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Abstract

Support for rural livelihoods to adapt to climate change is a top policy priority around the world.
We advance the concept of ‘self-organized adaptation’ to analyze how long-term pathways of
transformation come about as the organic outcome of farmers’ incremental and continuous
responses to climate and other challenges. Through an analysis of four decades’ responses to
changing climate conditions in an agricultural system of the Indian Himalayas, we show how
several key policy interventions—institutional support for the dissemination of agricultural
knowledge, investments in infrastructure, and strengthening of market linkages—have produced
favorable conditions for successful, long-term self-organized adaptation to climate change. This
has led to the transformation of an agricultural system specialized in apple production to one with
a great diversity of fruit, vegetable, and food grain crops. We find that farmers growing these crops

cluster into five distinct agricultural portfolios that reflect the constraints and opportunities that
different farmers face, and which are patterned by interaction with rural institutions and
household social networks. We highlight the role of distributed decision-making in shaping
broader trajectories of systemic transformation, and we argue for the need to move beyond
pre-defined climate interventions toward the identification of policy mechanisms that can support
more effective self-organization over the long-term.

1. Introduction

Climate change poses significant threats to the well-
being of the rural poor, particularly in developing
countries [1-3]. Planning for the challenges of cli-
mate change is now viewed as an essential aspect
of international and national development planning
[4-6]. There is growing consensus of the need to
move beyond predefined interventions targeting spe-
cific threats to promote broader transformation of
production systems so that they are more secure and
sustainable to begin with [7-9]. Ongoing debates
have focused on what kinds of measures need to be
coordinated at higher scales and those which may
be more effectively designed and coordinated at sub-
national and local levels [10-12]. Despite extensive
research on individual and collective responses to
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various climate challenges [ 13-16], knowledge of how
policy interventions shape long-term processes of cli-
mate adaptation in rural livelihood systems is still
limited overall, while there remain comparatively few
empirical examples from which to draw lessons for
policy [17]. In this paper, we advance the concept of
self-organized adaptation as a means to explore how
public support systems—comprised of multiple insti-
tutions and programs for public support—influence
trajectories of livelihood transformation in response
to climate risk and change.

Our focus on self-organized adaptation responds
to several fundamental challenges to development
planning in the context of climate change. First, the
unpredictability of future conditions underscores the
need for governance arrangements that are respons-
ive to changing needs. Current climate models do not
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allow us to project precisely how climate changes will
affect specific localities, much less the convergence
of events through which their effects will cascade
through complex livelihood systems [18—21]. Second,
different localities, groups, and households often have
very different susceptibilities to exposure and diver-
gent capacities to respond to shocks [22-25]. It thus
follows that no single program or policy is likely to
be sufficient by itself: there is a need for interven-
tions that can bring together multiple forms of sup-
port to address varying local needs [26-28]. Third,
while individual, ‘first-order’ responses may play an
important role in mitigating loss to specific chal-
lenges, broader transformation in the nature of pro-
duction systems are often necessary to sustain and
secure rural livelihoods over the long-term [7, 29].
Recent scholarship has attended carefully to the
path-dependent trajectories through which adapta-
tions unfold, highlighting the limits of command-
and-control approaches for facilitating transformat-
ive change [30-34].

When considered together, these three
dimensions—the uncertainty of future conditions,
highly differentiated needs, and the path-dependent
nature of transformations—present fundamental
challenges to development as often practiced. In
short: identifying necessary interventions, their pos-
sible sequences, and the appropriate combinations
may not be possible in advance. Our use of self-
organized adaptation thus seeks to shift the focus
away from specific, readily identifiable interventions
to the broader set of supportive conditions that can
enable ongoing, incremental responses to diverse and
changing needs as they arise. Self-organization is
more than just the sum of individual, autonom-
ous household-level responses; it is a system-level
attribute that emerges as an effect of ongoing exper-
imentation and innovation that alters the horizon of
opportunities for actors within the system as a whole
[35, 36].

