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Abstract Effective information regarding environ-

mental responses to future land-use and climate

change scenarios provides useful support for decision

making in land use planning, management and policies.

This study developed an approach for modeling and

examining the impacts of future land-use and climate

change scenarios on streamflow, surface runoff and

groundwater discharge using an empirical land-use

change model, a watershed hydrological model based

on various land use policies and climate change

scenarios in an urbanizing watershed in Taiwan. The

results of the study indicated that various demand and

conversion policies had different levels of impact on

hydrological components in all land-use scenarios in

the study watershed. Climate changes were projected

to have a greater impact in increasing surface runoff

and reducing groundwater discharge than are land use

changes. Additionally, the spatial distributions of land-

use changes also influenced hydrological processes in

both downstream and upstream areas, particularly in

the downstream watershed. The impacts on hydrolog-

ical components when considering both land use and

climate changes exceeded those when only considering

land use changes or climate changes, particularly on

surface runoff and groundwater discharge. However,

the proposed approach provided a useful source of

information for assessing the responses of land use and

hydrological processes to future land use and climate

changes.

Keywords Impact assessment � Land-use modeling �
Hydrological modeling � Climate change �Hydrological

components � Land-use planning policy � Taiwan

Introduction

Conversion of land-use to feed and shelter increased

human enterprises has been one of the major modes

for human modification of the global environment

(DeFries and Eshleman 2004), and of the local envi-

ronment such as hydrological processes. Land-use

changes can influence hydrological processes including

infiltration, groundwater recharge, base flow and run-

off in a watershed. For example, watershed develop-

ment reduces base flow by changing groundwater flow

pathways to surface-water bodies. Global warming

resulting from increases in atmospheric greenhouse

gasses will alter global weather patterns and affect the

hydrologic cycle (Thomson et al. 2005). The capacity

of the atmosphere to hold water will increase, leading

to more precipitation and evaporation globally

(Thomson et al. 2005). Changes in global climate will

have significant impact on local and regional hydro-

logical regimes, which will in turn affect ecological,

social and economical systems (Dibike and Coulibaly

2005). Therefore, modeling and understanding re-

sponses of land use compositions and hydrologic

components to both future land use and climate change

scenarios is useful for optimizing land use planning,
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management and policy in a watershed, particularly an

urbanizing watershed.

Comprehensive knowledge of land use dynamics is

useful for reconstructing past land-use/land cover

changes and for predicting future changes, and thus

may help in elaborating sustainable management

practices aimed at preserving essential landscape

functions (Hietel et al. 2004). Several models have

been developed for examining land-use change. Recent

examples of land-use models include stochastic models

(Weaver and Perera 2004), optimization models (Wang

et al. 2004; Manson 2005), cellular automata (Syphard

et al. 2005; Bolliger 2005), agent-based models (Evans

and Kelley 2004; Manson 2005) and empirical models

(Aspinall 2004; Verburg and Veldkamp 2004; Agarwal

et al. 2005; Fang et al. 2005). However, land use

change is frequently studied through a process of

empirical modeling of documented changes in land

cover or land use patterns (Aspinall 2004). Empirical

models provide a mechanism for analyzing detailed

case studies and can help identify the key drivers of

land cover and land use changes (Turner et al. 1993;

Aspinall 2004).

In climate change studies, the widely used methods

for generating climate change scenarios are general

circulation models (GCMs), which represent the most

sophisticated attempt to date to simulate climate on a

global scale. These models currently offer the most

credible methods of simulating global climate re-

sponses to increased greenhouse gas concentrations,

and provide estimates of climate variables (Prud-

homme et al. 2003). GCMs are computerized, three-

dimensional, mathematical representations of the

Earth’s atmosphere and are based on fundamental laws

governing atmospheric physics (Ringius et al. 1996;

Matondo et al. 2004). GCMs calculate wind speed,

temperature, and atmospheric moisture distribution as

well as surface climate/weather variables. However,

GCMs are used to perform two types of simulation

experiments for estimating future climates, namely

equilibrium and transient experiments. Most calcula-

tions use the equilibrium mode, in which the models

are subjected to an instantaneous effective doubling of

CO2 concentrations relative to a base year, and are

then run to simulate an equilibrium climate under

those hypothetical conditions (Matondo et al. 2004).

