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Abstract

Arid western Rajasthan supports one of the most densely settled dryland farming populations in the
world under severe moisture deficit and recurrent drought. Crop diversification is widely promoted
across the region as an adaptation strategy, yet its recent spatial dynamics remain unquantified. This
study assessed crop diversification across twelve arid districts using the Herfindahl Index computed
from official crop-area statistics for 2012-13 and 2022-23, mapped within a geographic information
system and analysed through correlation and multiple regression. The regional mean index was
statistically unchanged, from 0.283 to 0.297, but dispersion widened sharply, with six districts
diversifying and six concentrating. Growth in net irrigated area emerged as the strongest predictor of
rising crop concentration, whereas rainfall showed no significant association. Irrigation expansion,
particularly groundwater-based expansion, is therefore reorganising rather than diversifying arid
cropping systems. Uniform diversification programmes should give way to district-specific strategies
distinguishing mature canal commands from expanding groundwater frontiers.

Keywords: Crop diversification, herfindahl index, arid agriculture, irrigation expansion, western
rajasthan, spatio-temporal analysis

1. Introduction

Drylands occupy roughly two-fifths of the terrestrial surface and support a disproportionate
share of the world's agriculturally dependent poor. Their defining constraint is not mean
water availability but its variability, which rises as mean rainfall falls, so that the driest
farming systems are also the least predictable. The Sixth Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC) ™ concludes with high confidence that
warming has increased the frequency and intensity of agricultural drought in several regions,
with South Asian systems facing compounding risks from heat extremes, altered monsoon
behaviour and declining groundwater. For household’s dependent on a single rainfed season,
climate change is experienced as a rising probability of harvest failure rather than a gradual
decline in expected yield.

Crop diversification is among the most widely advocated responses to this risk. Distributing
cultivated area among crops that differ in their sensitivity to heat, moisture deficit, pests and
pathogens buffers shocks that would devastate any single species. Renard and Tilman 2
demonstrated across ninety-one nations that greater effective crop diversity yields markedly
higher temporal stability of national harvests, and Bowles et al. B! confirmed the same logic
at field scale in long-term rotation trials, with the advantage of diversified systems widening
as growing conditions deteriorate. Rasmussen et al. ™ further indicate that diversification
delivers environmental and social benefits jointly rather than at each other's expense.

The benefits are nonetheless conditional, and the global evidence base is unevenly
distributed. Beillouin et al. ! mapped the global evidence base systematically and found it
strongly concentrated in temperate cereal systems, with arid small holder systems
comparatively neglected. Where evidence from water-limited environments does exist, Gou
et al. [% show that diversified planting improves resource-use efficiency only where water
delivery is reliable enough to sustain the additional crops.

Diversification can also be carried too far: Adam and Abdulai [ report that beyond an
optimum, spreading scarce land, labour and capital across more crops raises rather than
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reduces income volatility. Blesh et al. [ show that
institutional and network position, rather than agronomic
potential alone, determines whether diversification
pathways open or close in a given locality. Diversification,
in short, reflects resource endowment, infrastructure and
market structure as much as adaptive intent.

The literature on agricultural diversification began with the
recognition by Joshi et al. I that liberalisation and rising
incomes would shift resources from low-value staples
toward high-value commodities. Barik and Bedamatta 1%
show, from successive Agricultural Censuses, national crop
concentration declined between 1990-91 and 2015-16 even
as the number of states above the national average fell,
indicating that aggregate diversification coexisted with
intensifying regional specialisation. Chhatre et al. [
demonstrate that diversification functions as an operational
risk-management instrument in Indian agriculture, and
Auffhammer and Carleton 2 show that it moderates the
production consequences of weather shocks at district level.
Birthal et al. 31 and Sharma and Shastri [** converge on a
common set of determinants irrigation access, market
proximity, credit and institutional support rather than agro-
climatic endowment alone, implying that diversification
outcomes should track infrastructure more closely than
climate.

