
Water Resources Management manuscript No.
(will be inserted by the editor)

Application of GIS for evaluation and design of watershed
guidelines

R. S. Bhalla · Neil W. Pelkey · K. V. Devi Prasad

Received: August 2008 / Accepted: June 2010

Abstract We analyse the suitability of Government of India’s 2003 and 2008 common
guidelines for prioritising micro-watersheds for restoration. These guidelines attempt to
balance the need for improved hydraulic function with poverty alleviation and agricultural
productivity. To do so, they provide a set of sub-criteria for prioritising micro-watersheds
for treatment. We ranked the micro-watersheds in the Kalivelli basin in South India based
on these sub-criteria. We then compared the 2003 with the 2008 guidelines using GIS and
spatial statistics. Visual inspection of the resulting digital maps and spatial autocorrelation
analysis showed that individual sub-criteria within a guideline were highly positively auto
correlated. Spatial cross-correlations using Mantels test between sub-criteria in the same
guidelines produced negative results however. Very different watersheds would have been
selected for treatment using the 2003 vs. the 2008 guidelines. While this could have been
evidence that the 2008 guidelines were an improvement over the 2003 guidelines, compar-
ing the planning outcomes did not support this conclusion. We conclude that criteria used to
select micro-watersheds for hydrologic treatment should be re-formulated emphasizing effi-
cient resource use and improved hydraulic function prior to social and economic concerns.
Finally, we argue that a combined GIS and spatial analysis approach is amenable to quickly
evaluating watershed selection criteria as well as assessing post implementation outcomes.

Keywords Watershed restoration, multiple criteria ranking, decision support, rural
development.

This is an author-created version of the accepted manuscript. The original publication is available at http:
//www.springerlink.com.

R. S. Bhalla
Foundation for Ecological Research, Advocacy and Learning, No.27, 2nd Cross Appavou Nagar, Vazhaku-
larm, Pondicherry 605 012, India
E-mail: bhalla@feralindia.org
Tel.:+91-413-2671566, Fax: +91-413-2671567

Neil W Pelkey
Earth and Environmental Sciences and Information Technology, Juniata College, Huntingdon, Pennsylvania,
USA.

K. V. Devi Prasad
School of Ecology and Environmental Sciences, Pondicherry University, R.Venkataraman Nagar, Kalapet,
Puducherry 605 014

http://www.springerlink.com
http://www.springerlink.com


2

1 Introduction

The daily lives of six hundred million people in India depend directly on functioning wa-
tersheds providing drinking water, irrigation, energy, groundwater recharge and inland fish-
eries. Mistakes in watershed prioritisation and planning can have serious local ramifications.
When such mistakes are institutionalised on a national scale, the results can be tragic.

We explore the potential for institutionalised mistakes in water planning by examining
the common guidelines for watershed management (common guidelines) which are released
by the Government of India (GoI), Ministry of Rural Development. These are the most
widely used guidelines for designing, funding, and implementing watershed development
projects in India. They provide a set of criteria on the basis of which hydrological sub-
divisions of a watershed, micro-watersheds, are to be prioritised for treatment. Four versions
of the common guidelines were released between 1994 and 2010. Of these the first three
were released in 1994, 2001 and 2003 respectively (Government of India, 1994, 2001b,
2003) and provided a nearly identical set of eight criteria (Tab. 2). The fourth and latest
version was released in 2008 (Government of India, 2008b) and three of its eight criteria
(Tab. 3) differed from the earlier guidelines.

We refer to these hereafter as the sub-criteria of the old and new criteria set. These sub-
criteria appear to make sense prima facie and rank micro-watersheds on the basis of poverty
levels, water shortage, extent of degraded and common lands etc. Micro-watersheds with
the highest ranks are then supposed to receive the lion’s share of funding.

We apply them to the watershed of the Kalivelli lake to determine which would receive
the most attention under the current guidelines. We also explore the contradiction in the
rankings between the sub-criteria and address the problems spatial aggregation of criteria
and missing data create in these prioritisation schemes.

1.1 Goals of watershed development in India

Watershed restoration efforts in India have sought to balance poverty alleviation against con-
servation, and local governance vs technical expertise. Poverty alleviation is often central
to any GoI effort and watershed development is no exception. India’s Planning Commis-
sion has explicitly made the link between degraded watershed areas and poverty. The 2002
planning report states that - degraded watershed “correlate strongly with the incidence of
poverty” (Government of India, 2002).

Since poverty alleviation was central to the guidelines, criteria used to select micro-
watersheds for restoration were designed to reduce poverty by increasing agricultural pro-
ductivity and access to water and biomass from common lands. While these should have
been consistent with Kerr’s goal of managing “hydrological relationships to optimise re-
source use for conservation, productivity, and poverty alleviation” (Kerr et al, 2007), litera-
ture suggests this was not the case. Kerr et al (2002), found that the hype surrounding wa-
tershed development projects was based on few extraordinary success stories. In most cases
however serious issues of inequity between up and downstream stakeholders remained. He
revisited the topic in 2006. However doubts remained in the manner benefits of watershed
development projects were allocated among poor and weaker sections (Kerr et al, 2007).
Bhandari et al (2007), reviewed a range of programmes of the government of India for land
reclamation and restoration. They traced the evolution of the programmes over the years and
the attempts made to integrate them under a single framework. They further noted that the
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watershed programmes form an important part of the government’s “anti-poverty strategy in
rural India”.