A watershed hydrology model comprises a set of

mathematical descriptions of portions of the hydro-

logic cycle (Singh and Woolhiser 2002). Recently,

hydrological simulation models have been widely used

to quantify the influence of land use change on the

hydrologic cycle. Hydrological watershed models can

be used to simulate streamflow, runoff, groundwater

discharge, sediment, and nutrient loadings in water-

sheds given variable sized source areas, different land-

use and climate scenarios assessing the impacts of land-

use and climate changes in a watershed. Therefore,

hydrological models offer a useful means of evaluating

the effect of changes in landscape patterns or land use

resulting from policy decisions, economic incentives or

structural economic changes (Fohrer et al. 1999, 2002,

2005), and even the impacts of climate change on the

hydrological cycle.

The first step in this study is to simulate future

land-use scenarios by using the conversion of land

use and its effects model (CLUE-S) based on logistic

regression models, with the driving factors includ-

ing spatial and non-spatial policies and land-use de-

mands, for the Wu-Tu watershed in Taiwan (Fig. 1).

Fig. 1 Study watershed
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Following land use simulations, the generalized wa-

tershed loading functions (GWLF) model simulates

annual streamflow, runoff and groundwater discharge

in land use scenarios and climate change scenarios for

both the entire watershed and the upstream watershed

of the study area. The climate change scenarios are

generated from the GCMs models. This study then

discusses the above hydrological components for the

hypotheses that future land-use and climate changes

impact surface runoff, groundwater discharge and

streamflow in the study watershed.

Materials and methods

Study area

The Wu-Tu watershed is an urbanizing watershed in

the Keelung River Basin, located between the Taipei

metropolitan area and Keelung Harbor in northern

Taiwan (Fig. 1). The Wu-Tu watershed has an area of

approximately 204.41 km2, with a mean elevation and

mean slope of 242.00 m and 0.005�, respectively. The

population in this watershed increased owing to the

expansion of the Taipei metropolitan area, Keeling city

and the need for labor of Keelung Harbor during 1987–

1997. Driven by population growth, the watershed has

become a rapidly urbanizing watershed with an aver-

age annual population increase of approximately

2.70% during 1987–1997, especially in the downstream

area of the watershed (Cheng and Wang 2002). Since

1997, the average annual population growth rate has

been approximately 1.05% (Cheng and Wang 2002).

Land-use change model

In the CLUE-S model, the non-spatial module calcu-

lates the area of change for all land-use types at the

aggregate level, and the spatial module in the CLUE-S

translates demands into land-use changes at various

locations within the study region (Verburg et al. 2002).

The relationships between land use and its drivers can

be fitted by using the stepwise logistic regression.

Furthermore, probability maps for all land-use types

can be established using logistic regression models. The

explicit spatial allocation procedure converts non-spa-

tial demands into land-use changes at various locations

in the study area. The relationships between land uses

and its drivers were evaluated by following stepwise

logistic regression (Verburg et al. 2002):

Log
Pi

1� Pi

� �
¼ b0 þ b1X1;i þ b2X2;i þ � � � þ bnXn;i

ð1Þ

where Pi denotes the probability of a grid cell for the

occurrence of the considered land use type, the Xs are

driving factors and bi is the coefficient of each driving

factor in the logistic model.

After fitting the logistic regression models for all

land use types, the restricted area and land use tran-

sition rules were specified for the study watershed.

Finally, land-use change is allocated in the following

iterative procedure according to probability maps, the

decision rules combined with the actual land-use maps,

and the demand for different land uses (Verburg et al.

2002). For each grid cell the total probability is calcu-

lated for each of the land use types based on the

logistic model results with land use change priority and

the iteration variable.

The first step of the iterative procedure makes a

preliminary allocation for which the iteration variable

has an equal value for all land use types by allocating

the land use type with the highest total probability of

land use occurrence for the considered grid cell

(Verburg et al. 2002). Conversions that are not per-

mitted in the conversion matrix are not allocated. The

total allocated area of each land use is then compared

to the land use demand. For land use types where the

allocated area is smaller than the demanded area the

value of the iteration variable is increased. Meanwhile,

for land use types with too much allocation the value of

the iterative variable is reduced. The above procedures

are repeated as long as the demands are not correctly

allocated. When allocation and demand are equal the

final land use at this time step is saved and the allo-

cation procedure continues for the next yearly time

step until reaching the target year. Furthermore, the

grid cells located in the restricted area are not allowed

to convert into other land use types during the

allocation.

