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Abstract. Land use changes are altering the hydrologic sys-1 Introduction

tem and have potentially large impacts on water resources.

Rapid socio-economic development drives land use change.

This is particularly true in the case of the rapidly develop- Land use changes have potentially large impacts on water re-
ing city of Pune, India. The present study aims at analyzingSOUrces (Stonestrom et al., 2009). Rapid socio-economic de-
past land use changes between 1989 and 2009 and their inyélopment drives land use changes, which include changes
pacts on the water balance in the Mula and Mutha RiverOf land use classes, e.g., conversion of cropland to urban
catchment upstream of Pune. Land use changes were idefi€a due to urbanization, as well as changes within classes
tified from three Rivers catchment multitemporal land useSuch as a change of crops or crop rotations. Particularly in
classifications for the cropping years 1989/1990, 2000/2001€gions where water availability is limited, land use changes
and 2009/2010. The hydrologic model SWAT (Soil and Wa- could result in an increase of water scarcity and thus con-
ter Assessment Tool) was used to assess impacts on rundifibute to a deterioration of living conditions. DeFries and
and evapotranspiration. Two model runs were performed andeshleman (2004) underline the importance of understanding
compared using the land use classifications of 1989/1990 an#€ impact of land use change on water resources, which they
2009/2010. The main land use changes were identified as afentify as a key research topic for the decades ahead.
increase of urban area from 5.1% to 10.1% and cropland N order to assess past land use changes, satellite images
from 9.7 % to 13.5 % of the catchment area during the 20 yrprovide valuable spatially distributed information. Historic
period. Urbanization was mainly observed in the eastern parfnultispectral satellite images can be used to produce past
and conversion to cropland in the mid-northern part of theland use classifications. However, in the absence of historic
catchment. At the catchment scale we found that the impact§round truth data, different methods and data (e.g., historic
of these land use changes on the water balance cancel eafPographic or land use maps) are employed to derive accu-
other out. However, at the sub-basin scale urbanization ledate past classifications (e.g., Miller et al., 2002; Seeber etal.,
to an increase of the water yield by up to 7.6 %, and a sim-2010). These classifications are superior to commonly used
ilar decrease of evapotranspiration, whereas the increase éfeely available, global data sets (e.g., Hansen et al., 1998),

cropland resulted in an increase of evapotranspiration by u@S they provide a higher spatial resolution (30 m) and often
t0 5.9 %. have a higher level of detail with regard to the number of

distinguished classes. Each land use classification is repre-
sentative of the date of the satellite image and the phenology
of the plants at this time in the year (Jensen, 2007). Partic-
ularly in regions with a high temporal variability in temper-
ature (e.g., temperate and continental climates) or precipita-
tion (e.g., tropical wet and dry climates), the date of the satel-
lite imagery has a pronounced impact on the identifiable and
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distinguishable land use classes. In order to derive a clasresources, Sharma et al. (2001) employed land use and land
sification which is representative of the whole year, severaimanagement measures that decreased the water yield signif-
land use classifications from different times in the year canicantly, and Behera and Panda (2006) identified critical sub-
be combined to produce one multitemporal land use classifiwatersheds and tested best management practices to mini-
cation (e.g., Villarreal et al., 2011; Yuan et al., 2005). By this mize sediment and nutrient loads. Mishra et al. (2007) an-
means, the intra-annual differences are minimized. Thus, alyzed the effects of land use on runoff and sediment yield
series of such multitemporal land use classifications can b¢o prioritize the construction of structural water management
analyzed to identify the inter-annual or, in the present casemeasures. Wilk and Hughes (2002) conducted a study in
inter-decadal changes over a past period of time. South India employing several land use scenarios, and found

In order to assess impacts of land use change on watehat only the extreme and very unlikely scenarios had a pro-
resources hydrologic models are typically employed, e.g.hounced impact on runoff. The largest increases of runoff
HBV (Bergstbm and Forsman, 1973; e.g., Ashagrie et al., were found when converting forest and savanna to agricul-
2006), MIKE-SHE (Refsgaard and Storm, 1995; e.g., Im etture, whereas the largest decrease of runoff resulted from a
al., 2009), SWAT, (Arnold et al., 1998; e.g., Fohrer et al., conversion to forest in this study. Further Indian studies fo-
2001), or WaSiM-ETH (Schulla, 1997; e.g., Niehoff et al., cus on the impact of land use change on groundwater (e.g.,
2002). Models are particularly useful, as they can assess pagthan et al., 2011; Ramesh, 2001; Singh, 2001).
as well as possible future impacts (using land use scenar- A comprehensive assessment of land use change impacts
ios). Huisman et al. (2009) employed an ensemble of teron water resources in an area with seasonally limited wa-
hydrologic models (the four previously named and six otherter availability, and which is subject to rapid socio-economic
models) to assess the impact of land use change scenariodevelopment and population growth, will provide an exem-
which resulted in a range of predictions that were generally inplary view on the local impacts of major recent develop-
agreement with respect to the direction of the impact on dis-ments in India. The city of Pune has experienced such rapid
charge. The Soil and Water Assessment Tool (SWAT, Arnoldsocio-economic development and population growth in re-
et al., 1998) has proven its suitability for hydrologic impact cent decades. In Pune district, where Pune city is the largest
studies (Gassman et al., 2007) and furthermore under condidrban and economic agglomeration, population has increased
tions of limited data availability (Ndomba et al., 2008; Stehr by more than 30 % per decade between 1991 and 2011 (Gov-
et al., 2008). Hence, it is a suitable model to study the impacernment of India, 2011). Itis the aim of this study to (i) assess
of land use changes on water resources in India. the land use changes between 1989/1990 and 2009/2010, and

Investigations of the effects of past land use changes oifii) analyze the impacts of these changes on the long-term
water availability have been carried out in many regionalwater balance components in the Mula and Mutha Rivers
studies worldwide (e.g., Ghaffari et al., 2010: Iran; Im et al., catchment upstream of the city of Pune.