Watershed development has also had mixed success as a conservation tool. Reddy (2006),
found that “the crux of the issue rests in better implementation”. He observed that the lat-
est guidelines were very similar to earlier ones and that only 15-20 percent of the pro-
grammes performed satisfactorily. A similar conclusion was reached by Deshpande (2008)
and Vaidyanathan (2006). They felt that the guidelines were limited to providing detailed in-
formation about institutional arrangements. However, “the state of technical knowledge re-
garding the physical improvements, management of lands and measures to achieve optimal
productivity appropriate to different situations leaves much to be desired” (Vaidyanathan,
2006).

Instead, the framework evolved in the common guidelines focused on building local in-
stitutions for resource management which was in tune with the understanding that “projects
might work better in a village-based microwatershed” (Kerr et al, 2007). These local gover-
nance versus technical expertise trade-offs have led to additional issues. Kerr (2002) found
that purely technical interventions often fared worse than participatory approaches while a
mix of technical and participatory approaches provided the best results. Gosain and Rao
(2004) also found the the assessment and evaluation process was not conducive to appropri-
ate design and interventions.

Lack of financial resources is often the limiting factor for success in implementation
(Ostrom, 1990; Sabatier and Pelkey, 1987). But that has not been the case in India. Water-
shed development has played a growing role in the rural development outlays leading to a
marked increase both coverage areas and actual expenditure. The funds released under the
integrated wastelands development programme (IWDP) alone increased 274 fold between
the period 1995-96 to 2006-07 (Fig. 1 ). The Parathasarathy Commission Report (Govern-
ment of India, 2006), which formulated the latest “Neeranchal” guidelines reccommends
that Rs.10,000/- crores (over 2 billion USD) be allocated each year for the next 15 years to
complete all watershed treatment in India by 2020. (Government of India, 2006, pg.48.).

1.2 Prioritisation of watershed areas for restoration

Frameworks and criteria for prioritising watershed are common in academia. The majority of
these are based on hydraulic and landscape characteristics. They include watershed models
(Mishra et al, 2007a; Behera and Panda, 2006; Gosain and Rao, 2004; Tripathi et al, 2003)
and sediment and runoff models (Moreno-Mateos et al, 2010; Patil et al, 2008; Dabral et al,
2008; Bhattacharyya et al, 2008; Mishra et al, 2007b; Pandey, 2007). Most of these tools are
integrated with with GIS and remote sensing. However they are highly sophisticated and out
of the reach of most agencies engaged in the actual implementation of these projects (see
de Kok et al 2009 for a detailed discussion).

In contrast to academic literature, the common guidelines were based on collating ex-
pert opinions from multiple disciplines, including engineering, economics, social welfare,
and law. The criteria ended up as a mix of demographic, social and hydraulic priorities.
Implementing agencies were expected to use these criteria as the basis for preparation of
funding requests. One of their consistent features has been an attempt to integrate rural de-
velopment and to ensure the involvement of Panchayati Raj (democratic local governance)
institutions in the implementation mechanisms. Other key goals have been to address issues
of water scarcity, particularly drinking water, but also ground water.
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Fig. 1: Allocation of funds and area covered (left y axis) and number of watershed devel-
opment project (right y axis) under the common guidelines from 1994 to 2007. Source:
Government of India 2008a, Annexure iv, v and vi..

In the subsequent section we present a “simple” procedure to prioritise watersheds for
restoration under the 1994/2001/2003 and 2008 guidelines. The procedure is spatially ex-
plicit and can provide the basis for integration with other spatial data-sets. This includes
remotely sensed images and GIS data, like the Tamil Nadu Water And Drainage (TWAD)
board, which was used here. The former can help in evaluation of impacts, build models
and identify inconsistencies in the baselines. The GIS also ties in with the primary and dis-
trict census and can easily be integrated with information collected using participatory GIS
techniques.

We then use spatial statistics to demonstrate that the sub-criteria forming each criteria set
are contradictory. We also demonstrate that the two criteria-sets contradict each other as they
rank the micro-watersheds differently. GIS is a decision support tool which is highly relevant
for the social but more so for the hydrological or restoration component of the guidelines.
It allows us to compare otherwise unrelated processes through their spatial interactions.
Using it we could rank the watershed treatment units i.e. micro-watersheds in a spatially
explicit manner, allowing us to measure two things: (1) How different sub-criteria in the
same criteria set rank the micro-watersheds; whether these ranks are clustered and how they
are correlated to each other and (2) Whether the overall ranking of the old and new criteria
sets are similar. We could have used a non-spatial procedure to do this, however that would
deny us the opportunity to test ranking results in terms of spatial connectivity, which is a
fundamental component of watershed processes.
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Fig. 2: Methods followed for the analysis.