Hydrological model

The generalized watershed loading functions model

developed by Haith and Shoemaker (1987) is a com-

bined distributed/lumped parameter watershed model

for simulating runoff, sediment, and nutrient loadings

in watersheds given variable sized source areas (such as

agricultural, forested, and developed land). Surface

loading is distributed in the sense that multiple land
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use and land cover scenarios are permitted where each

area is assumed to have homogeneous attributes when

addressed by the model (Haith and Shoemaker 1987).

For subsurface loading, the model is a lumped

parameter model utilizing a water-balance approach.

Daily water balances are calculated for unsaturated

and saturated sub-surface zones, in which infiltration is

calculated as the difference between precipitation and

snowmelt minus surface runoff plus evapotranspiration

(Haith and Shoemaker 1987).

In the GWLF model, the water mass balance

equation for the unsaturated zone (Howarth et al.

1991; Tung 2001) can be represented by:

Utþ1 ¼ Ut þ It � ETt � PCt ð2Þ

where Ut+1 (cm) and Ut (cm) are the moisture contents

of the root zone in excess of the field capacities on days

t+1 and t, respectively, It denotes the infiltration (cm),

ETt represents the evapotranspiration (cm) during day

t, and PCt is the percolation (cm) into the deep satu-

rated zone on day t.

The difference in infiltration between rainfall (Rt)

and surface runoff (Qt), can be calculated by

It ¼ Rt �Qt ð3Þ

Evapotranspiration is influenced by atmospheric

conditions and use and soil moisture content, which

have the following relationship (Tung 2001):

ETt ¼Min½kst � kct � PETt;Ut þ It� ð4Þ

where kst and kct are the coefficients of soil moisture

stress and land cover, respectively, and PETt is the

potential evapotranspiration calculated using the

Hamon equation (Hamon 1961; Tung 2001):

PETt ¼ ð0:021D2
t ÞðestÞ=Tt ð5Þ

where Dt is the number of daylight hours on day t, est is

the saturated water vapor pressure on day t, and Tt is

the absolute temperature on day t. Land cover

coefficients of agricultural land, forest, build-up area,

grassland, and water body are 1, 1, 0.2, 0.83–1.25, and 1,

respectively. Moreover, percolation occurs when soil

moisture of an unsaturated zone exceeds field capacity,

and is calculated by

PCt ¼ max½0;Ut þ It � ETt �U�� ð6Þ

where U* denotes the maximum soil water capacity

(cm).

The water balance equation for the shallow satu-

rated zone is:

Stþ1 ¼ St þ PCt �Gt �Dt ð7Þ

where St (cm) denotes the water content of a shallow

ground water aquifer at the beginning of day t, Dt

represents the deep seepage (cm) during day t and Gt

(cm) is groundwater discharge to streams/rivers.

The movement of water from the saturated zone to

streams/rivers (Gt) is considered to be a linear function

of the moisture content of the saturated zone (Howarth

et al. 1991; Tung 2001), and can be calculated using the

following equation.

Gt ¼ rSt ð8Þ

where r is the recession coefficient.

This study uses 10-year (1993–2002) streamflow data

to verify the simulated streamflow modeled with the

GWLF model using historical weather data and

parameters that include the recession coefficient,

evapotranspiration coefficient and the curve number

for the study watershed. The linear regression of mean

monthly observed streamflows and mean monthly-

simulated streamflows is performed for verifying

hydrological model parameters. However, a perfect fit

of a linear regression has a regression slope (regression

coefficient) of 1.0. Model parameters are set when a

perfect fit of a linear regression of mean monthly ob-

served streamflows and mean monthly simulated

streamflows is reached. In this study, R2 value of the

linear regression model with slope of 1.0 (regression

coefficient) of the monthly mean observed streamflows

and the mean monthly simulated streamflows during

the 10-year period is 0.98. The linear regression model

is significant at the 0.01 level. The mean error of the

mean monthly simulated streamflows is 0.72 cm. The

verification analysis indicates that the hydrological

model perfectly simulates mean monthly streamflows.