Arid western Rajasthan is an exacting setting in which to
examine this proposition. Kumar et al. I note that the
region carries a rural population density far above that of
other hot deserts and operates under an evapotranspiration
demand four to five times annual rainfall, against roughly
twice in adjoining semi-arid tracts. Goyal et al. [l model a
one-degree rise in mean temperature as raising annual
evapotranspiration demand by 35 to 96 mm across these
districts, a 44 per cent increment in stress on utilisable
groundwater at existing land use, while Kar &7 documents
progressive conversion of grazing land to cultivation that
has extended cropping onto marginal sandy substrates.
Kaushik and Sharma (8 record that most agricultural
households in the state's arid districts perceive long-term
climatic change and report diversification, mixed cropping
and rotation as their principal adaptive responses. Yet direct
measurement of diversification remains sparse. Kaur and
Singh [ in the closest antecedent study, applied
concentration indices to oilseed crops across the same
twelve districts to 2015-16, reporting moderate
diversification with sustained rapeseed and mustard
dominance, but were confined to a single crop group and
interpreted spatial pattern visually rather than statistically.
The decade since has seen substantial structural change:
Kiran and Pramanik 2 record tubewell irrigation expanding
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faster than any other source in Rajasthan, with groundwater
now supplying close to three-quarters of irrigated area;
Moharana et al. 3 document irrigated rabi cropland in
Jodhpur district rising from 7.6 to 21.3 per cent between
2000 and 2020 alongside groundwater declines of 11 to 45
metres; and Jain et al. 122 project that continued depletion
will reduce cropping intensity even where irrigation
infrastructure remains in place. Whether this transformation
has widened or narrowed the regional crop portfolio has not
been established, and the association between diversification
and its presumed drivers has not been tested, with the result
that irrigation expansion is treated as self-evidently
adaptive.
The present study addresses this gap through four objectives
e To quantify crop diversification in each of the twelve
arid districts of western Rajasthan for 2012-13 and
2022-23 using the Herfindahl Index.
e To map and classify the resulting spatial patterns under
a single classification scheme applicable to both years.
e To measure the magnitude and direction of decadal
change and identify the resulting district trajectories.
e To test the association of that change with irrigation
development and rainfall variability.

2. Materials and Methods

2.1 Study area

The study covers twelve districts of western Rajasthan
Barmer, Bikaner, Churu, Ganganagar, Hanumangarh,
Jaisalmer, Jalore, Jhunjhunu, Jodhpur, Nagaur, Pali and
Sikar between approximately 24°-30°N latitude and 69°-
76°E longitude (Fig. 1). They constitute the hot arid zone of
India, with a net sown area of 11.92 million ha in 2022-23,
close to two-thirds of the state total. Coarse-textured aeolian
sands of limited moisture-holding capacity make crop
performance dependent on the distribution rather than the
total of monsoon rainfall, which ranges from 185.5 mm in
Jaisalmer to 440.3 mm in Sikar (Table 1) and varies sharply
between years.

Agriculture divides sharply between a canal-irrigated north-
west and a predominantly rainfed or groundwater-irrigated
remainder. The Indira Gandhi Canal Project serves
Ganganagar, Hanumangarh, Bikaner and Jaisalmer, and the
Narmada Canal parts of Jalore and Barmer; elsewhere
irrigation depends on tubewells drawing on aquifers of
limited and often saline recharge. Rainfed systems are
dominated by pearl millet, clusterbean and moth bean,
irrigated tracts by wheat, mustard, gram and cotton. Net
irrigated area expanded from 3.26 million ha in 2012-13 to
4.57 million ha in 2022-23, an increase of 40.3 per cent in a
single decade.
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Source: Prepared by the authors from Survey of India district boundaries.

Fig 1: Location of the twelve arid districts of western Rajasthan constituting the study area, shown within the national and state context

Table 1: Physical and irrigation characteristics of the twelve arid districts of western Rajasthan

District N0|_'mal annual | Netirrigated area | Netirrigated area _ C_Srowth innet | Groundwater share 2022-

rainfall (mm) 2012-13 (ha) 2022-23 (ha) irrigated area (%) 23 (%)
Barmer 265.7 2,08,191 3,24,354 55.8 91.3
Bikaner 243.0 3,29,955 6,24,355 89.2 55.8
Churu 354.7 1,06,732 2,66,087 149.3 91.4
Ganganagar 226.4 5,90,653 6,72,717 13.9 3.1
Hanumangarh 273.5 3,87,612 4,92,319 27.0 5.1
Jaisalmer 185.5 1,31,529 2,09,235 59.1 58.9
Jalore 370.0 3,23,449 3,84,356 18.8 70.6
Jhunjhunu 405.1 2,27,267 2,51,856 10.8 100.0
Jodhpur 313.7 3,15,056 5,67,196 80.0 98.4
Nagaur 311.7 2,44 372 3,561,055 43.7 99.6
Pali 424.4 1,52,571 1,84,129 20.7 83.8
Sikar 440.3 2,42,276 2,46,946 1.9 100.0

Source: Compiled by the authors from Agricultural Statistics of Rajasthan 2012-13 and 2022-23.

