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The hydrological research has largely concentrated on two extremes – undisturbed forest cover versus
cleared forest land, whereas most tropical forest areas are now a mix of secondary vegetation, and old
forest interspersed with patches cleared for agriculture or other non-forest use (Bruijnzeel, 2004; Giam-
belluca, 2002). For this reason, research on spatiotemporal variations in the effects of a mix of primary
forest, mature secondary forests and disturbed forests on stream water quality was conducted in four
watersheds in the Western Ghats of peninsular India. The study indicated that every one percent decrease
in the forest cover (all lands with tree cover of canopy density of 10% and above when projected vertically
on the horizontal ground with minimum areal extent of one ha) increases turbidity, total suspended
solids (TSS) and Escherichia coli by 8.41%, 4.17% and 3.91%, respectively as also decreases calcium
hardness by 0.49%. However, when the forest cover was segregated into old forests (primary forest,
mature secondary forest and undisturbed mature plantations) and, open and disturbed forests the old
forests were observed to significantly improve (p < 0.05) most water quality parameters. In contrast
the open and disturbed forests were observed to deteriorate the observed water quality parameters
except for turbidity and TSS. The magnitudes of regression coefficients indicated that the old forests were
2.2 and 2.74 times more effective than the disturbed forests in reducing turbidity and TSS, respectively.
Tradeoffs between the provisioning services and water quality improvement services of the forest were
apparent.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

It is well accepted that in comparison to watersheds with other
land uses, watersheds with natural forests almost always provide
higher quality water with less sediment and fewer pollutants
(Calder et al., 2004, 2007; Dudley and Stolton, 2003; Welsch,
1991). However, forests today are no longer a undisturbed patch
of woodland but a mix of disturbed forests, secondary vegetation
and old forest interspersed with patches cleared for agriculture
or other non-forest use, particularly in the tropics (Bruijnzeel,
2004; Giambelluca, 2002). But the impact of changes in density
and age or other such parameters of the forest cover on the stream
water quality has not really been evaluated. Neither do we have
studies that quantify the changes in water quality as a result of
increase or decrease in the forests (Elias, 2010) making it difficult
to incorporate the role of forests in decision making processes like
cost-benefit analysis. There is still an ongoing debate regarding
whether the land use of the entire catchment or that of the riparian
zone is more important in influencing the water quality, all other
factors remaining constant (Delong and Brusven, 1991; Johnson
et al., 1997; Osborne and Wiley, 1988). Each catchment has a
unique combination of characteristics that influence water quality
therefore it is difficult to translate such research findings between
countries and regions, between different catchment scales,
between different forest types and species, and between different
forest management regimes (IUFRO, 2007). Therefore the study
aimed at finding answers to the questions – what is the influence
of deforestation on the stream water quality in the Western Ghats
of peninsular India? Is there any variation in the impact of the old
and mature forests vis-a-vis the open and disturbed forests on the
stream water quality?

The water quality parameters – turbidity, total dissolved solids
(TDS), total suspended solids (TSS), pH, total hardness, calcium
hardness, total chloride, Ca, Fe and Mg, total coliforms and Esche-
richia coli – were selected for the study. Time series secondary data
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over 13 years (1998–2010) of four watersheds of the Western
Ghats, GIS and multivariate analysis tools were used to determine
the correlation between water quality and forest cover. The study
area is described in Section 2. Section 3 specifies the model, data
collection and its processing. Section 4 gives the results followed
by discussions and conclusions in Sections 5 and 6, respectively.
2. Description of the study area

This study focused on a cluster of four watersheds of the Wes-
tern Ghat mountain ranges – Pise, Tansa, Lower Vaitarna and
Manda – located between longitudes 73.127�E and 73.65�E and lat-
itude 19.28�N and 19.70�N. Within the Pise watershed water sam-
ples were also collected at the sites Bhatsa and Sapgaon thereby
adding sub-watersheds Bhatsa and Sapgaon (that are nested
within Pise watershed) to the studied watersheds (Fig. 1). The
watersheds lie on the Western Ghats mountain range. The main
geological formation is the basaltic Deccan trap. This rugged tract
is a network of deep cut ravines, numerous cross spurs and isolated
hills. Most hills have plateaus with grassy lands and less tree cover
as compared to the dense cover on slopes. The salient features of
the watersheds are given in Table 1. The distinct seasons in a year
are winter (December–February), summer (March–June),
southwest monsoon season (June–September), and post-monsoon
Fig. 1. Location of the study area, selected watershed
season (October–November), which is hot. The southwest mon-
soon season, June to September, provides about 94% of the annual
rainfall. July is the wettest month with a rainfall of about 40% of the
annual total. The average weighted rainfall is 2635 ± 346 mm per
year.

All watersheds were well served with all weather and fair
weather roads. They had limited industries or urban settlements.
Agriculture was the main economic activity and engaged most of
the inhabitants either as cultivators, share croppers or as agricul-
tural labourers. Owing to the inadequate irrigation facilities, most
of the crops depend on the monsoon. Paddy (wet rice) was the
principal crop while some millets and lentils were also grown in
this season. Slash-and-burn agriculture and shifting cultivation
was still practiced on a large scale causing rampant fires in the for-
ests and the grasslands during the summer season. Economic com-
pulsions has lead to extensive tracts of steep hill slopes being put
under cultivation accelerating soil erosion and deforestation. The
time gap for leaving land fallow under shifting cultivation had also
reduced considerably (from 10–15 years to 2–3 years). At places
plots of shifting cultivation were under permanent cultivation.
But because of this practice of burning biomass on agricultural
fields there was not much use of fertilizer and pesticides till the
last decade (Singh, 2013).