2009: Korea; Li et al., 2009: China; Miller et al., 2002: USA).

Furthermore, impacts of land use scenarios on the water re-

sources have been analyzed in many other regional studies Materials and methods
e.g., in Germany (Kicking and Haberlandt, 2002; Barthel et

al., 2012), Canada (Wijesekara et al., 2012), Ethiopia (Leg2.1 Study area

esse et al., 2003), and Kenya (Mango et al., 2011).

Several investigations of land use changes and land us&he meso-scale catchment of the Mula and the Mutha Rivers
change impacts have been carried out in India. Chauhan an2036 kn¥) is located in the Western Ghats upstream of the
Nayak (2005) reported that industrial development and popucity of Pune, India (18.53N, 73.85 E; Fig. 1). It is a sub-
lation pressure in Hazira, Gujarat, led to an increase of built-basin and source area of the Krishna River, which drains
up area and a decrease in forest and agricultural areas b&wards the east and into the Bay of Bengal. Its elevation
tween 1970 and 2002. Jayakumar and Arockiasamy (2003)anges from 550 m in Pune up to 1300 ma.s.l. on the top
have found an increase of cropland and a decrease of graseeges in the Western Ghats. The catchment has a tropical
land and shrubland in a study on a part of the Eastern Ghateet and dry climate, which is characterized by seasonal rain-
in South India. Deforestation between 1973 and 1995 was refall from June to October, and low annual temperature vari-
ported in a study on the southern part of the Western Ghats bgtions with an annual mean of 26 at the catchment out-
Jha et al. (2000). Similarly, a study about Indian Himalayanlet in Pune. Annual rainfall amounts decrease from approx-
catchments by Sharma et al. (2007) found a decrease of natmately 3500 mmat in the western part of the catchment
ural forest and an increase of agricultural land. to 750 mma?l in the eastern part of the catchment (Gadgil,

Impacts of land use change on the water resources in In2002; Gunnell, 1997). Land use is dominated by semi-natural
dia were mainly assessed by using scenario analysis. Partizxegetation, with forests mainly on the higher elevations in the
ularly, agricultural management practices are a focus of thavest, whereas shrubland and grassland occupy lower eleva-
research in India: Garg et al. (2012b, c) found that agricul-tions. Cropland is found mainly in proximity to rivers and
tural water interventions had a pronounced impact on watereservoirs, and is dominated by small fields 1(ha) with
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Table 1. Quality of the land use classifications in 2009/2010 as-

}N\ sessed by using mapped ground truth data.
LISS-IIl Scene
r‘ y Indicator  Classes 30 Nov 2009 6 Mar 2010
‘) Pawana ,1/ B \ Overall ~ Combined agricultural classes 79.1% 82.9%
).’ \ accuracy Distinguished agricultural classes  65.6 % 58.8%
+’ ./ e e Users  Forest 78.6% 91.9%
. 7 Nt accuracy  Shrubland 45.4% 70.8%
' Grassland 68.9% 52.7%
< Bare soil 41.0% 43.7%
~7y_ Mulshi 3 Mixed cropland 27.4% 41.8%
o Rice 2009/Wheat 2010 86.4% 31.5%
o e, o Sugarcane 92.4% 51.0%
1\ Urban 89.1% 91.1%
Y Khadakwasla'y

\ )

‘ g

; Panshet ~J e )

{ e, 4 produce land use classifications (e.g., LISS-IIl: Jayakumar
I - - and Arockiasamy, 2003; Saha et al., 2005; TM: Seeber et al.,
=N Reservoir @ Catchment| __| -

Ri e 2010; Villarreal et al., 2011; ETM: Peiman, 2011; Yuan et
0O 5 10 15 20 iver Gauge A Gauged Basini ! . : )
— e K Stream al., 2005). To achieve a good representation of the cropping

year at least two images corresponding to the two cropping
Fig. 1. Mula-Mutha catchment with the locations of river gauges Seasons were used for each multitemporal classification. Due
and reservoirs. to the absence of mapped ground truth data for the past, two
different methodologies were applied for the current and the
historic land use classifications, respectively.
rain-fed agriculture during the monsoon season and irriga-
tion during the dry season. Typically two crops per year are2.2.1 Current land use classification
harvested, a Kharif (June—October) and a Rabi (November—
March) crop. Urban area is main|y found in the eastern partFOf the current land use classification, ground truth data was
of the catchment, where the city of Pune and its surroundmapped at three test sites in and near the study area. Field
ing settlements are located. Six major reservoirs are locateg§Urveys were carried out during each of the two cropping sea-
within the study area (Fig. 1), which indicate the catchment'sSons; one in September and October 2009 and another one in
importance for downstream water users and reservoirs (Garfjebruary and March 2010. Rice, wheat and sugarcane were
etal., 2012a), such as the large Ujjani reservoir about 100 knihe most important crops. Based on the field survey data, we
downstream of Pune. Furthermore, water is diverted from theconfirmed the expected crop rotation of rice in rainy season
catchment to the west, as the largest reservoir in the catchand wheat in dry season. Sugarcane is a perennial plant. Due
ment (Mulshi) serves for power generation for the city of to their diversity and small-scale patchiness, the other agri-