2.2 Data sources

Crop area, net sown area, source-wise net irrigated area and
rainfall departure from normal were obtained for each
district from the 2012-13 %31 and 2022-23 4 volumes of
Agricultural  Statistics of Rajasthan (Directorate of
Economics and Statistics, Government of Rajasthan), so that
all quantities derive from one consistent statistical system.
Nomenclature was harmonised across the two editions by
combining finer categories where a heading in one year
corresponded to two in the other, and crops recorded as nil
in both years were excluded to prevent inflating the crop

count. District boundaries were held at their shared pre-2023
configuration, unaffected by the subsequent reorganisation

of Rajasthan.

2.3 Measurement of crop diversification
Crop diversification was measured using the Herfindahl
Index [ computed for each district and year using

Equation (1)

HI=X@P)(i=1..N)
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Where P; is the proportion of gross cropped area under the
i"™ crop and N the number of crops. The index approaches
zero as area is distributed evenly across many crops and
reaches unity under complete specialisation. It is therefore
inverse in direction: a rise between two dates denotes
reduced diversification, not improvement. This convention
is stated explicitly because misreading it reverses every
substantive conclusion, and it is applied without exception
throughout. The Herfindahl Index was preferred over
entropy-based alternatives because it is the measure most
widely used in the Indian diversification literature, is
bounded and directly interpretable, and requires no
weighting  decision, making the computation fully
reproducible from published area tables. Two limitations,
common to all share-based concentration measures, are
acknowledged: the index cannot attain its theoretical
minimum for small crop counts, and it weights crops by area
alone, so two districts may return identical values while
differing in the agronomic character of their portfolios.
Index values were assigned to five classes using a single
fixed scheme applied identically to both years: very high
diversification below 0.20, high from 0.20 to 0.249,
moderate from 0.25 to 0.299, low from 0.30 to 0.399, and
very low at 0.40 and above. Fixing class boundaries across
time is a deliberate departure from common practice. Where
classes are derived separately for each year, a district may
change class without its index value changing at all, simply
because the distribution around it has moved; a single
absolute scheme ensures that any change in class reflects a
change in the underlying cropping pattern.

2.4 Statistical and cartographic analysis

Change was computed as the arithmetic difference between
the 2022-23 and 2012-13 index values. Convergence was
assessed on two criteria [?%1: sigma-convergence, from the

https://www.geojournal.net

standard deviation and coefficient of variation of the twelve
district values in each year, and beta-convergence, from the
correlation between the base-year index and subsequent
change. Change in central tendency was tested using the
paired-sample t test and the Wilcoxon signed-rank test, the
latter because normality cannot be assumed at this sample
size.

Bivariate associations were quantified using the Pearson
product-moment correlation coefficient, evaluated through
the t statistic at ten degrees of freedom, for four explanatory
variables: percentage growth in net irrigated area between
the two dates; the share of net irrigated area supplied by
wells and tubewells in 2022-23; normal annual rainfall; and
mean absolute rainfall departure across the two reference
years. Multiple linear regression was then estimated with
change in the index as the dependent variable and the base-
year index and irrigation growth as predictors, evaluated
through R?, adjusted R?, the F ratio and coefficient t
statistics. Because a correlation computed on twelve
observations is vulnerable to leverage, the irrigation
relationship was additionally examined through a grouped
comparison using the Mann-Whitney U test and Welch's
unequal-variance t test. Given the sample size, results are
interpreted as regional associations rather than causal
estimates. Computation was performed in Python using the
NumPy and SciPy libraries.

District index values were joined to a district boundary layer
and rendered as choropleth maps within a geographic
information system using the fixed classification scheme, so
that the two maps are directly comparable by colour class,
with change symbolised on a diverging scheme centred on
zero. Mapping was carried out in ArcMap 10.4 using a
district boundary layer sourced from Survey of India and
projected in GCS_WGS_1984. The complete analytical
sequence is summarised in Fig. 2.

Step 1 District-wise crop area statistics
P DES Rajasthan, 2012-13 and 2022-23
v
Data screening, harmonisation of crop nomenclature
Step 2 L .
and district boundaries
Computation of crop proportions and Herfindahl Index
Step 3 S,
for each district and year
v
l Step 4 Common five-fold classification applied to both
reference years
Choropleth mapping in a GIS environment
Step 5 Lo .
(district polygon join, class rendering)
Change detection and statistical analysis
Step 6 ) " . i
(correlation, multiple regression)
v
Typology of districts and interpretation of adaptation
Step 7 B
and policy implications

Source: Prepared by the authors

Fig 2: Methodological workflow adopted for the district-level assessment of crop diversification, 2012-13 to 2022-23
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3. Results and Discussion