The natural forests in catchments are Southern Tropical Moist
Deciduous type (Champion and Seth, 1968). Local people have
s and sampling sites for water quality analysis.



Table 1
Area, Landuse and other features of the studied watersheds.

Features Tansa Pise Sapgaon Lower Vaitarna Manda Bhatsa

District Thane Thane Thane Thane Thane Thane
Catchment area (Sq km) 135.975 991.94 595.58 290 954.57 388.5
Av. weighted annual rainfall (mm) 2687 2862 2871 2532 1985.5 2872
Land use (as percent of the catchment area) Area legally defined as Forest 65.12 31.27 32.53 45.33 20.41 36.1

Agriculture 12.66 49.25 47.39 34.55 49.26 45.16
Grassland 2.6 3.55 3.39 0.14 3.32 1.85
Wastelands 3.7 10.16 10.05 13.07 23.16 8.83
Built up 0.07 1.11 0.65 0.87 1.06 0.12
Water bodies 15.85 4.66 5.99 6.04 2.79 7.94

Forest subtype Southern moist teak bearing forest
Geomorphology Mix of hills and plateau
Soil texture Gravelly sandy clayey loam and gravelly sandy loam
Soil depth Very shallow (<10 cm) to shallow (10–25 cm)

Source: Digital thematic maps – MRSAC, Nagpur; Management plans of Forest Department, District Gazetteer.
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depended on these forests for their subsistence from time imme-
morial resulting in a mix of open and disturbed forests in proximity
of the villages, and moderately dense patches of primary forests on
the inaccessible slopes. Efforts for recouping the disturbed and
degraded forest lands have concentrated on raising more and more
plantations with limited investments on its conservation. Conse-
quently there are several patches of forests that have been planted
two times or more in past three decades without very satisfactory
results. Such plantations have often favoured fast growing species
including exotics like Eucalyptus, Acacia and Glyercidia. Soil and
moisture conservation works usually consisted of continuous or
staggered contour trenches and loose boulder structure in nalas.
The forest cover in the watersheds ranged from 25% to 45% of their
respective watershed area (Fig. 2).
1 Since pH is already on log scale and therefore likely to be normally distributed
without transformation.
3. Methodology

Removal of forests tends to increase sediment yield as well as
nutrient and chemical levels (Calder et al., 2004, 2007; Dudley
and Stolton, 2003; Norton and Fischer, 2000). They, thus, influence
the water quality. Some studies (Prepas et al., 2001; Nimiroski
et al., 2008; Norton and Fischer, 2000; Sliva and Williams, 2001)
have correlated streamflow and subbasin characteristics, such as
land use and road density, forest management practices to median
values or concentrations of water quality parameters like pH, color,
turbidity, total coliform and E. Coli bacteria, chloride, nitrate, ortho-
phosphate, iron, and manganese through multiple regressions. The
predictors (landscape data) and the response variables of water
quality (except pH) have usually been transformed with either a
power or logarithmic function, to make the data normally distrib-
uted and to reduce the influence of outliers. Prepas et al. (2001),
Norton and Fischer (2000) and Sliva and Williams (2001) further
perform identical statistical analyses on data both from the buffer
zone and the entire catchment to determine relationships between
the landscape variables and water quality.

Some studies have attempted at understanding these relation-
ship through spatiotemporal analysis. Like Villamizar and
Waichman (xxxx) related changes in stream water quality to defor-
estation through correlation analysis of median water quality
parameters with annual deforestation rates and accumulated
deforestation rates over horizon of nine years Reiter et al. (2009)
similarly evaluated the correlation between annual levels of forest
management (timber harvest and road building) and seasonal
median turbidity for four monitoring sites over horizon of 30 years.
Figueiredo et al. (2010) used pooled data of land use and monthly
water quality from five low order streams over horizon of three
years in a mixed-model analysis.
3.1. Model specification

Following these studies the general form of the model was taken
as Q = f (FC, X), where Q is the parameter for surface water quality, FC
is Forest Cover as percentage of the watershed area and X is a vector
of other environmental variables like soil type, topography, stream
density within a watershed, the amount and timing of rainfall, land
use patterns, the volume and velocity of waterways available to
transport sediment, housing and construction activity, growth of
manufacturing, growth of infrastructure, etc. However this study
primarily focused on spatiotemporal variations in forest cover and
its influence on the water quality. Hence, the complex relationship
was simplified by taking forest cover and turbidity as the main vari-
ables. Further, as the monthly data spread over 13 years at six sites
in four watersheds, multilevel mixed-effects linear model (broadly
following Figueiredo et al., 2010) with the following form was used
to evaluate impact of the forest cover:

LnðQÞitjk ¼ cþ c1LnðFCÞitjk þ c2LnðRÞitjk þ c3Drej þ c4Drpj

þ utðiÞ þ ujðiÞ;tðiÞ þ ukðiÞ;jðiÞ;tðiÞ þ eitjk ð1Þ

where Qitjk is water quality parameter in month i for year t at station
j in watershed k, FCitjk is forest cover as percentage of watershed
area in month i for year t at station j in watershed k, Ritjk is monthly
average weighted rainfall (in mm), Drej is the dummy for site which
measures water quality at outflow of the reservoir (Dre = 1 if water
sampled at outflow of a reservoir, otherwise Dre = 0.), Drpj is the
dummy for site which have presence of riparian forests (Drp = 1 if
a riparian zone was present in over 70% water stream length, other-
wise Drp = 0.), ut(i), uj(i),t(i), uk(i),j(i),t(i) is the random effects of year t,
site j and watershed k. eitjk is the error term with distribution N(0,
r2), c is the constant, and c1, c2, c3, c4 is the regression coefficients
of respective variables.