Mumbai (Wagner et al., 2012). cultural land use types were combined into a mixed crop-
land class. The next available cloud-free LISS-IIl satellite
2.2 Assessment of land use changes images corresponding to the two field surveys (30 Novem-

ber 2009, 6 March 2010) were used to produce two land
The study area experienced rapid socio-economic developdse classifications. The satellite images were geometrically
ment and population growth during the two most recentcorrected using ground truth points. A stratified knowledge-
decades. In order to analyze the land use changes caused bgsed approach, employing a maximum likelihood classifier,
this development, we produced three multitemporal land usevas applied as follows: for agricultural land use thresholds
classifications for the cropping years 1989/1990, 2000/2001in terms of elevation{ 800 m) and slope< 10 %) were set,
and 2009/2010. These classifications are based on multispeas cropland is typically located in the valleys and in prox-
tral satellite data. Different sensors were used to cover themity to rivers. Pixels classified as cropland that exceeded
20 yr time span of this study. The classifications are based othese thresholds were labeled as grassland. A majority anal-
Landsat 5 TM data for 1989/1990, on Landsat 7 Effdlata  ysis on a moving X 3 raster window was applied to remove
for 2000/2001, and on IRS-P6 (Resourcesat-1) LISS-III datamisclassified, spatially singular pixels within homogenous
for 2009/2010. All sensors have a similar spatial resolutionareas (Wagner et al., 2011). Water bodies were defined us-
of 30 m (TM/ETM+) or 23.5m (LISS-III), and have bands in ing a threshold value for the near-infrared band. The ground
the visible, the near-infrared, and the shortwave infrared retruth data were used to define the training areas for the clas-
gion (Landsat TM/ETM-: 6 bands; LISS-III: 4 bands). Fur- sification and for validation of the classification results. Both
thermore, all of these satellite sensors are commonly used tolassifications showed reasonable accuracies (Table 1).
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Table 2. Applied rules to derive a multitemporal land use classification for the cropping year 2009/2010.

Class Combinations Multitemporal Result
Forest — Shrubland Forest

Forest — Grassland Shrubland

Shrubland — Grassland Shrubland

Grassland — Bare soll Grassland

Agricultural class — Bare soil Agricultural class

Urban high density — Urban low density Urban high density
Mixed cropland — Sugar or Rice Sugar or Rice

Sugar or Rice of 2009 — Sugar or Wheat of 2010  Sugar or Rice of 2009
Mixed cropland 2009 — Wheat 2010 Mixed Cropland

Equal land use Equal land use

No rules apply New classification using both scenes

In order to derive a single land use map that is representayears. However, the good overall accuracy (79.1%) of the
tive for the whole cropping year, the two classifications wereland use classification in 2009 makes it seem unlikely that
combined by using the rules shown in Table 2. For the com-the total agricultural area is underestimated by 39 % in Kharif
bination of two semi-natural classes priority was given to season. The combination of the two land use classifications
the class with a higher percentage of trees (e.g., if a pixe2009 and 2010), which both showed reasonable accuracies
was classified as forest in one of the classifications and am the validation with mapped ground truth (Table 1), gives
shrubland in the other one, the pixel was assigned as forfurther confidence in the quality of the derived multitemporal
est in the combined classification). As bare soil is a tempo-classification.
rary land use, a combination of cropland and bare soil, or
grassland and bare soil was defined as cropland or gras® 2.2 Historic land use classifications
land, respectively. In the cases of a contradictory combina-

tion of sugarcane, rice, and wheat, the 2009 land uses wergor the historic land use classifications mapped ground truth
given priority over the 2010 land uses, as higher user accugata was not available. Thus training areas for the forest,
racies were achieved for these classes in the 2009 land U%rubland, grass'and, and urban area classes were defined us-
classification (Table 1). Areas were reclassified, where bothng topographic maps and satellite images. The topographic
classifications showed different uses and where none of thghaps in this area date back to 1962-1980, so that a training
rules described above were applicable. For this reclassificagreg was only defined as forest, shrubland, grassland or ur-
tion both scenes and homogeneous ground truth informatiolban area, if topographic map and satellite image showed con-
for 2009 and 2010 were used. Water areas were taken frorgjstent information. In addition, the regional knowledge of
the November classification, corresponding to the maximumypical locations for forest (in the western part of the catch-
water level in the reservoirs. By this multitemporal assess-ment), shrubland (on the foot of the hills), and grassland (in
ment a classification was derived that is suitable to represerthe valleys or on the plain mountain plateaus) in combina-
the whole cropping year. tion with Normalized Difference Vegetation Index (NDVI)
Reasonable accuracy of the classification was also indiyajues was used. Cropland was identified from the satellite
cated by a comparison with the most recent agriculturalimage, where field structures were clearly observable. Cur-
statistics (cropping year 2007/2008) available from the De-rent agricultural fields (high NDVI) were distinguished from
partment of Agriculture in Pune. Statistics are provided for haryested agricultural fields (low NDVI). A third, intermedi-
each season (Kharif and Rabi) and for the perennial plangte agricultural class was defined, which had an intermediate
sugarcane. An administrative area (the subdistrict Mulshi)NDVvI value. Clouds and cloud shadows were visually iden-
within the catchment that is about half of its size was usedjfied and masked.
for this comparison. As compared to the statistics the classi- Hence, the images were geometrically corrected using the
fication showed less sugarcane ared2 %), and less total  previously corrected LISS-I1 satellite images. Subsequently,
cropping area in Kharif seasor89 %), and in Rabi season  the same stratified knowledge-based approach (elevation and
(—8%). Reasons for the pronounced difference in Kharif seasjope thresholds, majority analysis) with a maximum likeli-
son might be: (i) the quality of the land use statistics, whichhood classifier was employed as in the classification of the
are based on sampling methods, (ii) the rice area in the 2008yrrent land use classifications. The derived historic classifi-
classification might be underestimated, as the satellite imaggations were evaluated using the training areas which were
was taken in November, when some rice fields were alreadyjefined above. Table 3 shows that all six classifications had a
harvested, and (iii) the compared data is based on differenfery good overall accuracy (92.4-98.6 %) and good or better