3.1 Spatial patterns of crop diversification, 2012-13 and
2022-23

District index values for 2012-13 ranged from 0.17 in
Nagaur to 0.41 in Bikaner (Table 2, Fig. 3). The most
diversified systems occupied a broad central and eastern
belt. Nagaur returned the lowest concentration in the region,
reflecting a balanced rainfed-to-groundwater portfolio of
pearl millet, moth bean, clusterbean, mustard, cumin and
gram, while Ganganagar followed closely on an entirely
different foundation: assured canal supply permitting cotton,
wheat, mustard and gram within a single annual cycle. That
two districts at opposite ends of the irrigation spectrum
produced comparable values is instructive, and indicates
that diversification in this region has arisen along at least
two distinct pathways. The least diversified districts formed
a contiguous western and north-western block, where the
moisture regime excluded most alternatives to pearl millet,
clusterbean and moth bean, together with a Shekhawati
cluster in which deep tubewell irrigation had already begun
consolidating area under a narrow set of rabi crops. The
2012-13 pattern thus broadly conformed to the expectation

Table 2: Herfindahl Index, diversification clas

https://www.geojournal.net

that aridity restricts crop choice, with the notable exception
of the canal command, where imported water had generated
diversity without recourse to the aquifer.

By 2022-23 the range had widened considerably, from 0.19
in Hanumangarh to 0.55 in Churu (Table 2, Fig. 4), and the
organising logic of the pattern had altered. The two canal
command districts occupied the top of the distribution
together, whereas a decade earlier they had been separated
by five other districts, while Nagaur, previously the most
diversified district in the region, had fallen to third. The
most consequential development lies at the concentrated
end: Churu recorded the highest value observed in either
year, approaching functional monoculture in its rabi season,
and Barmer, Bikaner and Jodhpur followed. Jaisalmer
moved in the opposite direction and now sat in the moderate
class alongside districts of far greater agricultural
endowment. The 2022-23 pattern is therefore no longer a
simple gradient of increasing concentration toward the arid
west, but a mosaic in which the extremes of both
diversification and concentration occur within the same
aridity band.

s and decadal change by district, 2012-13 to 2022-23

District HI iglz' Class 2012-13 | H! ggzz' Class 2022-23 A(‘:?]?r:;;e chzilgzl\(/;) ) Direction
Jaisalmer 0.38 Low 0.25 Moderate -0.13 -34.2 Diversification
Hanumangarh 0.27 Moderate 0.19 Very high -0.08 -29.6 Diversification
Sikar 0.36 Low 0.29 Moderate -0.07 -19.4 Diversification
Bikaner 0.41 Very low 0.35 Low -0.06 -14.6 Diversification
Jhunjhunu 0.31 Low 0.27 Moderate -0.04 -12.9 Diversification
Ganganagar 0.21 High 0.20 High -0.01 -4.8 Diversification
Jalore 0.23 High 0.25 Moderate +0.02 +8.7 Concentration
Pali 0.24 High 0.26 Moderate +0.02 +8.3 Concentration
Nagaur 0.17 Very high 0.23 High +0.06 +35.3 Concentration
Jodhpur 0.23 High 0.30 Low +0.07 +30.4 Concentration
Barmer 0.28 Moderate 0.42 Very low +0.14 +50.0 Concentration
Churu 0.31 Low 0.55 Very low +0.24 +77.4 Concentration

Note: Lower index values denote higher diversification; a positive change therefore denotes reduced diversification. Classification

thresholds are fixed across both years.
Source: Computed by the authors.
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Fig 3: Spatial pattern of crop diversification measured by the herfindahl index, 2012-13
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Fig 4: Spatial pattern of crop diversification measured by the herfindahl index, 2022-23

3.2 Decadal change and district trajectories

Six districts diversified and six concentrated over the
decade, but the magnitudes were markedly asymmetric
(Table 2, Fig. 5). The largest movement toward
diversification occurred in Jaisalmer, whose index fell by
34.2 per cent of its base value, followed at decreasing
magnitude by Hanumangarh, Sikar, Bikaner, Jhunjhunu and
Ganganagar. The largest movement toward concentration
occurred in Churu, where the index rose by 77.4 per cent by
a considerable margin the most pronounced structural
change recorded in the region followed by Barmer, Jodhpur,
Nagaur, and Jalore and Pali.