This specification implicitly assumes that the marginal effect of
forest cover (and that of the other environmental variables) on
water quality is nonlinear. It also allows to examine the extent of
variance is at each level viz., year, site and watershed. Average
weighted rainfall in mm (R) was included as variable because
water quality parameters are likely to be affected by runoff and
sediment levels resulting from rains. To avoid seasonal variations
only the months during which rainfall was recorded (generally
the months of rainy season i.e. June–October) were included. The
dummy variable for reservoir and presence of riparian forests
was included to account for influence of the reservoirs and riparian
forests on the sediment load and other water quality parameters.
Log transformations of water quality parameters (except pH1)



Fig. 2. Land use land Cover of the studied watersheds. Source: digitized maps from MRSAC, Nagpur and NRSC, Hyderabad.
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and other variables were performed to better approximate a normal
distribution. The aforesaid random intercept model was selected
over random coefficient model for the forest cover as the Likelihood
ratio test indicated that the mean response of the forest cover on
water quality parameters did not vary significantly from one
watershed to other.

To evaluate the effect of old forests vis-a-vis disturbed forests
the forest cover in the aforesaid model was segregated as follows:

LnðQÞitjk ¼ cþ c11LnðOFÞitjk þ c12LnðMFÞitjk þ c2LnðRÞitjk
þ c3Drej þ c4Drpj þ utðiÞ þ ujðiÞ;tðiÞ þ ukðiÞ;jðiÞ;tðiÞ þ eitjk ð2Þ

where OF is the old and mature forest cover as percentage of
watershed area, MF is the open and disturbed forest cover as per-
centage of watershed area, and

FC ¼ OFþMF

The maximum likelihood regressions were conducted with STA-
TA SE. A significant correlation was defined as one with a probabil-
ity of results from chance associations of the data equal to less than
5 percent (p value < 0.05).

3.2. Data acquisition and processing

3.2.1. Water quality parameters
Monthly average of turbidity and other water quality parame-

ters in standard units for the years 1998–2010 were collected from
the records of the Municipal Corporation of Greater Mumbai and
the State Hydrological Project. The box plots for water quality dat-
abases are given in Fig. 3. Water quality data for the years 1998–
2000 for the Manda watershed and for a few months for the Tansa
and Lower Vaitarna watersheds were missing. In addition there
were no records for calcium hardness, total coliforms and E. Coli
for the Manda watershed. Hence, the dataset was unbalanced.
Water sampling at three sites i.e. Bhatsa, Tansa and Lower Vai-
tarna were at the outflow of reservoirs. Hence, Dre for them was
taken as 1. Similarly, riparian forests over 70% stream lengths were
observed in the watersheds – Tansa, Bhatsa, Lower Vaitarna and
Sapgaon. So Drp was taken as 1 for them.
3.2.2. Change in forest cover
Forest cover in the watersheds over the years were interpreted

from the orthorectified satellite images for the years 1973 and
1989 acquired from Landsat.org, digitized land use/land cover
maps for the years 1994 and 2004 acquired from the National
Remote Sensing Centre (NRSC), Hyderabad; and digitized Forest
Cover Maps for the years 2000, 2004 and 2007 acquired from the
Forest Survey of India (FSI), Dehradun. Methodology followed by
Singh and Mishra (2012) and Villamizar and Waichman (xxxx)
was adopted for classification and accuracy assessment of the
satellite images, calculation of forest cover in the watersheds on
year to year basis, and segregation of old and mature forest cover
(OF) from open and disturbed forest cover (MF). Monthly change
in forest cover in a year was estimated assuming a linear change
in forest cover over the months.
3.2.3. Rainfall
Daily/monthly rainfall data from 1997 to 2010 for 20 rainfall

stations in and around the study area were collected from various
agencies viz. the Indian Meteorological Department (IMD), the
State Hydrological Project, the Municipal Corporation of Greater
Mumbai and the State Agriculture Department. Monthly rainfall
data for missing months and weighted monthly rain as depth for
the watersheds (in mm) were calculated by Normal ratio method
and Thiessen mean method (Subramanya, 2008), respectively.
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4. Results

Amongst the 12 water quality parameters studied, the maxi-
mum likelihood regressions of Eqs. (1) and (2) were significant
for nine water quality parameters – turbidity, pH, TSS, TDS, total
hardness, calcium hardness, Ca, total coliforms and E. Coli – sug-
gesting their correlation with the dependent variables. The regres-
sion coefficients of the forest cover for turbidity, TSS and E. Coli (Eq.
(1), Table 2) were negative and significant (p < 0.05) while it was
positive and significant for calcium hardness. The regression coef-
ficients for other parameters – pH, TDS, total hardness, Ca and total
coliforms – were insignificant. The elasticity of turbidity, TSS,
E. Coli and Ca hardness with respect to the forest cover were
�8.41, �4.17, �3.91 and 0.49, respectively which implies that
every one percent decrease in the forest cover will increase turbid-
ity, TSS and E. Coli by 8.41%, 4.17% and 3.91%, respectively while it
would decrease calcium hardness by 0.49% (keeping all other
parameters constant).