Hydrol. Earth Syst. Sci., 17, 22332246 2013 www.hydrol-earth-syst-sci.net/17/2233/2013/



P. D. Wagner et al.: Impacts of land use changes on water resources in India 2237
Table 3. Quality of the land use classifications in 1989/1990 and 2000/2001.
Landsat5 TM Landsat 7 ETM
Indicator Classes 250ct1989 12 Dec 1989 2 Mar 1990 150ct2000 19Jan 2001 24 Mar 2001
Overall accuracy 95.9% 92.4% 93.0% 98.6 % 96.7 % 96.8%
User’s accuracy Forest 98.7% 97.7% 98.4% 98.7% 99.1% 99.3%
Shrubland 82.2% 74.0% 74.0% 95.9% 81.9% 82.3%
Grassland 98.1% 95.9% 94.8% 99.7% 97.7% 97.2%
Cropland 1, current 97.6% 98.4% 98.6 % 95.5% 96.3% 97.1%
Cropland 2, harvested 99.5% 74.6% 94.1% 99.7% 97.9% 94.2%
Cropland 3, intermediate 79.7% 97.9% 77.2% 96.3% 91.9% 99.0%
Urban 99.5% 87.0% 99.5% 100.0% 99.2% 99.6 %

Table 4. Applied rules to derive multitemporal land use classifications for the cropping years 1989/1990 and 2000/2001.

Class Combinations

Multitemporal Result

Any two agricultural classes in at least two scenes

Equal land use in two or three scenes
No rules apply

Agricultural class
Dominant land use
New classification using all scenes

user accuracies (Story and Congalton, 1986) for each class
(74.0-100.0 %). This assessment indicates that the defined
main land use classes were accurately distinguished.

To reduce uncertainty that may result from missing
mapped ground truth data an additional third satellite im-
age was used, so that the multitemporal classifications for
the cropping years 1989/1990, and 2000/2001 were derived

by using three classifications per cropping year (25 Octo- |i.

ber 1989, 12 December 1989, 2 March 1990, and 15 Oc-
tober 2000, 19 January 2001, 24 March 2001). Water areas
were taken from the October classifications, which corre-
spond to the maximum water level in the reservoirs. In all
other cases, the dominant land use was used for the multitem-
poral classification (majority approach). If all classifications
showed a different land use, the pixel was reclassified using
all bands of all three satellite scenes (Table 4). The three agri-
cultural classes were combined to one general class.

In order to distinguish the major crops (sugarcane, crop
rotation rice-wheat), from the general agricultural class in
the historic land use classification, we used (i) agricultural
statistics to derive the percentage of total cropped area for
these crops, and (ii) spectral signatures of rice and sugarcane
to derive the spatial distribution of these percentages.

i. While the selection of crops is a farmer’s choice, the
agricultural statistics for the district of Pune indicate
that both sugarcane and rice percentages of the to-
tal agricultural area increased between 1988/1989 and
2007/2008. A linear regression analysis was used to de-
rive the mean rate of these significant linear changes
(p values< 0.01). It was assumed that both sugarcane
and rice percentages of the total agricultural area in the
catchment have undergone the same linear change, as
the catchment is situated within the district of Pune.

www.hydrol-earth-syst-sci.net/17/2233/2013/

Thus the change, as indicated by the regression, was
applied to the percentages of both sugarcane and rice
fields in the land use classification of 2009/2010 (sug-
arcane: 9.8 %, rice: 55.6 %) to calculate the percentages
for the classifications in 2000/2001 (7.3 %, 51.4 %), and
1989/1990 (4.3 %, 46.2 %).

The spectral information divergence method (Du et al.,
2004) was used to identify which agricultural pixels are
most similar to measured plant spectra. These spectra
were taken during the field survey in September and
October 2009. To apply the spectral information di-
vergence method, the satellite images taken in Octo-
ber 1989 and 2000 were atmospherically corrected us-
ing the MODTRAN4-based FLAASH module in ENVI
Version 4.8 (Matthew et al., 2000). Hence, Landsat
bands 1 to 4 in the visible and shortwave infrared re-
gion were used to apply the method as follows: a thresh-
old value for each spectrum was set, which defines the
minimum allowable variation between the pixel vector
and the spectrum vector. If the threshold was exceeded,
the pixel was not classified and thus remained mixed
cropland. Threshold values used in the spectral infor-
mation divergence method were set, so that the derived
percentages of the total cropped area for sugarcane and
rice fields in the final classification were equal to the
percentages calculated from the agricultural statistics.
The method provides a reasonable spatial distribution
of rice fields in the mountainous, western part of the
catchment, and of sugarcane fields in the lower regions,
especially downstream of Pune. A majority analysis was
applied to the newly distinguished crops to derive the fi-
nal multitemporal land use classifications for the years
1989/1990 and 2000/2001.
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2.3 Assessment of land use change impacts on gauge measurements. Please refer to Wagner et al. (2011,
water resources 2012) for further information on the model setup.
SWAT input parameters were not specifically optimized

In this study, the Soil and Water Assessment Tool (SWAT,with regard to stream flow predictions. They were either (a)
Arnold et al., 1998) was used to assess the impact of land usestimated from readily available GIS databases, or (b) were
change on water resources. In previous studies, we showechosen from the literature for the given site condition, or (c)
the suitability of SWAT to model the water fluxes in the default model parameters were selected. Tuning the model to
Mula and Mutha Rivers catchment (Wagner et al., 2011,0one specific condition may introduce a bias when the model
2012). Since details of the model setup and parameterizais applied in other conditions (Kirchner, 2006). A land use-
tion are available in the published previous studies, we will specific calibration was therefore not applied, as it might bias
only present the following brief summary of data inputs and or mask the impact of two different land use inputs on the wa-
model parameterization. ter balance. A detailed overview of the model parameteriza-