Although much adaptation planning to date has
focused on macro-level policy structures and pro-
gram design, the idea that adaptation is context-
specific, localized, and emergent underlies a great
deal of social science scholarship on climate adapta-
tion [9, 25, 37, 38]. The language of self-organization
is itself often invoked in the literature on both
resilience and polycentricity to signal the limita-
tions of top-down planning as well as the import-
ance of planning initiated by actors most able to
identify and carry out responses in their specific
localities [16, 35, 39—41]. While planning processes
must necessarily be coordinated at multiple scales
[11,42], it is widely recognized that interventions
are successful only to the extent that they align with
challenges and opportunities of complex produc-
tion systems [21, 22, 32]. Local actors often have
existing practices to mitigate risk rooted in prac-
tical knowledge and experience, which can help in
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developing locally-appropriate responses to climate
threats [43-45]. Policy strategies for ‘community-
based adaptation’ and ‘bottom up’ climate assess-
ments are both premised on the belief that local input
in planning processes is necessary to develop inter-
ventions that align with local needs and context-
specific conditions [23, 46, 47].

A burgeoning body of scholarship has investig-
ated the factors that enable effective responses to chal-
lenges faced by households and communities in dif-
ferent contexts [48, 49]. Households’ ability to cope
with stressors or undertake responses to mitigate
future threats is structured by assets and resources,
personal capabilities, the ability to gain access to
external support, and other factors [8, 34, 50, 51].
Social networks, norms of reciprocity, and traditions
of collective action often play a crucial role in helping
to coordinate collective responses to local challenges
or disseminating new technology and knowledge
[31, 52, 53]. Local institutions can serve as crucial
channels to leverage resources and programs from
higher levels of government and connect them to
local needs [13, 54, 55]. Knowledge of climate threats
and response alternatives is itself an important pre-
requisite for vulnerable groups to decide what kinds
of actions to undertake [8, 49]. Broader policy frame-
works play a significant role in shaping the kinds of
resources and support given to local and meso-level
governance structures, which may both extend and
constrain the range of local responses that are avail-
able [12, 26, 28].

Yet although such work has made important
progress toward the identification of factors con-
ducive to locally-coordinated climate responses, a
majority of social science literature has continued
to focus on the determinants of individual decision-
making, with far less attention to how social inter-
actions and institutions structure adaptation of agri-
cultural systems, as two recent large-scale reviews
note [15,56]. Moreover, there remains only lim-
ited empirical evidence of how individual decision-
making unfolds in tandem with shifts in broader
production systems, even despite important the-
oretical progress in conceptualizing the interplay
between individual responses and system transforma-
tion [7, 30, 32]. Building upon these scattered threads
of scholarship, our account of self-organized adapt-
ation sheds light on how pathways of transforma-
tion come about as a result of farmers’ incremental
decisions, structured by variegated state support and
ongoing interaction and diffusion within household
social networks.

2. Study background: agricultural
transformation in the Kullu Valley

Our study of agricultural transformations in the
lower middle Himalayas over the past two decades
provides one such example of successful long-term,



10P Publishing

Environ. Res. Lett. 16 (2021) 104002

self-organized adaptation. Our analysis focuses on the
Takoli panchayat, which is located in India’s north-
ern state Himachal Pradesh at the lower reaches of
the Kullu Valley. Our analysis is built upon detailed
household surveys undertaken in 2011 complemen-
ted with secondary data on climate and agricultural
changes in the area as well as intensive qualitat-
ive enquiry and semi-structured interviews (see full
details on materials and methods in the SI available
online at stacks.iop.org/ERL/16/104002/mmedia).

In the early 1980s, local agricultural produc-
tion was oriented around two dominant agricul-
tural strategies: subsistence crops and apples. As the
primary cash crop of the region, apple was the back-
bone of the rural economy, comprising over 50% of
private land under cultivation and 80% of income for
the average household in 1985 (figure S1).

Rising winter temperatures and declining snow-
fall (figure S2) significantly diminished apple pro-
ductivity and commercial value, a pattern observed
across the Himalayan region as the apple belt has
gradually shifted to higher elevations [57, 58]. In
Takoli, mounting losses from several years’ bad har-
vests led most farmers to abandon apples by the early
1990s.

