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Abstract Crop diversity is central to traditional risk management practices on the Andean

Altiplano and may find renewed importance in adapting to climate change. This study

explored the role of crop diversity in farmers’ adaptation actions in eight Aymara com-

munities on the northern Bolivian Altiplano. Using a combination of quantitative and

qualitative methods, including multifactor analysis and a community resilience self-

assessment, we investigated how farmers’ use of diversity in adaptation is related to their

perceptions of crop and variety tolerances and other environmental, social, and economic

factors. Few crops and varieties were perceived as tolerant to increasingly intense and

unpredictable drought, frost, hail, and pest and disease outbreaks. Some local crops and

varieties were perceived as vulnerable to emerging conditions (e.g. oca, papalisa, isaño),

whereas bitter potatoes and wild relatives of quinoa and cañahua were perceived as highly

stress tolerant and provide food in harsh periods. A total 19% of households surveyed

(N = 193) had introduced new crops or varieties—often disease resistant or early

maturing—as an adaptive action. Introduction of commercial crops was a common

adaptation action, reflecting farmers’ response to warming temperatures and changing

economic opportunities, but greater sensitivity of the introduced crops may cause mal-

adaptation. Despite intensification of cropping systems, households continue to maintain a
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median four potato varieties with different tolerance traits, yet this risk management

practice was not perceived as adaptation. Strengthening resilience will require a combi-

nation of actions, including maintaining and expanding crop portfolios and restoring soil

and ecosystem health, using both traditional and innovative approaches.

Keywords Resilience � Traditional knowledge and practices � Agrobiodiversity � Andes �
Stress tolerance � Pests and diseases

1 Introduction

The Andean Altiplano is a challenging environment for agriculture due to low rainfall,

high evapotranspiration, a short frost-free period, and poor soil fertility (Geerts et al. 2006;

Garcia et al. 2007). High interannual variability in precipitation is a constant feature of this

high altitude plateau, due to periodic climate oscillations (e.g. El Niño) that bring drought

in some years and floods in others (Seiler et al. 2013). Indigenous farmers have tradi-

tionally managed this unpredictable and harsh environment by using drought- and frost-

tolerant crops, keeping many crop varieties, and planting across multiple plots to disperse

risk and take advantage of high spatial heterogeneity, among other strategies (Halloy et al.

2005; Perez et al. 2010; McDowell and Hess 2012). The few crops that can tolerate these

difficult growing conditions are mainly native roots and grains that have been domesticated

by Andean farmers over centuries, including several potato species (e.g. Solanum

tuberosum, S. juzepczukii, S. ajanhuiri, and S. curtilobum), quinoa (Chenopodium quinoa),

cañahua (Chenopodium pallidicaule), oca (Oxalis tuberosa), papalisa (Ullucus tuberosus),

and isaño (Tropaeolum tuberosum) (Garcia et al. 2007; Del Castillo et al. 2008; Machida-

Hirano 2015).

A multitude of varieties exists within Andean crops as a result of high variation in

agroecological conditions, outcrossing with wild relatives, and long-standing cultural

practices of seed selection and exchange (Brush et al. 1981; Johns and Keen 1986; Zim-

merer 1991; Thiele 1999). Andean farmers distinguish thousands of potato varieties on the

basis of morphology, phenology, ecology, and organoleptic attributes (La Barre 1947;

Brush et al. 1992; de Haan 2009). Different varieties of quinoa are adapted to a range of

growing conditions and display diverse grain colours, shapes, inflorescence sizes, and seed

characteristics (Del Castillo et al. 2008; Bazile et al. 2013). Cañahua, oca, papalisa, and

isaño also exhibit high intraspecific variation (Malice and Baudoin 2009; Vargas et al.

2011; Velasquez-Milla et al. 2011; Mutegi et al. 2015). Because of this exceptional

diversity, the Andean highlands—and notably the Lake Titicaca region—are recognized as

a centre of globally important crop genetic resources (Garcia et al. 2007; Velasquez-Milla

et al. 2011). However, many local varieties have been abandoned in recent years with the

intensification of production and associated breakdown of traditional land management and

crop rotation systems (Hellin and Higman 2005; Velasquez-Milla et al. 2011; Gilles et al.

2013; Lennox 2015).

