7% [63]
, (13,721~1,005,501 km?)
Hydrological .
) Chaobai River watershed o
Modeling ) Human activities 34% 64% [64]
(57,001 km")
Araguaia River watershed, )
. ) 55% Deforestation 33% 67% [65]
Brazil (385,000 km”)
Shiyang river watershed Area change in Forest,
) 64.5%-87.9% 12.1%-35.5% [66]
(389~1614 km") crop and grassland
Hun-Tai River watershed o
) Human activities 43% 57% [67]
(1112~11,203 km")
Pyrenees Watershed, The increase of
) 4 ) 70% 30% [68]
Spain (3.25 x 10" km®) agricultural land
Wuding River watershed 43% (The soil
) : 13% 87% [45]
(30,261 km") conservation measures)
Trend Analysis Cropland decreased by
Qingshui River 72.1%, woodland increased
) ) ) 46.79% 53.21% [69]
watershed (436 km”) by 963.60% and residential
area increased by 576.07%
) Paddy field increased by 2%,
Taoer River watershed .
) upland increased by 15.10%, 45% 55% [61]
(41,600 km")
forest decreased by 10.60%
ColumbiaRiver watershed, o
) Human activities 48%—55% 45%—-52% [70]
Canada (385,000 km")
The Willow
River watershed, 19.7% Deforestation 55% 45% [26]
Double Mass Canada (2,860 km?)
Curves The Upper Zagunao
River watershed 15.5% Deforestation 42.5% 57.5% [71]
(2528km?)
Quasi-paired Yulin, 8.28 km?* Xinlin, Forest cover increased
) / 8.61% [30]
Watershed Method 28 km from 20% to 80%
Upper catchment of the
Yellow River Watershed Human activities 50% 40% [55]
(222,551 km?)
Sensitivity-Based Baiyangdian Lake Construction of water
) . o 38%—40% 60%—62% [52]
Approach (3,465 km") conservation facilities
The headwaters of the ) )
] Water and soil conservation
Yellow River Watershed 30% 70% [72]

(1.32 x 10° km?)

engineering
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Forest change or land use

Relative contribution (%)

Forest

Method Watershed (km?) Climate References
change (%) at a watershed Lo change/land
variability
use change
The Loess Plateau Water and soil
) ) : ) 21%-57% 43%—-79% [21]
(1,279-9,289 km") conservation engineering
L Crawford River
Sensitivity-Based
watershed, Darlot )
Approach . Afforestation
Creek watershed, Tinana 21%—49% 61%—64% [73]
13.4%-23.5%
Creek watershed
(698—1,174 km?)
Simple Water Yiluo River watershed Water and soil
s o ) ) ) 21.75% 78.26% [40]
Balance (1.89 x 10° km”) conservation engineering
Seven paired catchments Clearing vegetation
from Australia, 32%—-100%
) 10%—-72% 28%-98% [55]
New Zealand, and South  Afforestation 67%—-83%
Africa (0.18-3.44 km?) Forest conversion 100%
Time Trend Method The upper reach of the
Weihe River Human activities 40% 60% [64]
(1.35 x 10° km?)
Plata watershed, Paragury Forest land converted
41%—-53% 51%-59% [74]

(3.2 x 10* km?) to cropland

Tomer-Schilling Four candidate Changes in agricultural ~ Increase/decreased Increased Pex and

[50]

Framework Midwest watersheds land cover Pex and Eex decreased Eex

4. Future Research Challenges and Research Priorities

As mentioned previously, all methods summarized in this paper can be classified into two categories:
statistics and simulation. The statistical methods normally provide robust inference about the
relationship between hydrological responses and forest change or land cover changes. However, those
methods treat a study basin as a black box, and rarely involve the mechanisms or processes. On the other
hand, the simulation methods, especially fully-distributed models consider the hydrological processes
and their interactions, but due to the lack of data and various empirical relationships in large watersheds,
the model calibration and validation are often time consuming and inaccurate. Therefore, it is logical to
believe that the combination of statistical methods and modeling can complement their strengths and
overcome their shortcomings, and thus could be an improved research strategy.

Forest disturbance and climate change are considered to be the two main drivers interactively
affecting the hydrological changes in large watersheds (Figure 3). Climate change can affect hydrology
directly due to its influence on precipitation and temperature. Climate change can also affect hydrology
in an indirect way. For example, more forest fires and pests can be induced by drought, and these forest
disturbances in turn affect the hydrological processes. In an opposite way, vegetation can change
evapotranspiration and thus streamflow. They can also affect hydrology indirectly. For example,
vegetation types and distributions may affect the characteristics of air humidity, temperature,
precipitation, and consequently hydrological cycle. As far as we know, the literature is extremely
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limited on that topic, with some pioneering examples exploring the interactions among forest change,
climate and hydrological responses [75,76].

In addition, current studies mainly focused on the changes in annual runoff, with less emphasis on
peak and low flows. Assessing the relative contributions of forest or land cover changes and climatic
variability to the change in peak and low flows is likely more challenging and may require separate
methods such as geochemistry and landscape ecology in large watersheds. The isotope method in
geochemistry could help analyze the sources (surface water, groundwater, glacier melt water, efc.) and
flow pathways in the watersheds, while landscape ecology or geoscience allows us to examine the role
of watershed configuration and topographic characteristics in the effects of the forest or land cover
changes on hydrology [7,51,77-81]. However, such research is needed to support resource management
decisions for protection of watershed functions and public safety in large watersheds or regions.

Figure 3. A conceptual framework showing interactions among climate change, forest
change and hydrological responses.

Vegetation change Climate change

Hydrological change

Here, we propose the following future research priorities in this subject. First, more case studies are
needed. Assessing the relative contributions of forest or land cover changes and climatic variability to
hydrology is rather limited in large watersheds. Zhang and Wei compared two adjacent large watersheds
located in the interior of British Columbia, and found the contrasted conclusions under the similar forest
disturbance levels [35]. They further concluded that the effects of forest change on hydrology in large
watersheds are likely watershed specific. This clearly demonstrates that more case studies are needed
before generally conclusions can be derived. Second, a research priority should be given on improvement of
research methods. Although quite a few research methods are currently available for studying the
impacts of forest change and climate change on hydrology, there is no a commonly-accepted method.
The lack of commonly-accepted methods may limit our ability to compare the results of different
studies. Third, in large watershed studies, analytical results are largely based on data quality and spatial
coverage. Large spatial variations in precipitation, temperature, solar radiation, humidity, wind speed,
surface albedo, canopy characteristics, efc. in these large watersheds constraint our ability to derive
robust conclusions. Future studies should be designed to specifically address uncertainties. Finally, more
research should be on mechanisms and processes. It is difficult to study the mechanisms and processes in
large watersheds, mainly due to lack of the suitable methodology and data for assessing the complicated
interactions and cumulative behaviors across various spatial scales. However, such research is critical
for explaining and verifying the findings obtained through statistical and modeling approaches.
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