Land-use demand and conversion policies

The proposed restricted areas are intended to protect

hillsides, water supply sources and large forested areas

as part of a conservation policy (Fig. 1). To further

simulate land use, data are required for the land use

distribution and the number of biophysical and socio-

economic parameters considered as potential drivers of

land use patterns, namely altitude (m), slope, distance

to river, soil erosion coefficient, soil drainage, distance

to major road, distance to built up area, distance to

urban planning area and population density. This study

obtained land use data 1999 from the Soil and Water

Conservation Bureau of the Council of Agriculture,

Taiwan. Land use maps, which were generated and
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digitized by the Soil and Water Conservation Bureau

using 1:5,000 aerial photographs taken in 1999, distin-

guishes among 33 land-use types in a vector format.

According to the definitions of land-use types pro-

duced by the Construction and Planning Agency of the

Ministry of Interior, Taiwan, this study converted the

above 33 land-use types to be five land-use types,

including agricultural land, forest, built-up area,

grassland, and water body, and classified land-use using

a 50 · 50 m resolution based on these types. The pro-

portions of agricultural land, forest, built-up area,

grassland, and water body in 1999 were 1, 83, 6, 3 and

7%, respectively. This study used the logistic regres-

sion model developed by Lin et al. (2007), listed in

Table 1.

Two land-use demands (namely low and high

development demand), based on annual birth rates of

1.17 and 1.50%, are used as input data to further

simulate land-use scenarios from 2000 to 2020. Fur-

thermore, the water body was assumed to be constant

for both land-use demands during the period 2000–

2020. For each land-use type, conversion rules deter-

mine the conditions under which land-use changes in

the next time step. The 1995 agricultural land release

policy of the Council of Agriculture, Executive Yuan,

Taiwan, involves two land-use conversion rules (free

conversion and agricultural protection conversion)

based on the regulations and the agricultural land re-

lease policy. The free conversion specifies that agri-

cultural, forest and grasslands can be converted into

any of these three land uses, while built-up area and

water bodies cannot be converted into other land uses.

The agricultural protection conversion does not allow

agricultural land to be converted into built-up area and

forest. The main difference between conversions is that

agricultural land cannot be converted into built-up

area in the agricultural protection conversion. Based on

land-use demand and conversion rules, scenarios I (low

development demand and free conversion), II (high

development demand and free conversion), III (high

development demand and agricultural protection con-

version) and IV (low development demand and agri-

cultural protection conversion) are simulated in the

study area.

Climate change scenarios

This study used rainfall and precipitation data from

three GCMs (general circulation models) simulations,

namely CGCM1, HadCM2 and GFDL-R15, repre-

senting three modeling centers, namely the Canadian

Centre for Climate Modeling and Analysis, the Hadley

Centre for Climate Prediction and Research, and the

USA Geophysical Fluid Dynamics Laboratory. The

future temperature change in the study area is assumed

to be the same as the difference between the temper-

atures simulated using GCMs for the future and cur-

rent conditions at the nearest grid point (Tung et al.

2005). Consequently, future climate scenarios can be

estimated as follows (Tung et al. 2005)

l0mT ¼ lmT þ ðlmT;future � lmT;currentÞ ð9Þ

where lmT and l¢mT denote current and future mean

monthly temperature (�C), respectively, and lmT,current

and lmT,future represent simulated mean monthly

temperatures (�C) under the current and future

climate conditions, respectively. The change in

precipitation is assumed to be the ratio of the

precipitation for the future condition to that for the

current condition (Tung et al. 2005):

lmP ¼ lmP þ ðlmP;future � lmP;currentÞ ð10Þ

where lmP and l¢mP are current and future

mean monthly precipitation (cm), respectively, while

lmP,current and lmP,future are simulated mean monthly

precipitation (cm) under the current and future climate

conditions, respectively. The predictions of the GCM

equilibrium experiments (1995 version) are down-

loaded from the US Country Studies Program (1995),

which is available on the web at the NCAR ftp site

(ftp://www.ncardata.ucar.edu/pub). Table 2 lists the

changes in temperature and precipitation ratios.