Since this time, however, agricultural practice
has undergone a remarkable transition. As apples
declined, they were replaced by a panoply of other
cash crops—46 varieties in total (SI section 3).
Our analysis of cropping patterns within present-
day Takoli finds significant clustering of households
according to the crops that they grow, represented
by five distinct ‘agricultural profiles. While some
farmers prefer to grow a variety of crop types, oth-
ers focus their attention on crops within one type—
fruits, vegetables, or food grains. The agricultural
landscape is not just diverse; there is a diversity of
ways that different farmers have responded to climate
challenges in developing the agricultural strategies
they now pursue.

Today, apples constitute a negligible proportion
of land under cultivation and household incomes, yet
agriculture remains profitable while standards of liv-
ing are high for the Himalayan region. Importantly,
these outcomes were not the effect of any coordinated
climate adaptation project or policy; climate change
was not even on the state’s agenda.

3. A history of agricultural change

For farmers, apple was itself an adaptation to new
opportunities, enabled by the growth of state sup-
port during the post-colonial era. In the 1960s, the
state of Himachal Pradesh began to invest heavily
in agriculture—and apple in particular—through the
establishment of the Agriculture Department and
Horticulture Department as well as strategic inter-
ventions in subsidized inputs and access to credit.
As the Kullu apple economy grew, so did trading
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networks, expanding opportunities for farmers to
market high value cash crops to more distant urban
centers [59]. These changes did not just support the
widespread adoption of apples; increasing availability
of state support and market integration fundament-
ally reoriented rural production systems, thus provid-
ing a foundation for further changes to occur.

The widespread adoption of apple increased
incomes substantially, leading to a growth in dispos-
able incomes and an overall increase in well-being for
many farmers through the 1970s and 80s. Yet slow
changes in climate began to undermine the viability
of apple throughout Kullu [57, 60]. In Takoli, apples
peaked at the lower reaches of the valley in the 1980s,
and by the early 1990s they were in decline across the
upper reaches of its range (figures S1 and S2).

While some farmers already grew other fruits and
select vegetables, typically in small amounts, several
infrastructural interventions helped to expand the
viability of a wider variety of crops. In year 1983, a
satellite agricultural and horticultural research center
linked to state agricultural universities opened in the
area, which has focused on setting up demonstration
plots for different crops and disseminating know-
ledge about new varieties of vegetables and fruit. At
the same time, the expansion of irrigation—through
both subsidized credit for borewells as well as a lift
irrigation scheme built by the Irrigation Department
in year 1998—provided more secure access to water
during the summer, enabling farmers to scale up pro-
duction of high value vegetable crops. Finally, the
establishment of a state-run marketing facility at the
southern end of Takoli in 1998 created a central loca-
tion for farmers to sell their produce through open
auction to traders that specialize in different crops
and transport them to lowland cities for sale.

All the while, increasing demand for fresh veget-
ables and fruit among India’s growing middle classes
in north Indian urban centers steadily expanded
opportunities for farmers in mountain regions to
grow these crops during their comparatively mod-
erate summers, when they are out of season else-
where. The gradual diversification of production
practices also brought new opportunities for small-
scale entrepreneurs—owners of seed shops and fruit
tree nurseries, for example—who make a living by
disseminating new varieties and knowledge of how
to grow them. Thus, aside from the negative impacts
of changing climate conditions on apple produc-
tion, numerous other developmental and economic
shifts helped to expand farmers’ opportunities. All
of these factors combined to create a broad set of
enabling conditions for farmers to diversify produc-
tion through different agricultural portfolios.

4. The five agricultural portfolios

Drawing on our survey data, we classified crops
presently grown into five main categories—fruit,
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Figure 1. Boxplots show the proportion of agricultural land households devoted to five categories of crops: food grains,
vegetables, fruits, seed crops, and others. The 273 households in the sample cluster into five distinct profiles. Two of the clusters
diversify across crop types with an emphasis on food grains (Diversified Food Grains Profile; n = 61) or on vegetables (Diversified
Vegetables Profile; n = 79). Three other clusters privilege one crop type over all others: Specialized Fruit (n = 14), Specialized
Vegetable (n = 32), and Specialized Food Grain Profiles (n = 87). The profiles represent distinct cropping strategies that different

households pursue.