A digital elevation model (DEM) with a spatial resolu- tion and a thorough validation of the model are given in Wag-
tion of 30 m was derived from ASTER satellite data. The ner et al. (2012). For the present study, Nash—Sutcliffe effi-
spatial distribution of soils was taken from the digital Soil ciency (NSE, Nash and Sutcliffe, 1970; G1: 0.68 to 0.69, G4:
Map of the World (FAO, 2003). Soil parameterization was 0.67) and percentage bias (G#4 % to +5 %, G4:+24 %)
partly adapted from a modeling study of the region by Im- indicate good performances at the river gauges G1 and G4
merzeel et al. (2008), and partly taken from the FAO (2003)(Fig. 1) for both land use classifications. The model was eval-
database. Measured weather data for the period from 1988 toated using the available daily discharge data during rainy
2008 was used. The full data set of measured maximum andeasons between 2001 and 2007. Model performance in the
minimum temperature, humidity, solar radiation, and wind highly managed sub-catchments G2 and G3 depends strongly
speed data was only available at the IMD weather station iron dam management.
Pune (ID 430630, 18.83, 73.85 E, 559 ma.s.l.). Missing For the analysis of land use change impacts on the wa-
values were filled. To account for temperature differences inter balance components, two model runs were performed
the catchment, temperature values were adjusted using adivith measured weather data from 1988 to 2008 using the
abatic temperature gradients. The spatially distributed temiand use classifications for 1989/1990 and for 2009/2010, re-
perature records and the specific humidity measured at thepectively. This delta approach is frequently used to assess
weather station in Pune were employed to calculate spatiallfhe impact of land use changes (e.g., Ghaffari et al., 2010;
distributed relative humidity (Wagner et al., 2011). Rainfall Im et al., 2009; Miller et al., 2002). Only model parame-
data was available from 16 gauges within or near the studyters that were defined by the land use map were different
area. A thorough analysis of the data and of different in-in the two model setups. Therefore, the number of hydro-
terpolation schemes was carried out. Regression kriging ustogic response units (HRUs), which are unique land use —
ing satellite data of the Tropical Rainfall Measuring Mission soil — slope class combinations, differed in the two model
(TRMM) was found to be a suitable approach and hence usedetups. The 2009/2010 model had more HRUs (917) than
in this study to interpolate rainfall to a 1 Kngrid (Wagner  the 1989/1990 model (640), because the 2009/2010 land use
et al., 2012). Two models were built for the land use classifi-classification had a higher level of detail (high-density urban
cation of 1989/1990 and 2009/2010, respectively. In order toarea and bare soil class). Furthermore, one of the major dams
account for the two main cropping seasons in the region, cropghat became operational in the year 2000, was not included
rotations were set up as follows: for the rice fields, the typi-in the model run for the 1989/1990 land use map and was
cal crop rotation (as observed in the field survey) of growingincluded as being operational during the entire 21 yr model
rice in the Kharif season (June to October) and wheat in theun for the 2009/2010 land use. The first year of the model
Rabi season (November to March) was implemented. Sugruns was used as a model spin-up phase. Thus, analysis of
arcane is cultivated year-round. Mixed cropland is simulatedwater resources was carried out by comparing the 20 yr av-
as a mixture of the general crop classes in SWAT (AGRL, erage water balance components using the model results for
AGRR; Neitsch et al., 2010). The bare soil class was mod-the two different land use classifications. Consequently, ef-
eled as mixed cropland (50 %) and grassland (50 %), as it igects of climate variability do not affect our analysis, which
composed of harvested fields as well as non-agricultural barés focused on differences of the average water balance com-
soils. Irrigation schemes for all of these crops were set upponents in the two model runs.
(Wagner et al., 2011). For the six major dams in the catch-
ment (Fig. 1), a management scheme was developed, which
is based on general management rules allowing for water
storage in the rainy season and water release in the dry sea-
son. Water abstraction at the Mulshi and Khadakwasla dams
is incorporated into the model, based on a constant monthly
abstraction rate that was estimated using downstream river
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2009 occurred. Figure 3 shows the changed and unchanged

Fig. 2. Percentage changes of land use classes between 1989/19 0 0 ]
and 2009/2010. Percentages are shown as bars for each land u%%eas (43.0% and 57.0% of the catchment area, respec

classification. Forest, shrubland, and grassland are combined to on vely), in which the ghan_ged areas depict _the land use of
semi-natural land use bar. Sugarcane, the rice-wheat crop rotatioﬁ, e 200.9/2010 cIaSS|f|.ca"[|on. O“'Y the major changes. are
and the mixed cropland class are shown as one agricultural land usthown, i.e., changes within the agricultural classes or within
bar. the urban land use classes were considered as unchanged ar-
eas. Major increases of urban area occurred on the fringes
and to the northwest of the city of Pune. The growth to-

3 Results wards the northwest follows the newly built National High-
way 4 to Mumbai (clearly observable as a red line in sub-
3.1 Land use change analysis basin 2, Fig. 3) and covers the rapidly developing area of