Table 1 Logistics regression model for land use types

Variable Agriculture Forest Build-up Grass

Dtm 0.0015 0.0016 – –0.0043
Slope –0.041 0.0653 –0.0203 –0.0278
Popd 0.0002 –0.0001 3.17E-05 –
Droad –0.0012 –0.0002 – 0.0011
Driver – 0.0001 – –0.0002
Dbuild –0.0019 0.0069 –0.0627 –0.0025
Dzone 0.0003 – – –9.34E-05
Odr – – – 0.467
Soilk 2.1461 4.6479 –1.8691 –
Constant –3.1464 –1.4859 1.5537 –2.3934
ROC 0.735 0.88 0.983 0.757

Dtm altitude, Slope slope; Popd population density, Droad dis-
tance to major road, Driver distance to river, Dbuild distance to
buildup area, Dzone distance to urban planning area, Odr soil
drainage, Soilk soil erosion coefficient

– Not significant and not included in model at 0.05 significant
level
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Results

Compositions of land-use scenarios

Based on the logistics models established by Lin et al.

(2007) (Table 1), land-use demands (low development

demand and high development demand) and land-use

conversion rules (Free and agricultural protection

conversions), the CLUE-S model is applied to simulate

four land-use scenarios for the period 2000–2020. Fig-

ures 2 and 3 show agricultural land, forest, built up and

grassland in the land-use scenarios during the simu-

lated period in the upstream and downstream water-

sheds. In the upstream area, agricultural land area in

scenarios I, II, III and IV decreased and was constant

after the years 2013, 2011, 2016 and 2013, respectively

(Fig. 2). Furthermore, changes in agricultural land in

scenarios II and I are similar in area during the simu-

lated period, as are area for change areas in scenarios

III and IV during the simulation period (Fig. 2). In the

upstream area, forest areas in scenarios III and I are

similar during the simulation period, as are the areas in

scenarios II and IV (Fig. 2). The built-up area of the

upstream watershed increased significantly for all sce-

narios during the simulated period. The magnitudes of

grassland area in scenarios II and I are similar during

the simulation period, as are the areas in scenarios III

and IV during the simulation period in the upstream

area (Fig. 2). Furthermore, the grassland area in sce-

narios III and IV increased (during 2005 and 2020) and

differed to area in scenarios II and I (Fig. 2). In

downstream areas, agricultural land area in all sce-

narios decreased (Fig. 3). Moreover, forest and built-

up areas in scenarios III and I are similar in area during

the simulation period, as are area in scenarios II and

IV during the simulation period (Fig. 3). During the

simulation period, the forest area and built-up area of

the downstream watershed in all scenarios decreased

and increased, respectively (Fig. 3). Moreover, the

magnitudes of the grassland area in all scenarios

decreased during the simulation period in the upstream

area (Fig. 3).

Hydrological components under land-use scenarios

with no climate change

Based on historical weather data (i.e., data from a

period with no climate change), streamflows, surface

runoffs and groundwater discharges are simulated

using the GWLF model and further land-use changes

for the period 2000–2020 for both the upstream wa-

tershed and the entire watershed. To compare annual

variations in hydrological components, the differences

in the annual streamflow, annual surface runoff and

annual groundwater discharge based the land uses in

1999 (no change) and hydrological components (based

on land-use demands and four land-use scenarios for

the period 2000–2020) in the upstream watershed and

the entire watershed during the simulation period, the

annual streamflows, runoff and groundwater discharges

are calculated based on simulated monthly streamflows

(Figs. 4, 5). Differences in annual streamflow due to

land-use change scenarios gradually increased to

0.16% (scenario I), 0.25% (scenario II), 0.25% (sce-

nario III) and 0.25% (scenario IV) during the simula-

tion period for the upstream area (Fig. 4a). Differences

in annual surface runoff due to land-use change sce-

nario increased to 1.11% (scenario I), 1.47% (scenario

II), 1.47% (scenario III) and 1.44% (scenario IV)

during the simulation period in the upstream area

(Fig. 4b). Moreover, differences in annual groundwa-

ter discharge due to land-use change scenario

decreased to 0.80% (scenario I), 0.98% (scenario II),

0.98% (scenario III) and 0.94% (scenario IV) during

the simulation period in upstream area (Fig. 4c). For

the entire watershed, the differences in annual

streamflows between land-use change and no change

gradually increase to 0.60% and 0.50% for the high and

low demands during the simulation period (Fig. 5a).