Table 1. Summary of landholding size, irrigation, and caste status by agricultural profile.

Profile 1: Profile 2: Profile 3: Profile 4: Profile 5:
‘Diversified ‘Diversified ‘Specialized ‘Specialized ‘Specialized
Food Grains’ Vegetables’ Fruit’ Vegetables’ Food Grains’
Total households 61 79 14 32 87
% Low caste 23% 51% 46% 81% 53%
Mean landholding .47 hectares .29 hectares .71 hectares .16 hectares .21 hectares
% Households with 68% 82% 24% 94% 34%
irrigation

vegetables, seeds, subsistence food grains, and oth-
ers. These categories face different kinds of risks,
require different inputs, and operate on different
temporal scales. Fruit trees, for example, are long
term investments that take years to mature. Vegetable
crops can be reevaluated seasonally, and they typic-
ally require intensive irrigation. Seed crops are pro-
duced through buy-back agreements with seed com-
panies. Food grains typically require limited chemical
inputs and are produced for subsistence consump-
tion. ‘Other’ crops comprise those which do not fit
neatly into other categories (SI section 3).

Almost all households in Takoli grow at least
some crops from multiple categories, suggesting that
most famers prefer to embrace livelihoods with a
range of characteristics. To better understand which
crops farmers tend to adopt together, we undertook
a hierarchical cluster analysis on the proportion of
land farmers devote to each crop type [24]. The
cluster analysis reveals distinct combinations of crop
types across different groups of farmers (figures 1
and S3). Some farmers are highly diversified across
crop types, with a primary emphasis either on food
grains (Profile 1, Diversified Food Grains Profile) or

on vegetables (Profile 2, Diversified Vegetables Pro-
file). Others tend to focus on one crop type over all
others (Profiles 3, 4, and 5—Specialized Fruit, Veget-
able, and Food Grain Profiles respectively).

These profiles are the emergent outcome of ongo-
ing and incremental decisions of individual farm-
ers within an evolving agricultural system. Although
the data does not allow us to trace the development
of these portfolios since the decline of apple in the
late 80s and early 90s, it does provide evidence of
some factors that have structured these processes.
First and foremost, we find an association between
farmers’ productive assets—especially land and irrig-
ation (including borewells, the state-sponsored lift
irrigation scheme, or mountain streams)—and their
agricultural strategy (table 1). Overall, farmers that
specialize in subsistence food grains (Profile 5) tend
to lack access to irrigation and have limited land. In
contrast, those with limited land but access to irrig-
ation tend to invest in vegetables (Profiles 2 & 4).
Social status does not itself appear to be an impedi-
ment for adopting new strategies; while households in
Profile 4 have less land overall (a reflection of histor-
ical inequities for lower castes), they nonetheless have
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within the network.

Figure 2. Graph depicts the network of social interaction among 273 households. The nodes are households, while each link
represents interaction between households for information and advice regarding agricultural decisions. The size of nodes is
proportionate to the number of households they interact with (‘degree’) and relative position of a node in the graph reflects
common links in the network. Households with diversified crop portfolios (Clusters 1 & 2) and vegetable producers (Cluster 4)
are located more centrally in the network and have higher degree, suggesting these households are better connected on average

Cluster 1
Cluster 2
@ Cluster 3
@ Cluster 4
@ Cluster 5

been able to adopt intensive vegetable production—
a comparatively lucrative strategy where land is a
constraint. Unsurprisingly, farmers with substantial
investment in fruit production, usually low-density
orchards, tend to be those with more land (Profiles
1&3).