As expected the estimated coefficients of rainfall for all water
quality parameters except for pH (where it was negative but insig-
nificant) and calcium (where it was positive but insignificant) were
positive and significant. The riparian forest cover was observed to
significantly decrease turbidity and TSS which finds support of
Basnyat et al. (2000), Dillaha et al. (1989), Richards et al. (1996),
Schlosser and Karr (1981a,b). In addition the riparian forests signif-
icantly increased calcium and calcium hardness but no studies
could be found for these parameters in the literature. The negative
and significant correlation between the presence of reservoir and,
turbidity and TSS could be explained by reduction in water flow
on entry in reservoirs that favoured settlement of sediments and
other such particles. Its negative correlation between other water
quality parameters (Table 2) was probably indicative of healthy
inflow–outflow ratio of water from the reservoir as the extent of
deterioration in water quality is in general related to the retention
time of the reservoir.

On segregation of the forest cover into old and mature forest
cover (OF) and open and disturbed forests (MF) (Eq. (2)) contrast-
ing responses of the two covers were observed for the most water
quality parameters (Table 3 and Fig. 4). Both type of forest covers
significantly reduced turbidity but reduction of TSS was observed
to be significant for the old forests, only. The magnitudes of regres-
sion coefficient indicated that the old forests were 2.2 and 2.74
times more effective than the open and disturbed forests in reduc-
ing turbidity and TSS, respectively. The old forests were also
observed to significantly reduce total hardness, Ca, total coliforms
and E. Coli. Its relationship with TDS and Ca hardness was also neg-
ative but insignificant. In contrast the open and disturbed forests
significantly increased calcium hardness. Its relationship with
other water quality parameter was positive but insignificant
thereby indicating the tendency of open and disturbed forests to
deteriorate most water quality. The response to pH for both type
of forest cover was similar, i.e., positive but insignificant.
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Fig. 3 (continued)

Table 2
Elasticity and estimates of variance for random parameter for total forest cover (Eq. (1)).

Total forest cover Rain D_reservoir D_riparian Intercept Varj Vark Vart N

Turbidity �8.41*** 0.23*** �0.82** �0.72*** 30.36*** 8.57 � 10�21 1.8 0.29 378
pH 0.41* �0.009 0.15* �0.05 6.11*** 1.64 � 10�21 4.11 � 10�23 0.0003 381
TDS 0.27 0.02** �0.12 0.04 3.53 7.28 � 10�19 0.48 0.006 346
TSS �4.17** 0.15*** �0.57** �0.16 15.77*** 7.21 � 10�15 0.51 0.07 346
Total hardness 0.29 0.03*** �0.16** 0.07 3.00 3.07 � 10�24 0.46 1.71 � 10�24 376
Ca hardness 0.49*** 0.02*** �0.17*** 0.08** 1,46*** 1.21 � 10�18 4.37 � 10�17 3.26 � 10�18 360
Ca 0.35 0.01* �0.19*** 0.12** 1.34 4.26 � 10�23 0.24 1.65 � 10�24 360
Total coliforms �1.72 0.19*** �1.3** �0.25 11.23 4.26 � 10�23 4.26 � 10�23 4.26 � 10�23 293
E. coli �3.91*** 0.19*** �0.9** �0.39 17.42 6.19 � 10�16 2.65 � 10�13 0.41 293
Total chloride Non-significant
Mg Non-significant
Fe Non-significant

Vart, varj, vark = variation of random effect parameters.
*** p 6 0.001,

** 0.01 < p 6 0.05.
* 0.05 < p < 0.10.
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Table 3
Elasticity of segregated forest cover (Eq. (2)).

Old forest Open and disturbed forest

Turbidity �6.63⁄⁄⁄ �2.96⁄⁄

pH +0.44 +0.11
TDS �2.21⁄ +0.87⁄

TSS �3.42⁄⁄ �1.25
Total hardness �1.57⁄⁄ +0.48⁄

Calcium hardness �0.49 +0.43⁄⁄⁄

Ca �1.5⁄⁄ +0.44⁄

Total coliforms �5.39⁄ +0.64
E. coli �6.6⁄⁄ �0.35
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Specifically, every one percent increase in the old forest cover
will decrease turbidity, TDS, TSS, total hardness, calcium hardness,
calcium, total coliforms and E. Coli by 6.63%, 2.21%, 3.42%, 1.57%,
0.49%, 1.5%, 5.39% and 6.60%, respectively (keeping all other
parameters constant). But every one percent increase in the open
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Fig. 4. Scatter plots of various water quality parameters against old fo
and disturbed forest cover will decrease turbidity by 2.96% and
increase calcium hardness by 0.44%.
5. Discussions