These trajectories support a four-fold classification of
districts, proposed here from the observed decadal

trajectories, carrying direct operational implications.
Consolidated diversified systems, comprising the canal-
commanded Ganganagar and Hanumangarh, remained in the
two most diversified classes at both dates. Emerging
diversifiers Jaisalmer, Bikaner, Sikar and Jhunjhunu began
in the low or very low classes and moved toward the
regional mean, through canal extension in the first two and
stabilisation of a mature groundwater economy in the
second two. Gradual concentrators, comprising Nagaur,
Jodhpur, Jalore and Pali, began diversified and lost ground
moderately as irrigation extended the rabi season. Rapid
concentrators, Churu and Barmer, recorded the sharpest
reduction in portfolio breadth in the region.

Churu A
Barmer
Jodhpur -
Nagaur A

Pali

Jalore -
Ganganagar -
Jhunjhunu +
Bikaner A
Sikar -
Hanumangarh -

Jaisalmer 4 -0.13

| +0.24

+0.14

I +0.07
+0.06
| +0.02

|| +o.02

— Increasing diversification
T
—=0.1

0.0
Change in Herfindahl Index, 2012-13 to 2022-23

Increasing concentration —
T

0.1 0.2

Note: Negative values denote increasing diversification; positive values denote increasing crop concentration
Source: Authors computation based on Agricultural Statistics, Directorate of Economics and Statistics, Government of Rajasthan

Fig 5: Direction and magnitude of change in the herfindahl index by district, 2012-13 to 2022-23

3.3 Regional polarisation beneath a stable mean

The distributional statistics clarify what happened at
regional level (Table 3). The mean index rose only
marginally, from 0.283 to 0.297, and neither the paired t test

nor the Wilcoxon signed-rank test approaches significance.
On the evidence of the mean alone, nothing of consequence
occurred in arid western Rajasthan between 2012-13 and
2022-23. The dispersion statistics describe a different
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situation: the standard deviation rose by 39.3 per cent, the
coefficient of variation from 25.78 to 34.30 per cent, and the
observed range from 0.24 to 0.36, so that the variance very
nearly doubled. On the sigma criterion the region diverged
markedly; districts became substantially less alike in the
structure of their cropping systems. The beta criterion
returns a different signal. The correlation between the base-
year index and subsequent change was negative but short of
conventional significance (Table 4), indicating a tendency
for initially concentrated districts to diversify and initially
diversified districts to concentrate. The 2012-13 pattern
explains only about eleven per cent of the variance in the
2022-23 pattern, so regional structure was substantially
reorganised rather than merely amplified. The coexistence
of weak beta-convergence with strong sigma-divergence is

https://www.geojournal.net

explained by Churu and Barmer, both of which began near
the regional mean and moved decisively toward
concentration, widening dispersion without contradicting
the general regression to the mean observed among the
remaining districts. This structure has a direct precedent in
the national findings of Barik and Bedamatta (%, where the
aggregate Herfindahl Index declined even as the number of
states above the national average fell. The correspondence
between a national-scale and a district-scale finding of this
kind suggests that mean-based reporting systematically
conceals divergence in Indian agricultural systems at
whatever resolution it is applied. Had this study reported
only the regional aggregate, it would have concluded that
the decade was uneventful.

Table 3: Distributional statistics of the herfindahl index across the twelve districts

Statistic 2012-13 2022-23 Change
Mean 0.283 0.297 +0.013
Median 0.275 0.265 -0.010
Standard deviation 0.073 0.102 +0.029
Coefficient of variation (%) 25.78 34.30 +8.52
Minimum 0.17 (Nagaur) 0.19 (Hanumangarh) -
Maximum 0.41 (Bikaner) 0.55 (Churu) -
Range 0.24 0.36 +0.12
Variance ratio (2022-23 : 2012-13) - - 1.94

Note: The paired-sample t test of the change in mean returned t = -0.446 (p = 0.664) and the Wilcoxon signed-rank test p = 0.926, indicating

no significant change in central tendency.
Source: Computed by the authors.

3.4 Irrigation expansion as the dominant correlate of
change

Net irrigated area in the twelve districts expanded by 40.3
per cent over the decade, but very unevenly: Churu recorded
the steepest expansion at 149.3 per cent, followed by
Bikaner, Jodhpur, Jaisalmer and Barmer, while Sikar,
Jhunjhunu and Ganganagar expanded by under 14 per cent,
reflecting systems already close to their command or aquifer
limits. The correlation between irrigation expansion and
change in the Herfindahl Index is positive and statistically
significant, explaining 36.2 per cent of the variance in
decadal change (Table 4, Fig. 6). Districts that expanded
irrigated area most rapidly were those in which crop
concentration increased most sharply the opposite of the
relationship assumed in most diversification policy, which
treats irrigation as the enabling condition for a wider crop
portfolio. The rank-order equivalent is weaker (rho =
+0.364, p > 0.05), indicating that the linear coefficient is
influenced appreciably by Churu, whose irrigation growth
and index increase are both the largest in the dataset. The