2 Materials and Methods

Fig. 2 presents the steps involved in organising and analysing the data. Geo-registration,
database operations, and mapping were preformed in the Geographical Resource Analysis
Support System (GRASS) (GRASS Development Team, 2008), an open source GIS and re-
mote sensing software. PostgreSQL (The Postgresql Development Group, 2007), an open
source relational database was used for database operations. All other analysis was done in
the R package for statistical computing (R Development Core Team, 2008; Pebesma and
Bivand, 2005) using the Emacs speaks statistics (Rossini et al, 2004) and R Commander
(Fox et al, 2008). The packages sp.dep (Bivand et al, 2008) and ecodist (Goslee and Urban,
2007), were used for the spatial analysis and psy (Falissard, 2009), polycor (Fox, 2009),
Hmisc (Harrell Jr, 2009) and ICSNP (Nordhausen et al, 2010) were used for analysis of cor-
relations, polyserial correlations, data handling and analysis of multivariate outliers. Many
of these packages depend on additional libraries. The script used for the analysis has been
presented in the supplementary materials (Online Resource 1). It should work on any vector
dataset organised in the same way. The script outputs a larger number of tables and figures
than those presented here.

2.1 Study area

The study area is a small rainfed watershed (705 sq km, 11◦55’N, 79◦35’E and 12◦10’N,
79◦55’E) falling in the Villupuram District of the South Indian state of Tamil Nadu (Fig.
3). The watershed has a high rural population, about 60% of which is below the poverty
line. Land use is predominantly agricultural, much of which is irrigated by over 200 minor
irrigation tanks with their respective micro-watersheds. These seasonal lakes are linked by
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Fig. 3: Location of the study site.

channels which finally drain into the Kalivelli lake, a wetland of national and international
importance. Kalivelli is listed under the National Wetland Conservation & Management
Programme (Government of India, 2007) and recognised by the IUCN for its ecological
value (Pernetta, 1993). The watershed encompasses the international township of Auroville,
which like the neighbouring city of Pondicherry, is an important tourist destination. It lies
100 km to the south of Chennai, the fifth most populous city in India with 4.34 million
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people (Government of India, 2001a). The lake is linked to the Bay of Bengal through a
large estuary which supports a number of shrimp farms and an important salt pan industry.

Thus, ecological goods and services of the Kalivelli watershed face a gamut of com-
peting demands. Optimal allocation of resources for the restoration of watershed services is
therefore crucial and has a bearing on a large number of stakeholders.

2.2 Preparation of data

Collation of data and maps The common guidelines overcome the complexity and inac-
cessibility of data required for hydrological planning of watershed restoration. They are
based on data that can (largely) be garnered from readily available paper maps, government
sources or from India’s regional remote sensing centres. Compiling the data from varied
sources into formats conducive to multi-criteria decision making was a daunting task. Most
maps were only available as printed copies which were in different sizes that were not al-
ways consistent with the scale provided and neither their vertical nor horizontal accuracies
were published. We therefore had to scan, geo-reference and digitise all the paper maps.
This involved collection of hundreds of ground control points using hand held GPS units
and co-registration of maps using GIS software. Re-scaling of maps for watershed applica-
tions harmonises inconsistencies across scales and datasets. While this does lead to errors,
these are known to be a small fraction of the errors leading from non-harmonisation of maps
(Myers et al, 1996).

Such work is probably a constraint for many agencies as discussed by Gosain and Rao
(2004). In addition, the available maps were often outdated by 5-10 years and had limited
consumer accuracies. Tab. 1 provides the list of data used, its sources, limitations as well as
the processing done on.

Landuse and administration Watershed and landuse maps were the source of landuse, micro-
watersheds and revenue village boundaries. Census data from 2001 (Government of India,
2001a) was attached to the revenue boundaries. The “Lakes, reservoirs, tanks with or with-
out plantations” land use category was used as the proxy for common lands. Areas under
this land use category are usually publicly owned. Furthermore they tend to stay publicly
owned since encroachments of such lands are specifically prohibited by high court orders.
Encroachments on other land cover types are regularised through title deeds which has
resulted in continuing reduction in area under common lands in Tamil Nadu (Periasamy,
2010). Therefore our classification reflects the sub-criteria fairly accurately.

Water depth and quality Water quality and depth data from the TWAD board were geo-
referenced to match the land use and administrative layers. This information was available
as coordinates of test wells located in habitations across the state. 132 such data points were
available for the Kalivelli watershed with a mean nearest neighbour distance of 3312.3m us-
ing 12 nearest neighbours. The database included depth of water table, various water quality
attributes and whether the water was potable or not. To calculate water depth per micro-
watershed, we interpolated the depths of the water table to its entire area using these values.
The inverse weighted distance method (IDW) (Shapiro, 2006) was used for this calcula-
tion with 12 nearest neighbours and a power parameter of 2. While alternative interpolation
methods - Kriging, kernel density estimators, running medians, etc. (Cressie, 1993) – were
available, we opted for the IDW. It is considered a standard approach and it has been shown
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Table 1: Various maps used for the analysis along with their source, scale, projection and
kind of conversion done for re-scaling the data set.
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to perform well when there is a high coefficient of variation in the “altitudes” (Chaplot et al,
2006). The interpolated depths were then averaged over each micro-watershed.