We also find evidence that decision-making is
structured by broader flows of agricultural inform-
ation in Takoli. Our survey data asked households
to identify the other households in the village from
which they seek information concerning crop choice,
techniques, equipment, inputs, pest control, and any
other aspect of agricultural production. We used this
data to construct a social network for the diffusion
of agricultural knowledge in the village (figure 2). We
find that a household’s position within the network
is predictive of cluster membership: both diversified
profiles (Profiles 1 & 2) and specialized vegetable
farmers (Profile 4) tend to have greater centrality
in the network, while fruit and food grain special-
izers tend to have less (Profiles 3 & 5) (figure 3;
tables S4 and S5). This correlates with the greater
intensity of knowledge exchange necessary to sus-
tain more diversified profiles and of vegetable pro-
duction. The latter in particular is characterized by
a high degree of experimentation and adjustment
compared to fruit and food grain production which

remains far more static between seasons and across
years.

Significantly, there are no self-contained cliques
within the network; overall, it has a high degree of
integration among farmers with different strategies
(figure 2). However, the density of interaction
between different profiles varies. Our measure of
cross-cluster connectivity—calculated as the propor-
tion of actual linkages to the total possible linkages
between households in each profile (figure 4 and table
S1)—shows that the more diversified profiles tend to
have particularly strong relationships both with each
other and the other profiles. While the more diver-
sified profiles require a broader catchment of know-
ledge to sustain their diversity, these households may
also play an important role in extending knowledge
and experience of different varieties in the village.
At the aggregate, heterogeneous social connections
between the profiles imply that farmers have access
to knowledge and information far beyond what they
presently grow—an important prerequisite for exper-
imenting with and adopting new strategies to best fit
changing constraints and opportunities—climate,
market, or otherwise.

These endogenous processes of diffusion are also
patterned by interaction with a broader set of state
institutions. Although comparatively few farmers
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Figure 3. Marginal effects from bivariate multinomial logistic regressions of network variables on each of the five agricultural
profiles. The upward triangle represents a positive and significant effect (higher network centrality; closer network distance to
institutions) and downward triangle represents a negative and significant effect (lower network centrality; greater network
distance to institutions). Hollow circles imply associations that are not statistically significant at a 95% level of confidence. Size of
the triangle correspond to the p-value on marginal effects from the regression model (table S4).
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Figure 4. The interaction of households across profiles shows the strength and diversity of sources of information. Values are
calculated as the proportion of observed linkages to the total possible linkages between households in each profile pair. Edges are
scaled to the strength of the connection; thicker lines represent a stronger connection and thinner lines represent a weaker
connection. Households in the two diversified portfolios and the specialized vegetables portfolio show the strongest connection to
households in other clusters, reflecting both a greater need for information as well as their role in disseminating information to

Diversified
vegetables

017

Specialized
fruit

interact with these institutions directly (SI section 5),
we used our household social network to construct
the network distance (‘shortest path’) between house-
holds and state institutions—in short, the number of
links that a household needs to reach a given institu-
tion in the network. Our analysis shows that cluster
membership is associated with different kinds of sup-
port (figure 2(a)). Food grain specializers (Profile 5)
tend to have a shorter network distance to the Agricul-
tural Department—a reflection of the Department’s

longstanding support for subsistence food produc-
tion. In contrast, vegetable specializers (Profile 4)
tend to be more distant from the Agricultural Depart-
ment, yet have a shorter network distance to both
the Block Development Office and the elected vil-
lage government (panchayat), both of which are crit-
ical gateways for learning about and gaining access
to a range of state support for farmers, for example
subsidies for farm inputs, equipment or irrigation.
Diversified food producers (Profile 1) tend to be close
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to each of these institutions, but also to the Horti-
culture Department and the nearby Research Station
at Bajaura linked to the state Agriculture and Horti-
culture Universities, which focuses on experimenting
with, introducing, and training farmers in the cultiv-
ation of niche crops varieties. Indeed, farmers in this
profile are not just diverse in their cropping strategies,
their network position suggests that they access the
greatest diversity of information and support among
farmers in the village. These farmers may thus play
an important role in adopting new varieties and tech-
niques that are then available for further diffusion
within the village network as a whole.