Pimpri Chinchwad. Mainly grassland (72.8 %) and cropland

The major changes within the last 20 yr as indicated by the(21.7 %) are converted to urban area (Table 5). It should be
three land use maps (see Figs. Al, A2, and A3 in the Ap-noted that past growth of the city of Pune to the east and
pendix) are changes from semi-natural vegetation to cropnortheast is not reflected in this study, as these areas are not
land and urban area. Thus the semi-natural vegetation classgart of the catchment. The map indicates major changes to
of forest, shrubland and grassland are combined in Fig. 2agricultural area in the valleys of the northern part of the
The area of semi-natural vegetation decreased from 79.8 % inatchment (sub-basins 2, 3, 4, 8, 9, 13). Mainly grassland
1989/1990 to 74.7 % in 2000/2001 and 70.7 % in 2009/2010(70.8 %) and shrubland (17.1 %) are converted to serve these
(Fig. 2). Due to urbanization and industrial development, purposes (Table 5). The slight increase of catchment area
the percentage of built-up land has increased in the regiorrovered by water (Fig. 2) can be attributed to the construc-
(5.1% in 1989/1990, 8.1% in 2000/2001, and 10.1% intion of the Kasarsai reservoir in 1995 (sub-basin 3 in Fig. 3)
2009/2010). Also the agricultural area has increased fromand the expansion of the Temghar dam reservoir in the year
9.7 % to 13.5 % between 1989/1990 and 2009/2010. The dis2000 (sub-basin 18).
trict statistics do not show an increase in agricultural area, Variations between the semi-natural classes (Fig. 2) should
but in contrast show a decrease of total cropland by 11 % benot be overinterpreted, as these classes overlap and are there-
tween 1988/1989 and 2007/2008. This discrepancy may béore hard to distinguish. The analysis of the changes by
due to the fact that the study area composes only 13 % of théand use class between 1989/1990 and 2009/2010 shows
district so that different trends are possible and not contrathat the land use changes of semi-natural classes are mainly
dictory. The percentage of catchment area covered by watentra-class changes (Table 5). The main percentage of the
increases slightly between 1989/1990 (5.3 %) and 2009/201@rea that was changed to forest, shrubland, or grassland in
(5.7 %). 2009/2010 was under semi-natural land use in 1989/1990

The land use classification of 1989/1990 was comparedforest: 92.1 %, shrubland: 84.3%, grassland: 83.5%; Ta-
to the land use classification of 2009/2010 in order to iden-ble 5). Thus, even though the changes to semi-natural classes
tify the regions where the main changes between 1989 an¢h 2009/2010 account for 27.3 % of the catchment area, they

www.hydrol-earth-syst-sci.net/17/2233/2013/ Hydrol. Earth Syst. Sci., 17, 223246 2013



2240 P. D. Wagner et al.: Impacts of land use changes on water resources in India

Table 5.Information on the changed areas (43.0 % of the catchment): (i) distribution of former land use (1989/1990) of areas converted into
the current land use (2009/2010) for each class. (ii) Area changed into the current land use class as percentage of the catchment area. (iii
Net change per land use class between 1989/1990 and 2009/2010 as percentage of the catchment area (2009/2010 bare soil class was s|
and added to cropland and grassland for this assessment).

Land use in 2009/2010

Forest Shrubland Grassland Urban Cropland Water Bare soil

@ Forest 0.0% 24.5% 4.0% 0.4% 21% 252% 2.0%
Land use Shrubland 75.7% 0.0% 79.5% 4.8% 17.1% 26.1% 37.9%
in 1989/1990 Grassland 16.4% 59.8% 00% 72.8% 70.8% 37.2% 0.0%
Urban 0.5% 1.8% 3.5% 0.0% 8.4% 3.0% 57.2%
Cropland 6.5% 12.4% 128% 21.7% 0.0% 8.5% 0.0%
Water 0.9% 1.4% 0.2% 0.3% 1.6% 0.0% 29%
(il) Changed area with 2009/2010 8.4% 11.9% 7.0% 6.5% 8.2% 0.8% 0.3%

land use as percentage
of the catchment area

(i) Net change per land use +4.8% —2.1% —-11.9% +5.1% +3.7% +0.3% -
class between 1989/1990 and
2009/2010

should not be interpreted as major changes. As indicated besub-basin (14) in the Western Ghats. In order to relate these
fore (Fig. 2) the main changes are an increase of urban areehanges in ET to the changes in land use, the changes in
and cropland. This is also reflected in the percentage of theach land use class for each sub-basin are assessed as the
catchment area that was changed to cropland (8.2 %) and tdifference between the area under this land use in 2009/2010
urban area (6.5 %) between 1989/1990 and 2009/2010 (Teand 1989/1990 expressed as percentage of the sub-basin area.
ble 5). On the sub-basin level these changes are more prdrhe percentages of changed cropland and urban area, which
nounced, with up to 22.3% of the area changed to croplandvere previously identified as the major land use changes in
in some sub-basins and up to 32.4 % of the area changed tihe catchment, are shown for each sub-basin in Figs. 4 and
urban area in other sub-basins. For this reason, a focus wilb. As indicated by significant correlationg yalue< 0.001)

be set on the sub-basin level in the following analysis of theand linear regression analysis (Fig. 6), the changes in ET can
impacts of these land use changes on the water resources be attributed to changes of croplang?(= 0.46) and urban

the study area. land (R? = 0.48). Figure 6 shows that cropland and ET are
positively correlated, whereas urban land and ET have a neg-
3.2 Land use change impacts ative correlation. It is clearly shown that the change of ur-