Drinking water sources identified as non-potable by TWAD were used to identify areas
facing shortage of available drinking water. The number of non-potable waters sources was
summed for each micro-watershed. We are aware this is a quality indicator and not an indi-
cator of drinking water availability. However this is justified because the water depths from
TWAD monitored wells in the watershed ranged from 3 to 30.48 metres with an average of
17.61 metres. The area has hundreds of lakes, ponds, channels and dug wells giving ready
access to quantities of water for much of the year. It is the lack of potability that determines
the shortage of drinking water in this basin. A village by village survey would be needed to
determine actual access to drinking water. This effort would require more resources than we
have for this project and certainly more than most agencies have in the Indian context.

Demography The population density of scheduled caste and tribal communities was taken
from the Census of India (Government of India, 2001a). The revenue village is the small-
est census sampling unit and was used for this purpose. Watershed boundaries, however, do
not correspond to revenue village demarcations. We assumed that population densities were
uniformly distributed inside the revenue village boundary (dividing the population by the
area of the revenue village). This assumption was made for two reasons: 1) Most revenue
villages comprise of numerous settlements. Eight to ten settlements, usually demarcated on
caste lines, are common. However, coordinates and demographic details of these settlements
would require a physical survey. 2) Access to resources in a revenue village is governed by
complex relations of caste, economic and political structure. The jurisdiction of settlements
over resources is often ill-defined and unclear. It was thus felt that using population densi-
ties of these communities in different villages under a watershed was a justified means of
estimating their populations under each micro-watershed.

Previous treatment For the sake of simplicity we assumed that none of the watersheds had
been treated earlier. Our primary purpose was to test the criteria set for internal consistency
as well as against each other. Providing ranks to watersheds around treated areas would
have resulted in exclusion of the treated micro-watersheds and higher ranks to each of the
bordering ones, making the results more difficult to interpret.

2.3 Ranking micro-watersheds according to the two criteria sets

Each of the sub-criteria are measured on different scales. Re-scaling was therefore necessary
prior to a multi criteria comparison. After test runs with other methods such as z-scores, we
chose a ranking procedure primarily because it has fewer distributional assumptions than
other metrics. See Hajkowicz and Collins (2007); Hajkowicz et al (2000) for a review of
multiple criteria analysis frameworks in water resource management. Ranking of the micro-
watersheds was done after taking the absolute difference between the observed and optimal
values. The formula used was: rank(|x−opt|); where x was the observed value and opt was
the optimal value as stated in the sub-criteria.

The map of micro-watershed boundaries with 138 micro-watersheds served as the start-
ing point of the ranking for both the old criteria set (1994, 2001 and 2003 guidelines) and
new criteria set (2008 guidelines). However the older criteria set required that the watershed
boundaries be re-defined so they honoured revenue village demarcations. A vector overlay
was done between the micro-watershed map and the revenue village map which resulted in
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Sub-criteria 2:

Watersheds with acute 

shortage of drinking water.

Sub-criteria 3:

Watersheds with large

populations of SC/ST.

Sub-criteria 1:

Micro-watersheds should

have an area of 500ha

Sub-criteria 4:

Watersheds with prepondrance

of wastelands/degraded lands.

Sub-crit iera 5:

Watersheds with prepondrance

of common lands

Micro-watersheds cut by

revenue vi l lage boundaries

Fig. 4: Ranking procedures for the old criteria set. Darker the colour, higher the rank.

692 micro-watersheds which were used for subsequent ranking. This affected the ranks of
identical sub-criteria in the two criteria sets as they were all dependent on area. Tab. 2 and
3 present the old and new criteria sets and data sources used while Fig. 4 and 5 present the
ranking procedure. Finally all the ranks were added to get a final prioritisation of areas for
treatment, results of which are presented in Fig. 6.

Maps which were created with each micro-watershed associated with a specific sub-
criteria rank were used for the subsequent statistical analysis. Thus the sample size for the
old criteria set was 692 and that for the new criteria set was 138.
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Table 2: Sub-criteria comprising the old criteria set (1994 to 2008) with data and procedures
used to transfer them onto a GIS. Sub-criteria listed in italics were not used in the analysis
due to uniformity across the watersheds or un-availability of data. The first operation (*)
was not listed as a specific criteria but had bearing on the geographic boundaries of the
micro-watersheds.
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Table 3: Sub-criteria comprising the new criteria set (2008 onwards) with data and proce-
dures used to transfer them onto a GIS. Sub-criteria listed in italics were not used in the
analysis due to uniformity across the watersheds or un-availability of data.
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Sub-criteria 1:

Acuteness of drinking

water scarcity

Sub-criteria 3:

Prepondrance of waste/

degraded lands

Sub-criteria 6:

Proportion of SC/ST

Sub-criteria 2:

Extent of overexploitat ion of

ground water resources

Sub-criteria 7:

Area of the project should not

be covered under assured irr igation

Sub-crit iera 8:

Productivity potential

of the land

Micro-watersheds

Fig. 5: Ranking procedures for the new criteria set. Darker the colour, higher the rank.

3 Analysis and Results

3.1 Tests for spatial autocorrelation

We first used the Geary’s C and Moran’s I test for spatial auto-correlation. Results showed
that the majority of sub-criteria in both the old and new criteria set were highly autocor-
related (Tab. 4). In other words, micro-watersheds with similar ranks for each sub-criteria
tended to be clumped, however these clumps were distinct for each sub-criteria.
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Table 4: Results for tests of spatial autocorrelation. All sub-criteria show significant auto-
correlation except drinking water (3) in the old set and productivity (8) in the new set for
Geary’s test. Mantel’s test only shows productivity (8) in the new set to be non-significant.