Unlike cross sectional analysis by most studies determining
land use/land cover–stream water quality relationship this study
undertakes spatiotemporal analysis of historical data over horizon
of 13 years to estimate the impact of deforestation on the stream
water quality. In addition the study evaluates the differences in
the impact of the old and the disturbed forest cover by segregating
the forest cover within the catchments in two groups, i.e., (a) old
forests – the forests that were undisturbed or less used and less
disturbed by the people, and (b) open and disturbed forests – the
patches of forests that were largely disturbed with occasional
sprinkling of young/disturbed plantations and naturally occurring
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rest and, disturbed and open forests and their regression slopes.
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open forests. Such methodology (estimating deforestation over
time + segregation of the forest cover within the same watershed)
overcomes an important drawback of paired/cross-sectional exper-
imentation, i.e., the possibilities of geological and climatic differ-
ences between the catchments that necessitate additional studies
to draw concrete inferences. Further, the study has quantified the
changes in the water quality in relation to the changes in the forest
cover which has not been spelt out in many such studies.

The negative correlation between the forest cover, particularly
the old forest, with most water quality parameters are in line with
the findings of many studies (Adamski and Knowles, 2001; Bolstad
and Swank, 1997; Crosbie and Chow-Fraser, 1999; Johnson et al.,
1997; Nimiroski et al., 2008; Prepas et al., 2001; Sliva and
Williams, 2001). Further in line with this study influence of forest
cover on pH has not been found significant by Villamizar and
Waichman (xxxx). The responses observed for the variable rainfall
finds support of Figueiredo et al. (2010) who report elevated wet-
season measures of conductivity (conductivity estimates the total
ion concentration of the water, and is often used as an alternative
measure of dissolved solids), alkalinity, and turbidity, with sea-
sonal changes largest in the watersheds that had experienced the
most deforestation. Figueiredo et al. (2010) also report insignifi-
cant correlations between increasing percent forest and cations
but as against it this study found significant negative correlation
between Ca and the old forests and significant positive between
Ca and the disturbed forests. Lee et al. (2009) observe better water
quality when forest patches are unfragmented, have a high value
for the largest patch proportion, have complex patch shape, and
are aggregated.

The aforesaid results could be explained by the fact that infiltra-
tion of precipitation and its movement through the soil are greatly
influenced by vegetative cover (Bonell, 2005). A closed tropical for-
ests promotes high infiltrability (because the dense root mat and
the incorporation of soil organic matter in the topmost soil layers)
and ground water recharge (by encouraging vertical percolation to
comparatively deep groundwater bodies in many geological forma-
tions). This creates a positive feedback that avoids regular surface
runoff on forested slopes under normal rainfall regimes
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(Bonell, 1998). Thus, negligible surface runoff under undisturbed
forested conditions is reported by Malmer (1996), Nortcliff et al.
(1990), Peh (1981), Roose (1977 in Malmer et al., 2005) and
Serrano-Muela et al. (2008) as also the magnitude of peak flows
is not found to be influenced by the intensity of precipitation but
the depth to the water table in dense forest (Serrano-Muela
et al., 2008). The infiltered water moves through layers of soil
before it is available as sub surface flow or ground water. In the
process water is filtered naturally. Annual erosion rates from
closed tropical forests too are small in comparison with disturbed
landscapes (Chappell et al., 2005; Douglas and Guyot, 2005).
Hence, old and dense forests help keep streams clean and water
quality high by promoting soils that provide natural filtration
and vegetative cover that minimizes soil erosion and sediment
runoff. Further, the undisturbed plant nutrient cycle in the old for-
ests ensures rapid recycling and thus fixation of cations like cal-
cium in the nutrient cycle (Brinkmann, 1983; Brinkmann and dos
Santos, 1973). In open and disturbed forests this cycle is likely to
be disturbed resulting in leaching of nutrients to the streams.

The activities associated with either forest conversion, fire or
shifting cultivation disturb the equilibrium between soil hydraulic
properties and the prevailing rainfall characteristics (notably
short-term rain intensities) as the surface soil hydraulic properties
(notably infiltration rates) are particularly sensitive to the preced-
ing perturbations (Bonell and Williams, 1989). Such changed soil
properties may cause a dramatic shift in the amount of rainfall par-
titioned between lateral and vertical pathways of storm water
transfer (Bonell, 2005). Overland flow occurrence is enhanced
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(increase in the average surface runoff volume and total water
yield for a given area of land, increase the intensity of peak flows
for a given precipitation event, and increase the frequency and
intensity of extreme flow events, especially channel-forming
flows) with corresponding dramatic increases in erosion rates,
depletion of nutrient stores and degradation of within stream
water quality (Bonell, 2005). Forest management activities that
expose mineral soil also have the potential to increase surface ero-
sion and deliver sediment to stream channels (Reiter et al., 2009).
Thus, contrasting responses of the disturbed forests and old forests
on water quality were observed.

Further, Eq. (1) revealed that a reduction in the total forests (TF)
results in decreased water quality. Through Eq. (2) it can further be
inferred that this reduction is on account of the reduction in the old
forests. It is also apparent from the forest cover maps that the
reduction in the old forests has occurred by its conversions to
the disturbed forests and to a lesser extent by its conversions to
such non-forest landscapes as agriculture or grasslands/bare land
(due to heavy erosion following tree removal). Such conversions
have occurred because of ‘‘provisioning’’ ecosystem services like
timber, livestock grazing, fuel wood, fodder, leaf-manure extended
by forests to local communities and sustaining livelihoods. Thus,
tradeoffs between the provisioning services and water quality ser-
vices of forests were apparent.