ban land can explain the decrease of ET but not its increase
Two 21 yr model runs were performed using the multitempo- (Fig. 6b). The other land uses do not show a correlation with
ral land use classifications of 1989/1990 and 2009/2010, reET at the 0.1 % significance level.
spectively. This delta approach does not necessarily provide Figure 5 shows the impact of land use changes on runoff
results that reflect the hydrologic observations of the pas@s @ percentage change of the water yield within each sub-
20yr, but illustrates the impacts of the main changes on théasin. In this context, water yield is the net amount of wa-
hydrologic components (Miller et al., 2002). On the catch- ter provided by the sub-basin that contributes to stream flow
ment scale the positive and negative impacts cancel eactSWAT output parameter WYLD). This definition excludes
other out, so that differences in the long-term water balancéhe amount of water that enters a sub-basin as stream flow
components are smaller than 3 mmtaHowever, more pro-  from an upstream sub-basin. Changes in long-term mean an-
nounced changes are discernible on the sub-basin level. Figiual water yield range from an increase of 0.03 % (1 mMa
ures 4 and 5 show the percentage change of evapotranspirt Sub-basin 14 to an increase of 7.6 % (29 mmhan sub-
tion (ET) and water yield per sub-basin. The changes in longPasin 17. The most pronounced increase in mean annual wa-
term ET range from a decrease 8.1% (—45mmal) ter yield (> 3.5%) was found in the eastern sub-basins (4,
in sub-basin 6 to an increase of 5.9% (40 mmyain sub- 5, 6, 12, and 17). The increase in water yield was less pro-
basin 14. A major decrease of long-term mean annual Emounced in the adjacent sub-basins towards the west. No in-
is obvious in the eastern part of the catchmen®.8% to  crease or only slight increases were detected in the west-
—8.1%). Main increases>(4.5%) can be observed in the ern part of the catchment. The major driver of the increase
mid-northern part (sub-basins 2 and 3) and in one smalin water yield is the change of urban are? = 0.63). The
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Fig. 5. Change in water yield per sub-basin and changed cropland
and urban area as percentage of sub-basin area between 1989/199@rger increases of cropland (9% to 18 % of the sub-basin
and 2009/2010. area) are apparent in the mid-northern part of the catchment,
which often result in increased ET in these sub-basins. Wa-
ter yield increases slightly in these sub-basins. The increase
positive correlation (Fig. 7a) of change in urban land and inof ET can be attributed to the irrigation of crops in dry sea-
water yield is highly significantj{ value< 0.001). Correla-  son. Between December and May increased irrigation water
tions with other land use changes did not yield a relationshipuse and water withdrawal from the rivers can be observed in
at this significance level. However, since mainly grasslandsub-basins with an increase of irrigated cropland (e.g., sub-
is converted to urban land, the change in grassland shows basin 2). Thus ET increases in these sub-basins. However,
negative correlation with the change in water yield, which is as river water is used, this does not necessarily have a nega-
significant at the 0.5 % significance level. The sub-basin sizaive impact on the water yield within the sub-basin itself. On
does not yield a significant relationship with the increase inthe contrary, irrigation water that is taken from the river con-
water yield (Fig. 7b). Obviously, land use changes are mordributes to a slight increase of the water yield within the sub-
important than sub-basin size with regard to the impact orbasin. For sub-basins that are downstream of other sub-basins
the water yield. However, Fig. 7b indicates that the potentialand experience an increase in cropland, this explains why ET
response to land use changes is larger in smaller sub-basinand runoff increase at the same time (e.g., sub-basins 2, 11,
as the range of the impacts on water yield is larger for thel6). However, some sub-basins that do not have inflow from
sub-basins smaller than 100 kyrand decreases with an in- upstream sub-basins also show an increase in ET and water
crease of the size of the sub-basin. yield (e.g., sub-basins 1, 18, 24). This is because of a de-
The shown relationships are reflected in the spatial patcrease of the storage in these sub-basins between 1989/1990
terns of the changes in ET (Fig. 4) and water yield (Fig. 5).and 2009/2010.
In the eastern part of the catchment an increase of urban area In some sub-basins the opposing effects of an increase in
can be observed, whereas cropland decreases or increasgater yield (due to an increase of urban area) and an increase
only slightly (Figs. 3 and 4). In these eastern sub-basins wain ET (due to an increase in cropland) cancel each other out
ter yield increases (Fig. 5) whereas ET decreases (Fig. 4)e.g., sub-basins 7, 13). However in sub-basin 6, where the
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percentage of changed urban area is positive and the percerttiat urbanization causes a relocation of cropland from the
age of changed cropland is negative, both land use changdermer city fringes to the nearest possible location. An ex-
lead to a decrease of ET, and result in the largest decrease pansion of urban area was mainly found at the fringes and
ET on the sub-basin level. northwest of the city of Pune (Fig. 3). In these areas crop-
land either decreased or increased only slightly (Fig. 4). The
pronounced increase of cropland in the mid-northern part of
4 Discussion the catchment (Figs. 3 and 4) might be in part a result of
the urbanization process. As cropland is converted to urban
The produced land use classifications have an agreeable aarea on the city fringes, arable grassland in the valleys of the
curacy and hence the major land use changes in the study ar&sestern Ghats is converted to cropland. It is reasonable that
were accurately identified. However, unlikely changes fromthis relocation of cropland can be observed towards the west,
urban area to cropland have been observed in the preseat water availability increases there. The fact that cropland
study (Table 5). These may result from (a) a misclassifica-mainly increases in the northern part of the catchment may
tion of cropland in the 2009/2010 classification or (b) mis- be due to better accessibility (e.g., highway) and a higher po-
classified urban area in the 1989/1990 classification. How+ential of arable land. The valleys in the southern part of the
ever, these comprise only 8.4% of the catchment area thatatchment are either covered with reservoirs or are very small
was changed to cropland (8.2 % of the catchment, Table 5and therefore not suitable for a major conversion to cropland.
and indicate therefore a small, acceptable uncertainty of the The increase of the water yield and decrease in evapotran-
method. spiration due to an increase of built-up area (Figs. 6b and
Similarly, the changes within the semi-natural class be-7a) was also found in other studies (e.g., Im et al., 2009;
tween forest, shrubland, and grassland may be attributed t@Vvijesekara et al., 2012). However, these impacts on wa-
the applied methodology. The three satellite images for theer yield and evapotranspiration appear to be not very pro-
historic land use classifications 1989/1990 and 2000/200hounced & 8.1 %) as compared to the rate of urbanization.
were not taken at the same time of the year (Table 3), duéThis is possibly due to the monsoon-dominated rainfall in
to the limited availability of cloud-free scenes. Classification the catchment. Heavy rains rapidly exceed the infiltration ca-
differences can be attributed to different phenological statepacity of the soil and thus lead to Hortonian surface runoff.
of the plants. Although multitemporal approaches generallyTherefore runoff on non-paved surfaces differs only slightly
help to minimize these problems (e.g., Oetter et al., 2000from runoff on paved surfaces, which is indicated by our re-
Wolter et al., 1995; Yuan et al., 2005), it is obvious that the sults. Moreover, Du et al. (2012) found that the impact of
different dates of the satellite had an impact on the classiurbanization on annual runoff is smaller as compared to its
fication. This is particularly true for the semi-natural classesimpact on floods. In particular, smaller floods are more af-
which depend on the natural water availability that constantlyfected than larger floods by an increase of impervious area
declines during dry season. As the month of the second scen®u et al., 2012).
in the 1989/1990 and 2000/2001 classification differ (De- It has to be noted that a part of the increase of the water
cember 1989, January 2001), the time gap probably had agield caused by urbanization results from conversion to high-
impact on the classification of the shrubland class, which acdensity urban area. High and medium urban density were
counted for 28 % of the catchment area in 1989/1990 anchot distinguished in the 1989/1990 classification, as the to-
only 22 % in 2000/2001. tal built-up land was significantly smaller as in 2009/2010.
For the 2009/2010 classification, a different methodol- Hence, the observed change in water yield is in part a con-
ogy was applied to produce a multitemporal classification,sequence of the higher level of detail of the 2009/2010 land
as the majority approach is not applicable when combin-use classification. In order to assess the impact of the dis-
ing two land use classifications. Therefore, different rulestinguished high-density area, the model was run for the land
were applied to derive the multitemporal land use classesuse of 2009/2010 combining the two urban land use classes
With regard to the semi-natural classes, these rules gave prto one medium-density class. A comparison with the previ-
ority to the class with a higher percentage of trees. Thisous results indicates that the higher urban density setup had a
might have led to a higher percentage of forest and a smallepronounced impact in sub-basin 17, which includes the inner
percentage of grassland in the 2009/2010 classification, asity of Pune, and where half of the percentage change in wa-
compared to the historic land use classifications. The semiter yield (3.9 %) can be attributed to the high urban density
natural classes are a continuum and therefore generally harsetup. However, in the majority of the sub-basins (20) no ef-
to distinguish. With the data that was available to this study,fect or only a small effect on the water yield (accounting for
it seems unlikely to derive very accurate estimates of intraless than 0.15 %), and only a slight effect in the sub-basins 4,
class changes. However, the general decrease of semi-natui®| 6, and 20 (accounting for 1.0 %, 0.9%, 0.3% and 0.5 %,
land is a reliable result of this study. respectively) can be observed. It should be taken into con-
The location of the main land use changes (increase of ursideration that urbanization can include an increased sealing
ban area and increase of cropland) in the catchment suggesté surfaces, which is possibly overestimated in the case of
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sub-basin 17, but seems reasonable for the other sub-basins
The current assessment provides evidence that this proces:
leads to an increase of the water yield.