Geary’s C Test under randomisation

Old Criteria Set (1994 to 2008) New Criteria Set (2008 onwards)

Ranked Sub-criteria C statistic p-value Ranked Sub-criteria C statistic p-value

Watershed area (1) 0.9112 0.0003216 Drinking water (1) 0.2630 < 2.2e-16

Drinking water (2) 0.9752 0.3444 Ground water (2) 0.3607 < 2.2e-16

SC/ST Population (3) 0.7881 < 2.2e-16 Wastelands (3) 0.2630 < 2.2e-16

Wasteland area (4) 0.4288 < 2.2e-16 ST/ST population (6) 0.6639 3.545e-09

Common lands (5) 0.9000 5.352e-05 Non-irrigated lands (7) 0.8323 0.001936

Cumulative rank 0.8907 1.557e-05 Productivity (8) 1.1151 0.9763

Cumulative rank 0.6925 9.407e-08

Moran’s I Test under randomisation

Ranked Sub-criteria I statistic p-value Ranked Sub-criteria I statistic p-value

Watershed area (1) 0.0813 0.0005353 Drinking water (1) 0.7223 < 2.2e-16

Drinking water (2) 0.0603 0.005121 Ground water (2) 0.6265 < 2.2e-16

SC/ST Population (3) 0.1906 1.572e-14 Wastelands (3) 0.7223 < 2.2e-16

Wasteland area (4) 0.4802 < 2.2e-16 ST/ST population (6) 0.3300 2.075e-09

Common lands (5) 0.0722 0.001807 Non-irrigated lands (7) 0.1624 0.001551

Cumulative rank 0.0944 7.481e-05 Productivity (8) -0.1189 0.9742

Cumulative rank 0.3159 8.034e-09

3.2 Spatial correlation

We then tested for spatial correlation between sub-criteria of each criteria set using the Man-
tel test (Tab. 5). Results showed that the sub-criteria were either negatively correlated with
each other or not significantly positively correlated. The one exception to this was the pos-
itive correlation of new sub-criteria 2 vs 8 (overexploitation of ground water vs productive
potential of land). This is consistent with field observations of overexploitation of aquifers
in agricultural areas. Comparisons between the old and new criteria sets were not feasible
as the geometries of the micro-watersheds were different. i.e. their geographical boundaries
were not the same as the older criteria set worked with much smaller units. However the lack
of correlation could be due to the different scale of the data used, but without a more ac-
curate data set, which does not exist, we cannot make statistically accurate statement about
this. In terms of watershed planning multi-metric indices will fall prey to this problem in
general (see Openshaw (1984); Swift et al (2008) for a discussion).

3.3 Principal component analysis

The results of the principal component analysis (PCA) were inconclusive (Tab. 6). PCA
analysis is often done as “an interesting” projection of the multidimensional data to fewer
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Table 5: Mantel test for spatial correlation between the various sub-criteria of the two criteria
sets. Here pval1=one-tailed p-value (null hypothesis: r <= 0), pval2=one-tailed p-value (null
hypothesis: r >= 0) and pval3=two-tailed p-value (null hypothesis: r = 0). The majority of
the values are negatively correlated or not correlated with the exception of Ground water (2)
vs productivity (8) in the new criteria set.

Old Criteria Set (1994 to 2008) New Criteria Set (2008 onwards)

Mantel R pval1 pval2 pval3 Mantel R pval1 pval2 pval3

Watershed area (1) vs drinking water (2) Drinking water (1) vs ground water (2)

0.0296 0.0390 0.9620 0.0780 0.0094 0.3140 0.6870 0.6520

Watershed area (1) vs SC/ST population (3) Drinking water (1) vs wastelands (3)

0.6159 0.0010 1.0000 0.0010 1.0000 0.0010 1.0000 0.0010

Watershed area (1) vs wasteland area (3) Drinking water (1) vs SC/ST population (6)

0.0280 0.0550 0.9460 0.1000 0.0931 0.0010 1.0000 0.0010

Watershed area (1) vs common lands (4) Drinking water (1) vs non-irrigated land (7)

0.3782 0.0010 1.0000 0.0010 0.0164 0.1880 0.8130 0.3850

Watershed area (1) vs sum of ranks Drinking water (1) vs Cr8

0.8144 0.0010 1.0000 0.0010 0.0007 0.4890 0.5120 0.9780

Drinking water (2) vs SC/ST population (3) Drinking water (1) vs sum of ranks

0.0088 0.2900 0.7110 0.6070 0.3351 0.0010 1.0000 0.0010

Drinking water (2) vs wasteland area (4) Ground water (2) vs Wastelands (3)

0.0360 0.1160 0.8850 0.1160 0.0094 0.2940 0.7070 0.6090

Drinking water (2) vs common land (5) Ground water (2) vs SC/ST population (6)

0.0347 0.0240 0.9770 0.0240 -0.0100 0.6720 0.3290 0.6200

Drinking water (2) vs sum of ranks Ground water (2) vs non-irrigated land (7)