Differences in annual surface runoff between no land-

use change and land-use change scenarios increased to

4.00 (high demand) and 3.22% (low demand) during

the simulation period for the entire watershed

(Fig. 5b). Furthermore, differences in annual ground-

water discharge between no land-use change and land-

use change situations decreased to 2.80 (low demand)

and 3.50% (high demand) during the simulation period

(Fig. 5c) for the entire watershed.

Table 2 The changes in temperature and ratios of precipitation

Month CGCM1 (24.1�E,
120.0�N )

GFDL-R15
(24.4�E, 120.0�N)

HADCM2
(25.0�E, 120.0�N)

DT Ratio DT Ratio DT Ratio

1 1.11 0.82 1.66 1.00 1.46 1.40
2 1.42 0.69 2.51 1.19 1.40 1.18
3 1.42 1.06 1.35 0.89 1.05 0.76
4 1.17 0.97 1.29 1.01 1.15 1.15
5 1.85 1.54 1.69 0.99 1.35 1.24
6 1.52 1.08 1.59 1.34 0.97 1.14
7 1.26 1.31 1.41 0.92 1.01 0.86
8 1.29 1.10 1.04 0.82 1.26 0.88
9 1.35 1.12 1.75 0.98 1.24 1.18
10 1.07 0.86 2.13 1.06 1.27 0.84
11 1.24 0.89 2.39 0.86 1.78 0.50
12 1.66 0.90 2.52 0.89 1.35 1.18

DT changes in temperature, Ratio ratios of precipitation
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Hydrological components under land-use scenarios

and climate change

Based on climate scenarios of GCM models, stream-

flows, surface runoff and groundwater discharge is

simulated using the GWLF model and simulated 2020

land-use for four land-use scenarios in the upstream

watershed and land-use demands in the entire wa-

tershed. To compare annual variations in hydrological

components, the differences in the annual streamflow,

annual surface runoff and annual groundwater dis-

charge based on the 1999 and 2020 land-use scenarios

in the upstream watershed and the entire watershed

the annual streamflows, runoff and groundwater dis-

charges are calculated based on simulated monthly

streamflows (Figs. 6, 7). The differences in annual

streamflow between the no land-use change situation

and each scenario change decreased from 0.21 to

1.45% (for CGCM and GFDL) and increased from

1.31 to 1.43% (for HADCM) for the scenario for the

year 2020 in the upstream area under climate change

(Fig. 6). Differences in annual surface runoff between

the no land-use change situation and each scenario

increased from 2.51 to 6.19% for all land-use scenarios

and all climate changes in the upstream area (Fig. 6).

Differences in annual groundwater discharge between

the no land-use change situation and each scenario

decreased from –3.12 to –6.68% for all land-use sce-

narios under all climate change scenarios (CGCM,

GFDL and HADCM) in upstream area (Fig. 6). The

differences in annual streamflows between the land-use

change and no change situations increased from 0.16 to

1.85% (CGCM and HADCM) and decreased from

0.86 to 0.94% for two land-use demands by 2020 in the

entire watershed (Fig. 7). Differences in annual surface

runoff between the land-use change and no change

situations increased from 4.70 to 7.54% (low demand)

and 5.47 to 8.29% (High demand) in 2020 under the

climate change scenario (Fig. 7). Differences in annual

groundwater discharge between land-use change and
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no change decrease from –5.44 to –8.69% (low de-

mand) and from –6.20 to –9.42% (high demand) by the

year 2020 in the climate change scenario (Fig. 7).

Discussion

Responses of land-use and climate scenarios

on hydrology

Understanding impacts of land use/land cover (LU/

LC) change on the hydrologic cycle is needed for

optimal management of natural resources (Scanlon

et al. 2005). In this study, if only land-use changes were

considered, then future land-use change scenarios had

various impacts on the hydrological components

(streamflow, surface runoff and groundwater

discharge) through time and under various levels of

land-use change pressure (various land-use demands).