It is well known that impacts on the annual water balance
of a catchment are relatively small due to compensating ef-
fects in a catchment (e.g., Fohrer etal., 2001). In a large-scale
study on the Meuse River basin, Ashagrie et al. (2006) con-
clude that the overall impact of land use changes was too
small to be detected. Wilk and Hughes (2002) argue that the
complexity of large river basins could mask many of the im-

Forest [
pacts of land use changes that have been identified on smallel D o
scales. Similarly, the FAO (2002) suggests that impacts of w=
land use on hydrology can be studied best in small basins -

Mixed Cropland

(< 1000 kn?). In this study, this effect is underlined by the
fact that impacts on the water balance cancel out on the catch-
ment scale, whereas they are observable on the sub-baskig. Al. Multitemporal land use classification 1989/1990.
scale, and are more pronounced in the smaller sub-basins

(e.g., impact on ET in sub-basins 6, 11, 14, Fig. 4; higher
impacts on the water yield in smaller sub-basins, Fig. 7b).

e e E—TT urban [

5 Conclusions

Our results show that by using SWAT together with generally

available data, land use change impacts upon water fluxes
can be successfully quantified in data-scarce regions. The
land use changes found in our study area, in particular ur-

banization and the increase of agricultural area, are typical Forest I
for many regions in India. Our analysis indicates that an in- s
crease of agricultural area leads to an exacerbation of the im- —
balance of water availability and demand in dry season due rce-tneat [N
to increased consumption of irrigation water, whereas urban- T

ization results in more runoff during rainy season due to the
increase of paved surface area. Thus in monsoon regions, uFi9. A2. Multitemporal land use classification 2000/2001.
banization and increase in agricultural areas aggravate the
imbalance between seasonal water availability and water de-
mand.

It was found that multitemporal land use classifications de-
rived from multispectral satellite data provide suitable data
to assess past land use changes. In the present study, urbar
ization was identified as the main driver of change in the &
study area. Urbanization has resulted in a shift of cropland
towards the west, specifically into the valleys of the West-
ern Ghats. As it is likely that the rapid growth of the city of
Pune will progress, it can be expected that further urbaniza-
tion will probably reduce the cropland in the study area, as

Forest [l
Shrubland [

Grassland

a further shift towards the west is not possible (deforestation :ceWTE
of the biodiversity-rich Western Ghats is unlikely). Thus, an Mied Croplend

increased demand for food due to population growth and a —
decreased supply of food due to decreased cropland will be a i Uanighdeniy [

negative Consequenc.e of this development. - Fig. A3. Multitemporal land use classification 2009/2010.
Our results regarding the water balance indicate that on-

going urbanization will result in less evapotranspiration and
more runoff. In the mean annual water balance, this effect
was balanced by an increase of cropland in some areas of the
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