0.1044 0.0010 1.0000 0.0010 0.0265 0.0820 0.9190 0.1500

SC/ST population (3) vs wasteland area (4) Ground water (2) vs productivity (8)

0.0129 0.2030 0.7980 0.4280 -0.0405 0.9870 0.0140 0.0430

SC/ST population (3) vs common land (5) Ground water (2) vs sum of ranks

0.2658 0.0010 1.0000 0.0010 0.0654 0.0090 0.9920 0.0120

SC/ST population (3) vs sum of ranks Wastelands (3) vs SC/ST population (6)

0.7129 0.0010 1.0000 0.0010 0.0931 0.0010 1.0000 0.0010

Wasteland area (4) vs common land (5) Wastelands (3) vs non-irrigated land (7)

0.0223 0.0830 0.9180 0.1330 0.0164 0.1990 0.8020 0.3800

Wasteland area (4) vs sum of ranks Wastelands (3) vs productivity (8)

0.1569 0.0010 1.0000 0.0010 0.0007 0.4680 0.5330 0.9760

Common land (5) vs sum or ranks Wastelands (3) vs sum of ranks

0.5900 0.0010 1.0000 0.0010 0.3351 0.0010 1.0000 0.0010

SC/ST population (6) vs non-irrigated land (7)

0.0688 0.0010 1.0000 0.0010

SC/ST population (6) vs productivity (8)

0.1934 0.0010 1.0000 0.0010

SC/ST population (6) vs sum of ranks

0.4274 0.0010 1.0000 0.0010

Non-irrigated land (7) vs productivity (8)

0.3055 0.0010 1.0000 0.0010

Non-irrigated land (7) vs sum of ranks

0.1842 0.0010 1.0000 0.0010

Productivity (8) vs sum of ranks

0.3126 0.0010 1.0000 0.0010
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Table 6: Principal components of hierarchical cluster analysis. In the old set, watershed
area (1), SC/ST population (4) and common lands (6) are placed on the first component.
Drinking water (3) is placed on the second and wasteland area (5) on the third component.
In the new criteria set drinking water (1) and wastelands (3) is place on the first component.
Non-irrigated lands (7) and productivity (8) are placed on the second and ground water (2)
is placed on the third component.

Old Criteria Set (1994 to 2008)

Ranked Sub-criteria Index 1 Index 2 Index 3 Index 4 Index 5

Watershed area (1) -0.6070 0.0546 -0.0473 -0.1772 0.7713

Drinking water (2) -0.1167 -0.8977 -0.4098 -0.0854 -0.0731

SC/ST Population (3) -0.5662 0.1586 0.0346 -0.5593 -0.5832

Wasteland area (4) -0.1564 -0.3987 0.8962 0.1149 -0.0136

Common lands (5) -0.5223 0.0847 -0.1594 0.7970 -0.2437

New Criteria Set (2008 onwards)

Ranked Sub-criteria Index 1 Index 2 Index 3 Index 4 Index 5

Drinking water (1) 0.6308 0.2222 0.0296 -0.2277 -0.0010

Ground water (2) 0.0328 -0.1806 0.9798 0.0420 0.0672

Wastelands (3) 0.6308 0.2222 0.0296 -0.2277 -0.0010

ST/ST population (6) 0.4095 -0.3526 -0.0915 0.7800 -0.3019

Non-irrigated lands (7) 0.0287 -0.6159 -0.0519 -0.5255 -0.5839

Productivity (8) 0.1858 -0.6041 -0.1648 -0.0995 0.7506

dimensions. It has the interesting feature that it maximises the variance explained in the first
component and then successively maximises the remaining variance explained in successive
components (Venables et al, 2000). The initial PCA based on the correlations between the
ranked data placed three of the sub-criteria for the old criteria set - watershed area (1), SC/ST
population (3) and common lands (5) - on the first component. It then placed drinking water
(2) on the second component and wasteland area (4) on the third component. Inspection
of these components showed that they ranked the same micro-watershed nearly identically
and had very low variation in the input variable. The drinking water (2) and wasteland area
(4) variables were nearly binary with two distinct data values. For the new dataset the sub-
criteria drinking water (1) and wastelands (3) were placed on the first component, non-
irrigated lands (7) and productive lands (8) were placed in the second and fifth component.
Ground water (2) was placed in the third component, SC/ST (6) and non-irrigated lands (7)
on the fourth component.

Pearson’s correlations can underestimate the true correlation for non-continuous vari-
ables. We therefore re-ran the analysis using polyserial correlation (Lee and Poon, 1987)
for the sub-criteria of drinking water and wasteland area1 with the other variables (Tab. 7).
The components for both the new and old criteria set were nearly identical for component
1 and 3 with r’s of > 0.95. Component two was substantially different, but still mirrored

1 Drinking water is sub-criteria 3 and 1 in the old and new criteria set. Wasteland areas is sub-criteria 3
and 5 in the old and new criteria set.
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Table 7: A comparison of the Pearson’s only and Pearson’s Polyserial Correlations for the
two criteria. Criteria with binary behaviour (drinking water and wasteland area) showed
higher coefficients using the polyserial correlations.