association is therefore carried substantially by districts at
the upper end of the irrigation-growth distribution rather
than representing a uniform gradient. A grouped comparison
independent of any single district's position confirms the
relationship: all four districts in which canal systems
supplied forty per cent or more of net irrigated area in 2022-
23 moved toward diversification (mean change -0.070),
while the eight well and tubewell-dependent districts moved
on average toward concentration (mean change +0.055), a
difference significant on both tests applied (Mann-Whitney
p = 0.028; Welch's t test p = 0.016). A parallel grouping by
irrigation ratio rather than canal status produced a difference
in the same direction but well short of significance (p =
0.149 and p = 0.130), indicating that what distinguishes the
diversifying districts is an established surface command
rather than the quantity of water applied. The share of net
irrigated area drawn from wells and tubewells reinforces the
finding without reaching significance, correlating positively
with both the 2022-23 index and decadal change (Table 4).

Table 4: Correlation and regression results explaining decadal change in crop diversification (n = 12)

Relationship tested Coefficient t r2
Herfindahl Index 2012-13 vs change in index r=-0.377 -1.29 0.142
Growth in net irrigated area vs change in index r = +0.602 +2.38 0.362
Groundwater share 2022-23 vs index 2022-23 r =+0.452 +1.60 0.205
Groundwater share 2022-23 vs change in index r =+0.420 +1.46 0.176
Normal annual rainfall vs index 2022-23 r=+0.104 +0.33 0.011
Mean absolute rainfall departure vs change in index r=-0.217 -0.70 0.047

Multiple regression: (_:hz?mge_) in index on baseline index and R? = 0.664 F(2,9) = 8.90 Adj. R2 = 0590
irrigation growth
Baseline Herfindahl Index 2012-13 b =-0.805 -2.84 -
Growth in net irrigated area (%) b =+0.00182 +3.74 -

Note: Critical value of t at the 0.05 level with 10 degrees of freedom is 2.23.

Source: Computed by the authors.
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Fig 6: Relationship between growth in net irrigated area and change in the Herfindahl Index, showing the positive association between
irrigation expansion and rising crop concentration

3.5 The absence of a rainfall signal

Rainfall variable does not show a meaningful association
with diversification. Normal annual rainfall correlates
negligibly with the 2022-23 index, and mean absolute
rainfall departure correlates weakly and non-significantly
with decadal change (Table 4). Jaisalmer, the driest district,
and Sikar, among the wettest, both diversified over the
decade, while Barmer and Churu concentrated despite
occupying different positions on the rainfall gradient.
Barmer's case is particularly instructive: its index rose
sharply even though rainfall moved from a 54.4 per cent
deficit in 2012 to a 49.5 per cent surplus in 2022, so the
change cannot be attributed to moisture conditions in the
reference years.

This negative result deserves interpretation rather than
dismissal. Annual district rainfall totals suppress precisely
those features of the monsoon that govern cropping
decisions in arid systems onset date, within-season
distribution and the length of dry spells during the critical
growth window and a two-point design cannot detect a
relationship operating over a moving multi-year window of
accumulated experience. It is also possible that within an
arid region the between-district range of long-run rainfall
matters less for the crop portfolio than the presence or
absence of irrigation infrastructure. The significant
irrigation result taken together with the null rainfall result
points toward this third reading, and is consistent with
Birthal et al. % and Sharma and Shastri 4, who identify
infrastructure, credit and market access rather than climatic
endowment as the operative constraints on diversification.

3.6 Multivariate explanation of decadal change

Regression of decadal change on the base-year index and
irrigation growth together explains 66.4 per cent of the
variance across the twelve districts, and both predictors are
individually significant (Table 4). Two forces evidently
acted simultaneously and in opposition. Districts beginning
the decade with concentrated cropping systems tended to
diversify, a regression-to-the-mean effect implied by the
negative base-year coefficient, while independently of
starting position every ten percentage points of irrigation
growth raised the concentration index by approximately

0.018. Where a district began highly concentrated and
expanded irrigation moderately, as in Jaisalmer and Bikaner,
the first effect prevailed; where a district began near the
regional mean and expanded irrigation dramatically, as in
Churu, the second prevailed and concentration accelerated.
A methodological caveat applies to this result. Because the
baseline index is used both to define the outcome, change
being the 2022-23 value minus the 2012-13 value, and as a
predictor of that same outcome, part of the model's overall
fit and the negative baseline coefficient reflect this
structural, change-score relationship rather than a purely
independent behavioural effect; the reported R2 should
therefore not be read as an independent causal explanatory
power attributable to irrigation growth alone. The irrigation-
growth effect itself does not depend on this coupling: it is
corroborated independently by the bivariate Pearson
correlation (Table 4), by the canal-versus-groundwater
grouped comparison using the Mann-Whitney U and
Welch's t tests (Section 3.4), and by the qualitative contrast
between mature canal commands and expanding
groundwater frontiers developed below.