The forest cover in the watersheds studied was in the range of
25–45% of their respective watershed area. It emerges from find-
ings of Ernst (2004) that changes in water quality with changes
in forest cover are observed up to about 60% of the forest cover.
Villamizar and Waichman (xxxx) too observe that the effects of
deforestation on water quality are related more to the total area
deforested than the annual rates, and those effects begin to be vis-
ible when a certain level of deforestation is reached. Hence, the
relationship derived in this study may not be applicable for water-
sheds having forest cover higher than 60% or so.

6. Conclusions

Too often all forests are ‘bulked’ in a single group and distinc-
tions like reforestation and afforestation; different vegetation
types/age; climax and non-climax communities are rarely main-
tained (Malmer et al., 2009). However, the study pointed out at
the need to maintain such distinctions as the responses of different
forest covers on the surface water quality were different. In partic-
ular, the impact of disturbed and open forest cover on water qual-
ity was found to be opposite of the general perceptions about the
forests. The study also brings out the tradeoffs between the hydro-
logical and provisioning services of the forests. Hence, there is a
need to protect the old and dense forest cover in the source area.
Disturbed forests as well as plantations in the upstream should
similarly be conserved so that with age they are able to extend bet-
ter water quality services.

The study also observed that every one percent decrease in the
forest cover will increase turbidity, TSS and E. Coli by 8.41%, 4.17%
and 3.91%, respectively while it would decrease calcium hardness
by 0.49% when other variables are kept constant. The old forests
were 2.2 and 2.74 times more effective than the open and dis-
turbed forests in reducing turbidity and TSS, respectively. Conver-
sion of these results in economic values and their use in cost-
benefit assessment could be a more meaningful indicator of such
intangible services provided by the forests. Hence, research studies
in this direction needs to be undertaken.

Acknowledgements

The work was carried out with the aid of grant from the Inter-
national Development Research Centre, Ottawa, Canada. Informa-
tion on the Centre is available on the web at www.idrc.ca.
Immense encouragement and support for data collection and field
work was extended by Maharashtra State Forest Department and
Brihan-Mumbai Municipal Corporation (Hydraulic Engineering
Department) and Ministry of Social Justice and Empowerment,
GOI. Free data/digitized maps/satellite images were made available
by Maharashtra State Hydrological Project, Nasik; Water Resource
Department (Maharashtra), Mumbai; Maharashtra Remote Sensing
Applications Centre, Nagpur and National Remote Sensing Centre,
Hyderabad. Guidance by faculty of the TERI University and TERI
– Dr. P.K. Joshi, Dr. Kavita Sardana, Dr. Arun Kansal, Mr. Anirban
Gangulay and Dr. Pia Sethi – greatly improved the quality of the
research and this manuscript.
References

Adamski, J.C., Knowles, L., 2001. Ground-water quality of the Surficial Aquifer
System and the Upper Floridan Aquifer. Water-Resources Investigations Report,
Ocala National Forest and Lake County, Florida, 1990–99. U.S. Geological
Survey, U.S.

Basnyat, P., Teeter, L.D., Lockaby, B.G., Flynn, K.M., 2000. The use of remote sensing
and GIS in watershed level analyses of non-point source pollution problems.
For. Ecol. Manage. 128, 65–73.

Bolstad, P.V., Swank, W.T., 1997. Cumulative impacts of landuse on water quality in
a southern Appalachian watershed. J. Am. Water Resour. Assoc. 33 (3), 519–533.

Bonell, M., 1998. Challenges in runoff generation research in forests from the hill
slope to headwater drainage basin scale. J. Am. Water Resour. Assoc. 34, 765–
785.

Bonell, M., 2005. Runoff generation in tropical forests. In: Bonell, M., Bruijnzeel, L.A.
(Eds.), Forests, Water and People in the Humid Tropics: Past, Present and Future
Hydrological Research for Integrated Land and Water Management. UNESCO
International Hydrology Series. Cambridge University Press, Cambridge, UK, pp.
314–406.

Bonell, M., Williams, J., 1989. Reply to P.I.A. Kinnells’ Comments on ‘The generation
and Redistribution of Overland Flow on a Massive Oxic Soil in a Eucalypt
Woodland within the Semiarid Tropics of North Australia’ Mike Bonell and John
Williams. Hydrol. Proc. 3, 97–100.

Brinkmann, W.L.F., 1983. Nutrient balance of a central Amazonian rainforest:
comparison of natural and man-managed systems. Hydrology of Humid
Tropical Regions with Particular Reference to the Hydrological Effects of
Agriculture and Forestry Practice (Proceedings of the Hamburg Symposium,
August 1983). IAHS Publ. no. 140.

Brinkmann, W.L.F., dos Santos, A., 1973. Natural waters in Amazonia. VI. Soluble
calcium properties. Acta Amazonica 3 (2), 33–40.

Bruijnzeel, L.A., 2004. Hydrological functions of tropical forest: not seeing the soil
for the trees? Agric. Ecosyst. Environ. 104, 185–228. http://dx.doi.org/10.1016/
j.agee.2004.01.015.