For upstream areas, the impacts on annual streamflow,

surface runoff and groundwater discharge of scenario

IV were 1.5, 1.3 and 1.17 times greater than those of

scenario I. Moreover, various land-use demands and

policies influenced future hydrological components in

the study watershed, especially in highly developed

areas. The influence on hydrological components in the

study watershed increased with demand from built-up

areas. For the entire watershed, the impacts on annual

streamflow, surface runoff and groundwater discharge

of the high development demand were 1.20, 1.24 and

1.25 times greater than those from the low develop-

ment demand. Furthermore, the highest impacts on

annual streamflow, surface runoff and groundwater

discharge for the entire watershed were 1.50, 2.70 and

3.70 times higher than those for the upstream area.

However, surface runoff from urban areas increased
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and groundwater discharge decreased as replacement

of vegetation through development reduces infiltra-

tion.

A global warming could have a significant impact on

local and regional climatic regimes, which would have

impact upon hydrological and water resources systems

(Arnell and Reynard 1996). Changes in climate, either

long-term or short-term changes, can alter significantly

the hydrological behavior of catchments (Bouraoui

et al. 2004). The effects of climate change on river

flows depend not only on the extent of change in cli-

matic inputs to the catchment, but also on the char-

acteristics of the catchment itself (Arnell 2003).

Comparing the impacts of both land-use and climate

changes on hydrology; climate changes impacted the

hydrological components much more strongly than

land-use changes for all scenarios in the study area, and

had a particularly large impact on runoffs and

groundwater discharges. However, the increases in

precipitation caused by climate change increased

annual surface runoff (1.37–2.32 times) more than did

the no climate change situation for all land-use change

scenarios in all climate change scenarios for the entire

watershed in 2020. The impacts of climate changes on

annual groundwater discharges were greater (1.71–1.96

times) than those of no climate changes during 2020 for

the study watershed in all land-use scenarios. The

impacts of climate changes on annual streamflows were

slightly greater or less than those of no climate changes

in 2020 for the study watershed for all land-use sce-

narios. These slight and varied differences may be due

to the water balances of high changes (increases) of

surface runoff and groundwater discharges (decreases)

for all land-use scenarios in the study watershed.

Comparing the increase in the ratios of annual sur-

face runoff between the upstream and entire area, the

highest increase in the ratios of annual surface runoffs

for the entire watershed were higher (1.35–1.87 times)

than those in the upstream area for climate changes in

2020. Comparing the decreasing ratios of annual

groundwater discharges in both the upstream and the

entire areas, the highest decrease ratio of annual

groundwater discharges in the entire watershed were

higher (1.42–1.84 times) than in the upstream area in

the climate change situation in 2020. The low change in

streamflow could be explained by the water balance of
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increasing surface runoff and decreasing groundwater

discharge in 2020. However, the impacts by considering

both land-use and climate changes were significantly

higher than by only considering climate change or

land-use change for surface runoff and groundwater

discharge. This study did not consider the interactions

between land-use change and climate changes. This

issue should be also included in further related works.

Conclusion

This study provided a framework that integrated

mathematical models to simulate and assess future

land-use and climate change scenarios, as well as their

compositions and hydrological components, under

various land-use policies in the Wu-Tu watershed in

Taiwan. In this study, land-use compositions and

changes are associated with land-use demands and

conversion policies for future watershed planning and

management in the study watershed. The variability

and magnitudes of future hydrological components

were influenced by land-use change scenarios, and

particularly runoff and groundwater discharge. The

climate changes influenced future surface runoff and

groundwater discharge more strongly than land-use

changes did in the study watershed. The future land-

use and climate change scenarios influenced future

land-use compositions and hydrology in both the

upstream and downstream watershed, and in particular

influenced surface runoff and groundwater discharge in

the downstream watershed. The conversion and forest

protection policies are particularly effective for the

watershed conversion planning given changes in land-

use and climate. Future studies should also examine

interaction of land-use and climate changes. Moreover,
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alternative land-use and hydrological models should

also be applied and compared in future related studies.
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