3.7 The mechanism linking irrigation expansion to crop
concentration

The mechanism underlying this result is economic rather
than agronomic. Under rainfed conditions the crop portfolio
of an arid district is wide by necessity: pearl millet, moth
bean, clusterbean, sesamum and fodder legumes are grown
together because none is individually reliable, their differing
responses to monsoon timing constituting a form of risk
pooling. This is diversification as survival strategy rather
than commercial choice. Assured irrigation removes that
constraint. A farmer able to water a rabi crop faces a
decisive comparison between the returns from mustard,
wheat or cumin and those from the traditional kharif
mixture, and area migrates toward whichever irrigated crop
offers the best combination of price, procurement and
agronomic fit. The portfolio contracts not because the
cultivator has become less rational about risk but because
irrigation has apparently reduced the risk that diversity
previously managed.

The apparent quality of that reduction is the difficulty.
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Where assurance derives from an aquifer drawn down faster
than it recharges, the cultivator has substituted a diversified
exposure to rainfall variability for a concentrated exposure
to groundwater availability, commaodity price and the energy
cost of lifting water from increasing depth. Churu, which
expanded net irrigated area by 149.3 per cent with 91.4 per
cent of that area drawn from wells and tubewells, is the
extreme case. Kiran and Pramanik 2% show that tubewell
irrigation has grown faster than any other source in
Rajasthan, with measurable water-table decline in high-
density districts; Moharana et al. ?Y document groundwater
declines of 11 to 45 metres in the Jodhpur tehsils where
irrigated rabi area expanded most; and Jain et al. *2 project
that continued depletion will reduce cropping intensity even
where wells remain physically in place. The concentration
documented here is therefore built on a resource base whose
trajectory is known.

The contrast between the canal commands and the
groundwater frontier clarifies that the relationship between
irrigation and diversification is conditional on the stage and
source of development rather than on its level. Ganganagar
and Hanumangarh have the highest irrigation coverage in
the region and the lowest concentration indices, yet their
irrigated area grew comparatively little: their commands are
essentially complete, water allocation is administratively
determined rather than individually appropriable, and their
cropping systems have had four decades to develop the
rotational structure, market channels and processing
infrastructure that a diverse portfolio requires. Jaisalmer
illustrates the same principle in transition, its index falling
by the largest margin in the dataset as canal extension
broadened a crop set previously restricted by extreme
aridity; Sur and Chauhan [ document net primary
productivity increases of up to seventy-eight per cent across
parts of its command. Assured surface water in a mature or
maturing command supports diversity; rapid, individually
appropriated groundwater expansion does not.

This finding runs against the expectation derived from the
Indian irrigation literature more broadly, in which assured
irrigation is associated with a narrowing crop portfolio, as in
the wheat-paddy systems of the north-western plains. The
reconciliation lies in the counterfactual: the relevant
comparison for a canal district in this region is not a mature
procurement-backed cereal system elsewhere but the
adjacent rainfed districts, where cultivators face a far
narrower feasible crop set because water is unreliable. Read
that way, canal water in arid Rajasthan does not narrow the
portfolio so much as widen the range of what can be grown
at all. The result is also consistent with Gou et al. !, who
find that diversified planting in arid irrigation districts
improves resource-use efficiency only where water delivery
is reliable, and with Blesh et al. ® who show that
institutional position rather than agronomic potential
governs which diversification pathways remain open.

3.8 Diversification, resilience and policy implications

The framing of diversification as a proxy for climate
resilience requires qualification. The Herfindahl Index
measures how cultivated area is distributed among crops,
not yield stability, income variability, water productivity or
recovery time after a shock. Diversity into crops with
similar water and thermal requirements vyields little
buffering, so index values alone can overstate functional
diversity; concentration supported by genuinely reliable

https://www.geojournal.net

supply, as in a mature canal command, is less hazardous
than the same value supported by a declining aquifer; and
diversification that spreads scarce land, labour and capital
too thinly may, as Adam and Abdulai [l report, raise rather
than reduce income volatility. The portfolio mechanism
linking crop diversity to production stability is nonetheless
well established at national scale by Renard and Tilman 2
and at field scale by Bowles et al. ], so interpreting a rising
index as a reduction in one component of adaptive capacity
is reasonable, provided the claim is confined to that
component. The present findings should therefore be read as
identifying where portfolio-based buffering has weakened,
and where direct measurement of yield and income stability
should now be undertaken.