Calder, I.R., Amezaga, J., Aylward, B., Bosch, J., Fuller, L., Gallop, K., Gosain, A., Hope,
R., Jewitt, G., Miranda, M., Porras, I., Wilson, V., 2004. Forests and water – closing
the gap between public and science perceptions. Water Sci. Technol. 49 (7), 39–
53.

Calder, I.R., Hofer, T., Vermont, S., Warren, P., 2007. Towards a new understanding of
forests and water. Unasylva 229 (58), 3–10.

Champion, H.G., Seth, S.K., 1968. Revised Survey of Forest Types of India. Govt. of
India, New Delhi.

Chappell, N.A., Tych, W., Yusop, Z., Rahim, N.A., Kasran, B., 2005. Spatially significant
effects of selective tropical forestry on water, nutrient and sediment flows: a
modelling-supported review. In: Bonell, M., Bruijnzeel, L.A. (Eds.), Forests,
Water and People in the Humid Tropics: Past, Present and Future Hydrological
Research for Integrated Land and Water Management. UNESCO International
Hydrology Series. Cambridge University Press, Cambridge, UK, pp. 407–421.

Crosbie, B., Chow-Fraser, P., 1999. Percentage land use in the watershed determines
the water and sediment quality of 22 marshes in the Great Lakes basin. Can. J.
Fish. Aquat. Sci. 56, 1781–1791.

Delong, D.D., Brusven, M.A., 1991. Classification and spatial mapping of riparian
habitat with application towards management of streams impacted by
nonpoint source pollution. Environ. Manage. 15 (4), 565–571.

Dillaha, T.A., Reneau, R.B., Mostaghimi, S., Lee, D., 1989. Vegetative filter strips for
agricultural nonpoint source pollution control. Trans. ASAE 32, 513–519.

Douglas, I., Guyot, J.L., 2005. Erosion and sediment yield in the humid tropics. In:
Bonell, M., Bruijnzeel, L.A. (Eds.), Forests, Water and People in the Humid
Tropics: Past, Present and Future Hydrological Research for Integrated Land and
Water Management. UNESCO International Hydrology Series. Cambridge
University Press, Cambridge, UK, pp. 407–421.

Dudley, N., Stolton, S., 2003. Running Pure: the Importance of Forest Protected Areas
to Drinking Water. World Bank/WWF Alliance for Forest Conservation and
Sustainable Use.

Elias, E.H., 2010. Valuing ecosystem services from forested landscapes: how
urbanization influences drinking water treatment cost. Ph.D. Thesis, Auburn
University.

http://www.idrc.ca
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0010
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0010
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0010
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0015
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0015
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0020
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0020
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0020
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0025
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0025
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0025
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0025
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0025
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0030
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0030
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0030
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0030
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0040
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0040
http://dx.doi.org/10.1016/j.agee.2004.01.015
http://dx.doi.org/10.1016/j.agee.2004.01.015
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0050
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0050
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0050
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0050
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0055
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0055
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0060
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0060
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0070
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0070
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0070
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0070
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0070
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0070
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0075
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0075
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0075
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0080
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0080
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0080
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0085
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0085
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0090
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0090
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0090
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0090
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0090


224 S. Singh, A. Mishra / Journal of Hydrology 519 (2014) 214–224
Ernst, C., 2004. Protecting the Source. The Trust for Public Land and American Water
Works Association, San Francisco, CA.

Figueiredo, R.O., Markewitz, D., Davidson, E.A., Schuler, A.E., Watrin, O.S., Silva, P.S.,
2010. Land-use effects on the chemical attributes of low-order streams in the
eastern Amazon. J. Geophys. Res. 115, G04004. http://dx.doi.org/10.1029/
2009JG001200.

Giambelluca, Thomas W., 2002. Hydrology of altered tropical forest. Hydrol. Proc.
16 (8), 1665–1669. http://dx.doi.org/10.1002/hyp.5021.

IUFRO (International Union of Forest Research Organizations), 2007. Research
spotlight: how do forests influence water? IUFRO Fact Sheet No. 2. Vienna,
Austria, <http://www.iufro.org/science/task-forces/water/publications>.
Viewed on: 1.9.10.

Johnson, L.B., Richards, C., Host, G.E., Arthur, J.W., 1997. Landscape influences on
water chemistry on mid-western stream ecosystems. Freshwat. Biol. 37, 193–
208.

Lee, S.W., Hwang, S.J., Lee, S.B., Hwang, H.S., Sung, H.C., 2009. Landscape ecological
approach to the relationships of land use patterns in watersheds to water
quality characteristics. Landscape Urban Plan. 92, 80–89.

Malmer, A., 1996. Hydrological effects and nutrient losses on forest plantation
establishment on tropical rainforest land in Sabah, Malaysia. J. Hydrol. 174,
129–148.

Malmer, A., Bruijnzeel, L.A., van Noordwijk, M., 2005. Effect of shifting cultivation
and forest fire. In: Bonell, M., Bruijnzeel, L.A. (Eds.), Forests, Water and People in
the Humid Tropics: Past, Present and Future Hydrological Research for
Integrated Land and Water Management. UNESCO International Hydrology
Series. Cambridge University Press, Cambridge, UK, pp. 533–560.