5. Building policy support for
self-organization

The case of Takoli provides an example of success-
ful, long-term self-organized adaptation. While state
interventions—for irrigation, marketing, and insti-
tutional support—have helped to expand the range
of options available to farmers, ultimately it was
farmers’ individual decisions to experiment with and
refine their own cropping portfolios that determ-
ined how local adaptation trajectories have unfolded.
Today, agriculture remains not only profitable, but
exceptionally diverse—providing ongoing opportun-
ities for farmers to continue to calibrate their crop-
ping portfolios according to the changing constraints
and opportunities that they face.

While notions of self-organization are invoked
in discussions of adaptation [39, 40, 61], the mech-
anisms that underlie such processes are not well
understood, while there continues to be an analyt-
ical gap in determining how to support such object-
ives through specific policy interventions [36]. Our
analysis shows how an interplay of state support,
local social interactions, and individual, distributed,
decision-making can serve as complementary parts
of transformation. While much existing research has
focused extensively on determinants of individual
decision-making processes [15], our analysis of net-
work interaction shows how farmers’ responses are
structured by ongoing processes of exchange and dif-
fusion embedded within a broader set of local social
relationships. This suggests that simply better tar-
geting of climate support to address pre-identified
vulnerabilities is not enough—or even ‘bottom up’
assessments of local adaptation priorities [23, 37].
Equally important may be to ensure that households
have the opportunity to undertake ongoing responses
in alignment with their specific needs and challenges,
and to build linkages with diverse forms of know-
ledge and support that expand the range of opportun-
ities to do so [8, 31]. More broadly, our work reveals
adaptation as an inherently collective process, where
individual, decentralized decisions are not just a sig-
nificant determinant of household vulnerability, but
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constitutive of broader adaptation trajectories for the
system as a whole [7, 25, 32].

Critically, state interventions have played a cent-
ral role in enabling these processes to occur. Existing
responses to address climate risks may be an import-
ant factor in climate adaptation in many contexts,
as other scholars have observed [16, 43, 45], yet our
analysis suggests that self-organized adaptation may
often require more than farmers’ practical knowledge
or intrinsic ingenuity alone. In Takoli, present-day
cropping strategies have been structured by a his-
tory of state interventions dating over the past half-
century, which have provided critical inputs of know-
ledge, resources, infrastructure and other support.
Such interventions are purposeful policy choices,
which structure how processes of self-organization
ultimately occur.

Most strikingly, although climate has been a cent-
ral driving factor of agricultural change, the large-
scale transformations in Takoli’s agricultural system
has not occurred as part of any specific ‘adaptation’
plan. The nature of state support has co-evolved with
household agricultural decisions, as farmers have
adopted a wider range of crops, and agricultural insti-
tutions have, in turn, devised new strategies to cater
to their needs. At a time of ongoing discussions about
how best to incorporate adaptation into development
planning [6, 8, 62], our analysis suggests that the
range of available institutions, their resources, and
their capacities may be more important than any spe-
cific ‘adaptation’ policies that such institutions are
called upon to carry.

Of course, the positive outcomes observed in this
case are not inevitable; there is no guarantee that
available support will be enough to support self-
organized adaptation in many contexts, while a large
and growing body of research warns about the risk
of maladaptation—where actions to respond to cli-
mate risk may even exacerbate long-term vulnerabil-
ity [63, 64]. Still, this case aligns with a growing body
of work that highlights the importance of learning
from examples of successful transformation in order
to build knowledge of how best to facilitate adapta-
tion over the long-term [7, 13, 16]—especially in the
case of successful local actions that might otherwise
fall under the radar of adaptation policy [65].

While much research on climate change has
focused on areas of perceived urgency to avoid future
calamity, rural livelihood systems have never been
static to begin with, but have constantly evolved to
face a wide range of challenges and opportunities—
well before climate change was on the policy agenda.
Takoli is but a single case, but we do not believe
it is unique; it is simply an instance where state
support has worked in a way that one might hope
that it would. Cases without dramatic ‘red flags’
and planned interventions to address them are more
likely to be invisible in present debates, but they may
nonetheless provide valuable insight into the policy
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mechanisms that enable successful adaptation over
the long-term.
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