Old Criteria Set (1994 to 2008) New Criteria Set (2008 onwards)
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(5) 0.15 0.04 0.15 1 0.07 (6) -0.48 -0.18 -0.21 -0.54 -0.57 -0.27

(6) 0.65 0.1 0.51 0.07 1 (7) -0.59 0.11 -0.02 0.35 0.41 -0.59

(8) -0.62 -0.04 0.24 -0.14 0.25 0.69
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(1) 1 0.53 0.78 0.35 0.65 (1) 1.00 0.37 0.29 0.18 -0.20 -0.21

(3) 0.53 1 0.1 0.35 0.32 (2) 0.37 1.00 0.30 0.07 0.13 0.08

(4) 0.78 0.1 1 0.51 0.51 (3) 0.29 0.30 1.00 -0.07 -0.39 0.05

(5) 0.35 0.19 0.35 1 0.14 (6) 0.18 0.07 -0.07 1.00 0.26 0.45

(6) 0.65 0.32 0.51 0.14 1 (7) -0.20 0.13 -0.39 0.26 1.00 0.57

(8) -0.21 0.08 0.05 0.45 0.57 1.00

component two for the high ranked watersheds. The PCA gave no new interesting insights
into the rankings, and thus we abandoned it in favour of using the original data.2

3.4 Cluster analysis

We then used hierarchical cluster analysis to identify watershed that were similar across the
decision variables. The resulting cluster dendrogram, however, was illegible due to the high

2 The script (Online Resource 1) runs multivariate analysis including Mahalanobis distances as a measure
of multivariate outliers. However results remained non-conclusive.
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Fig. 6: Boxplots of ranked hierarchical clusters of the two criteria sets.

number of variables. We therefore selected the top five clusters and used box and whisker
plots to explore which variables were most representative of those clusters (Fig. 6 ). The five
clusters emerging from the old criteria set had the following properties: high in non-potable
water, high in wasteland and high in common land. Four clusters emerged from the new
criteria set with the only discernible property of over-exploitation of ground water. A test
of autocorrelation of the clusters showed that both the group as well as all five individual
clusters were highly clumped for the old criteria set while in the case of the new criteria set,
the group and four of the five individual clusters were highly clumped (Tab. 8).



19

Table 8: Geary’s test for spatial dependence on hierarchical cluster data. A high degree of
spatial auto-correlation is exhibited by all sub-criteria barring cluster 4 in the new criteria
set.

Old Criteria Set (1994 to 2008) New Criteria Set (2008 onwards)

Geary C statistic p-value Geary C statistic p-value

All clusters 0.8761 9.796e-07 All clusters 0.4760 < 2.2e-16

Index 1 0.9281 0.004579 Index 1 0.7601 2.12e-05

Index 2 0.9416 0.01330 Index 2 0.7046 6.51e-07

Index 3 0.8423 6.039e-09 Index 3 0.5339 4.898e-16

Index 4 0.9366 0.008016 Index 4 0.9013 0.0514

Index 5 0.3159 < 2.2e-16 Index 5 0.6229 1.435e-09

3.5 Comparing the top ranked watersheds across the sub-criteria

We then asked ourselves how different the top ranked micro-watersheds (sum of all sub-
criteria) were from each of the sub-criteria. This was done by sorting the sum of the top
twenty criteria in ascending order and visualising the results on a box plot (Fig. 7 ). Res-
ults clearly showed that the ranks were significantly different from all the other sub-criteria
in both criteria sets. For the old criteria set they were furthest from sub-criteria 5 (avail-
ability of common lands) and closest to criteria 2 (shortage of drinking water). In the new
criteria set they were furthest from sub-criteria 1 (drinking water scarcity) and closest to
sub-criteria 8 (productivity potential of the land). The sub-division of micro-watersheds by
revenue boundaries in the older criteria set also led to differences in the summed ranks of
the old and new criteria sets even through some of the sub-criteria were identical.

In summary, our results showed that:

1. The criteria were spatially clumped for all sub-criteria except drinking water (sub-
criteria 2) in the old criteria set and drinking water (sub-criteria 1) and productivity
potential (sub-criteria 8) in the new criteria set.

2. Principal component analysis showed that three of the old and three of the new sub-
criteria explained over 50% of the variation in the data. Mapping of the principal com-
ponent data showed that the lower order principle components were single item compo-
nents that identified the same areas.

3. A hierarchical cluster analysis showed there were statistically relevant clusters of the
watershed across the criteria. A test of spatial auto-correlation among clusters showed
that there was highly significant clumping as a group.

4. Single sub-criteria were usually highly auto-correlated. However when compared against
other criteria from the same guidelines (using the Mantel test) they were negatively
correlated or not significantly correlated. Thus the sub-criteria in both the criteria set
contradicted each other.

5. When the ranks of the two different sets of criteria were summed the resulting maps were
spatially distinct. That is to say that the old and new criteria sets would have resulted in
the selection of different watershed areas for treatment.
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Fig. 7: Relative ranking of the top twenty micro-watersheds against the different sub-criteria
in each criteria set..