Malmer, A., Murdiyarso, D., Bruinzeel, L.A., Ilstedt, U., 2009. Carbon sequestration in
tropical forests and water: a critical look at the basis for commonly used
generalizations. Glob. Change Biol. 16 (2), 599–604.

Nimiroski, M.T., DeSimone, L.A., Waldron, M.C., 2008. Water-quality conditions and
constituent loads, water years 1996–2002, and water-quality trends, water
years 1983–2002 in the Scituate Reservoir drainage area, Rhode Island. U.S.
Geological Survey Scientific Investigations Report 2008–5060, 55 p.

Nortcliff, S., Ross, S.M., Thornes, J.B., 1990. Soil Moisture, runoff and sediment yield
from differentially cleared tropical rainfores plots. In: Thornes, J.B. (Ed.),
Vegetation and erosion. John Wiley and Sons, Chichester, pp. 451–469.

Norton, M.M., Fischer, T.R., 2000. The effects of forest on stream water quality in
two coastal plain watersheds of the Chesapeake Bay. Ecol. Eng. 14, 337–362.
Osborne, L.L., Wiley, M.J., 1988. Empirical relationships between land use/cover
and stream water quality in an agricultural watershed. J. Environ. Manage.
26, 9–27.

Peh, C.H., 1981. The suspended and dissolved sediment load of three small forested
drainage Basins in peninsular Malaysia. Malaysian Forester 44 (4), 438–452.

Prepas, E.E., Pinel-Alloul, B., Planas, D., Méthot, G., Paquet, S., Reedyk, S., 2001. Forest
harvest impacts on water quality and aquatic biota on the Boreal Plain:
introduction to the TROLS lake program. Can. J. Fish. Aquat. Sci. 58, 421–436.

Reiter, M., Heffner, J.T., Turner, T., Bilby, R.E., 2009. Temporal and spatial turbidity
patterns over 30 years in a managed forest of Western Washington. J. Am.
Water Resour. Assoc. 45 (3), 793–808.

Richards, C., Johnson, L.B., Host, G.E., 1996. Landscape-scale influences on stream
habitats and biota. Can. J. Aquat. Sci. 53 (Suppl. 1), 295–311.

Schlosser, I.J., Karr, J.R., 1981a. Riparian vegetation and channel morphology impact
on spatial patterns of water quality in agricultural watersheds. Environ.
Manage. 5, 233–243.

Schlosser, I.J., Karr, J.R., 1981b. Water quality in agricultural watersheds: impact of
riparian vegetation during baseflow. Water Res. Bull. 17, 233–240.

Serrano-Muela, M.P., Lana-Renault, N., Nadal-Romero, E., Regüés, D., Latron, J.,
Martí-Bono, C., García-Ruiz, J.M., 2008. Forests and their hydrological effects in
mediterranean mountains: the case of the Central Spanish Pyrenees. Mount.
Res. Develop. 28 (3/4), 279–285. http://dx.doi.org/10.1659/mrd.0876.

Singh, S., 2013. Forest ecosystem services and urban water supply: A PES
framework for the Mumbai Meteropolitan, India, Ph.D thesis, TERI university,
New Delhi, India.

Singh, S., Mishra, A., 2012. Spatiotemporal analysis of the effects of forest covers
on water yield in the Western Ghats of peninsular India. J. Hydrol. 446–447,
24–34.

Sliva, L., Williams, D.D., 2001. Buffer zone versus whole catchment approaches to
studying land use impact on river water quality. Water Res. 35 (14), 3462–3472.

Subramanya, K., 2008. Engineering Hydrology, third ed. Tata McGraw-Hill
Publishing Company Limited, New Delhi, India.

Villamizar and Waichman, n.d. Water physico-chemical characterization and
deforestation in the Purus river basin, Western Brazilian Amazon. Rev. Geogr.
Acadêmica 5(2) (xii.2011) pp. 54–65 (ISSN 1678-7226).

Welsch, D.J., 1991. Riparian Forest Buffers: Function and Design for Protection and
Enhancement of Water Resources. Forest Resources Management, Northeastern
Area State & Private Forestry & USDA Forest Service, Radnor, Pennsylvania.

http://dx.doi.org/10.1029/2009JG001200
http://dx.doi.org/10.1029/2009JG001200
http://dx.doi.org/10.1002/hyp.5021
http://www.iufro.org/science/task-forces/water/publications
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0125
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0125
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0125
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0130
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0130
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0130
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0135
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0135
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0135
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0140
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0140
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0140
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0140
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0140
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0145
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0145
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0145
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0155
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0155
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0155
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0160
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0160
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0165
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0165
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0165
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0170
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0170
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0175
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0175
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0175
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0180
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0180
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0180
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0185
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0185
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0190
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0190
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0190
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0195
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0195
http://dx.doi.org/10.1659/mrd.0876
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0210
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0210
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0210
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0215
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0215
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0220
http://refhub.elsevier.com/S0022-1694(14)00526-5/h0220

	Spatiotemporal analysis of the effects of forest covers on stream water quality in Western Ghats of peninsular India
	1 Introduction
	2 Description of the study area
	3 Methodology
	3.1 Model specification
	3.2 Data acquisition and processing
	3.2.1 Water quality parameters
	3.2.2 Change in forest cover
	3.2.3 Rainfall


	4 Results
	5 Discussions
	6 Conclusions
	Acknowledgements
	References