Three implications follow

First, diversification programmes should be targeted by
district trajectory rather than administered uniformly: the
four groups identified above require maintenance, support,
early attention and immediate intervention respectively, and
uniform provision across all twelve districts allocates
resources in inverse proportion to need.

Second, irrigation development and crop diversification
policy must be designed jointly, since pursued
independently they work against one another subsidised
well-drilling and power supply raise the return to a single
rabi crop while an adjacent programme urges cultivators to
grow several. Conditioning irrigation support on cropping-
pattern criteria, differentiating power tariffs by crop water
requirement, or extending procurement to pulses and coarse
cereals at parity with mustard would remove the
contradiction.

Third, because Sharma and Shastri 4 show that
diversification responds to landholding, mechanisation,
credit and market access rather than agro-climatic
endowment alone, instruments operating on credit, seed
systems and output markets are likely to prove more
effective in the concentrating districts than climate-
information instruments alone. Churu and Barmer, which
combine low diversification with the fastest concentration in
the region, require intervention addressing aquifer
management and crop marketing together.

3.9 Limitations

Four limitations qualify these findings. The sample of
twelve districts constrains statistical power, so associations
of moderate strength fall short of significance and the
regression should be read as descriptive of this region rather
than a generalisable model. Two reference years establish
net change but not trajectory, and neither was climatically
neutral; a continuous annual series would permit trend
estimation and separate structural change from year-specific
response. District-scale analysis cannot resolve the within-
district contrast between command, groundwater and rainfed
tracts that is the fundamental unit of agricultural decision-
making in this region. Finally, the analysis is correlational:
the irrigation-concentration association is robust and
mechanistically plausible, but causation cannot be
established from these data, since districts with
commercially attractive rabi crops may equally have
attracted irrigation investment for that reason.

4. Conclusion
This study measured crop diversification across the twelve
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arid districts of western Rajasthan for 2012-13 and 2022-23
using the Herfindahl Index, mapped the results under a
common classification within a geographic information
system, and tested the association of decadal change with
irrigation development and rainfall.

Three findings emerge. The region did not diversify or
concentrate as a whole; it polarised, the mean index moving
by only 0.013 while dispersion widened by 39.3 per cent
and the twelve districts divided evenly between diversifying
and concentrating trajectories. lIrrigation expansion, not
rainfall, is the principal correlate of that divergence, and
together with the base-year index accounts for 66.4 per cent
of the variance in decadal change, whereas no rainfall
variable shows a significant association. The relationship
between irrigation and diversification is conditional on the
maturity and source of the irrigation system, with mature
canal commands sustaining the most diversified cropping in
the region while rapidly expanding groundwater frontiers
show the sharpest concentration.

The scientific contribution is threefold: the first post-2015
district-level account of whole-system crop diversification
for the Indian hot arid zone; statistical evidence that the
region has diverged rather than converged in cropping
structure; and identification of irrigation expansion, rather
than climate variability, as the dominant proximate correlate
of that divergence. Each of these findings depends on
measuring the distribution of district values rather than their
average, and would have been invisible to an analysis
reporting regional means alone.

The principal policy implication is that irrigation
development and crop diversification cannot be planned as
independent programmes in this environment. Where
irrigation rests on a declining aquifer and is accompanied by
concentration into a single high-value rabi crop, the
outcome is not adaptation but a transfer of risk from a
variable, renewable source to a depleting, non-renewable
one. Districts such as Churu, where concentration rose by
77.4 per cent alongside 149.3 per cent irrigation growth,
require intervention addressing aquifer management and
crop marketing together.

Three lines of further work follow directly. A continuous
annual series would permit trend and instability analysis and
identify when individual district trajectories turned; formal
spatial autocorrelation testing would establish whether the
clustering described here is statistically significant; and
linking district diversification to observed yield and income
variability would convert the resilience interpretation from a
theoretically grounded inference into a directly measured
relationship. Until that step is taken, the distinction between
genuine adaptation and its appearance in arid western
Rajasthan will remain a matter of inference, and monitoring
at district scale, reporting distributions rather than averages,
remains the minimum requirement for telling the two apart.
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