4 Discussion and conclusion

Institutional organisation of watershed development programmes has taken priority over
hydrological and landscape processes. This is leading to mistakes in prioritising micro-
watersheds for restoration. Present priorities reflect the rural development focus and the
belief in community based interventions, albeit that studies have found serious issues of eq-
uity in benefits accruing from these programmes (Hope, 2007; Kerr, 2002). The swing away
from purely technical criteria, seems to have been spurred by a poor performance of projects
prior to the common guidelines (Government of India, 2002). It is telling that the majority
of scientific publications dealing with prioritisation of watersheds use a totally different set
of criteria than those proposed by the common guidelines. It is therefore pertinent to ask
whether the guidelines swung too far away from technicalities of watershed restoration?
Kerr (2007) for instance, suggests that there are fundamental contradictions between imple-
menting a watershed management project versus addressing hydrological problems which
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require operation at much larger scales. The evaluation of impacts of these projects is made
more difficult due to lack of a baseline for measuring impacts of physical interventions (Patil
et al, 2008; Calder et al, 2007b,a; Gosain and Rao, 2004) and methodological challenges in
measuring impacts of social interventions (Hope, 2007).

The criteria for selection of watersheds in India is clearly an uncomfortable fit of so-
cial priorities into a watershed framework. For instance, the old criteria set, operational for
nearly 15 years, was based on watersheds defined not by hydrological principals but by
revenue village boundaries. The distribution of the areas of the resulting sub-divisions is
highly skewed towards smaller units with the majority being within 50 hectares rendering
them useless for restoration from a hydrological viewpoint. The new criteria-set however
does away with this procedure which resulted in watershed divisions corresponding to their
natural boundaries.

Watershed restoration in areas with high percentage of scheduled castes and tribes is
no guarantee that the benefits will accrue to the target populations. Often times, the water
resources and usufructs from the restored areas are dedicated to high caste families, temples,
or other communities based on centuries old resource sharing agreements (Netting, 1993;
Gadgil and Guha, 1992) . It is well documented that ecological goods and services constitute
a substantial component of incomes for poor communities (World Resources Institute, 2005;
Jodha, 1995). However prioritising areas for restoration based on higher population of these
communities (sub-criteria 3 and sub-criteria 6 in the old and new criteria set respectively)
implicitly assumes the availability and accessibility of common lands to this social group.
This criteria assumes that resources are uniformly available to these social groups as long
as they are within the same revenue village boundary. In much of India, access to natural
resources is based on more than just the distance of the resource from habitations. Caste
and political affiliations often limit access to high value resources, particularly to scheduled
castes and tribal communities.

Coding the criteria sets into a GIS to prioritise areas for restoration merely resulted in
prioritisation of disjointed regions of the watershed (Fig. 8 ). Spatial analysis of the ranked
watersheds clearly showed that selection on the basis of any one set of criteria would auto-
matically exclude other criteria as they are independently clumped. This leaves the practi-
tioner few options than to choose restoration areas based on convenience. Thus the guide-
lines, albeit based on expert opinion, lead to ad hoc choices. Furthermore shifting between
the old and new criteria set leads to even greater confusion as they choose a different set of
micro-watersheds.

Given there are hundreds of programmes implemented under these guidelines, it is im-
portant to adopt a more scientific framework which can be used for decision support. Our
work leads us to two major conclusions. First, the sub-criteria used to prioritise areas for
treatment need to be re-articulated so they separate the restoration of watersheds from rural
development. The planner will then be in a position to treat watersheds so they result in
better hydraulic function and thus larger and more sustainable goods and services. There
are two approaches which could work. The planner may use the rural development criteria
either at a broad scale. For example, districts and blocks with high incidence of poverty,
high densities of socially and economically disadvantaged groups may be selected. Micro-
watersheds from within these regions may then be selected using hydrological criteria. A
second approach would be to first select the top ranking micro-watersheds using the hy-
drological framework and then choose those with high ranks for social criteria from within
them.

Our second conclusion is that the criteria need to be re-formulated so they conform to
availability of data and tools that assist in their spatial and quantitative analysis. For instance,
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Fig. 8: Cumulative ranking for the two criteria sets. Darker the colour, higher the rank.
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census and revenue records could provide the baselines for rural development criteria while
landuse, slopes/elevation, soil types, hydrogeology and precipitation could provide the basis
for the hydraulic criteria. Each of these “layers” are available from government or other
public sources and conform to specific information needed to plan a rural development or
watershed restoration programme.

Coarseness of data is known to affect results when employed to model hydrological pro-
cesses (Baker et al, 2007). In our case, ranks of micro-watersheds could have been affected
leading to different outcomes in the ranking. However this is an inherent limitation of wa-
tershed planning with disparate data. The lack of metadata and cartographic standards is
another gap that needs to be addressed. Policy makers would do well to consult professional
cartographers in the production of official datasets.

Our results are based on the analysis of a single watershed. It would be interesting to see
whether similar patterns emerge in other areas. Another interesting line of comparison would
be to evolve a new set of selection criteria based entirely on hydro-geological characteristics
as done by various authors, or entirely on social basis, and to test them using a similar
procedure. Regardless of the choice, our approach could help the guideline making process
as it automates the analysis and works off publicly available datasets. Given that the outputs
of the script are both graphical and provide a range of statistical analysis, experts can easily
get feedback in the form of maps which shows the spatial distributions and the statistical
relationships between the criteria.
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