Decline in crop diversity and its use in traditional risk management may have impli-

cations for the resilience of Andean farm systems—especially under climate change, which

is amplifying existing stresses and making the environment more unpredictable. Rising

temperatures, glacial retreat, and shifts in the frequency and intensity of precipitation and

frost events have been documented in the Andean highlands over the last 30 years (Bradley
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et al. 2006; Vuille et al. 2008; Perez et al. 2010; Thibeault et al. 2010; Valdivia et al. 2010).

Further increase in temperature and variability are projected that will impact water supplies

and crop yields (Bradley et al. 2006; Valdivia et al. 2010; Seiler et al. 2013). Some local

crops and varieties may be key assets for adaptation because of their stress tolerance

(Sanabria and L’Homme 2013; Ruiz et al. 2014); however, others may be vulnerable to the

rapidly changing agroecological conditions (Velasquez-Milla et al. 2011). The importance

of crop diversity for resilience and adaptation of farm systems to climate change is

highlighted by numerous studies, particularly for its critical roles in spreading risk of

harvest loss and enabling long-term crop adaptation (Pusadee et al. 2009; Jackson et al.

2010; Zimmerer 2010; Vigouroux et al. 2011; Mijatović et al. 2013; Thomas et al. 2015).

In this sense, diversity-based risk management strategies using local crops and varieties,

which are central to indigenous farming practices, could find renewed importance in

adapting to climate change on the Altiplano.

This study on the northern Altiplano of Bolivia explored the role of crop diversity in

farmers’ adaptation to climate change, which we define as actions to moderate harm or take

advantage of opportunities from actual or anticipated climate conditions (IPCC 2014). We

focused on farmers’ perceptions because they inform their planting decisions and other

actions that determine their resilience—ability to cope with, adapt to, and recover from

shocks—into the future (Folke et al. 2010). Several studies have documented Andean

farmers’ perceptions of climate change and their adaptation actions (Young and Lipton

2006; Valdivia et al. 2010; McDowell and Hess 2012; Boillat and Berkes 2013; Lennox

2015), but few have focused on the responses of specific crop varieties to changing con-

ditions and their current uses in adaptation. Using a combination of qualitative and

quantitative methods, we assessed how farmers’ use of crop diversity in adaptation is

related to their perceptions of crop and variety tolerance, as well as other environmental,

social, and economic factors.

2 Methods

2.1 Study sites

This study focused on eight communities on the northern Bolivian Altiplano: Coromata

Media, Cachilaya, Suriquiña, Corqueamaya, Erbenkalla, Rosapata, Pucamaya, and Anta-

quira (Fig. 1). The focal communities were selected from those that had an established

relationship with the NGOs conducting the study. Communities that maintained relatively

high crop and variety diversity were targeted to elucidate how these resources were per-

forming and being used in facing climate change. All the communities were Aymara—an

indigenous people of the Andean highlands and the predominant ethnic group in the Lake

Titicaca region. The communities, located in four municipalities in the department of La

Paz, varied in size from 25 to 90 households (Table 1).

The eight communities, situated at altitudes between 3800 and 4300 m, represent a

range of conditions on the northern Altiplano of Bolivia (Table 1). Coromata Media,

Suriquiña, and Corqueamaya are located in the foothills of the Cordillera Real, which

borders the Altiplano to the east (Fig. 1). These communities collect water from the rivers

and seasonal streams that flow from the mountains and glacial lagoons. Nearby, the

community of Cachilaya is situated on the southeast shore of Lake Titicaca where farmers

take advantage of nutrient-rich alluvial soils that are deposited and exposed as the lake

Climate change and crop diversity: farmers’ perceptions and…
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Fig. 1 Map of the eight study communities on the northern Altiplano of Bolivia. Map tiles by Stamen
Design, under CC BY 3.0 and data by OpenStreetMap, under ODbL

Table 1 Total number of households, altitude, and administrative locations of the eight study communities
in the northern Altiplano of Bolivia

Community Municipality Province Altitude (m) Households (#)

Coromata Media Huarina Omasuyos 3950 60

Cachilaya Batallas Los Andes 3870 80

Corqueamaya Batallas Los Andes 4015 57

Suriquina Batallas Los Andes 4300 80

Erbenkalla San Andres de Machaca Ingavi 3830 25

Rosapata San Andres de Machaca Ingavi 3850 25

Antaquira Caquiaviri Pacajes 3860 90

Pucamaya Caquiaviri Pacajes 3890 40
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level fluctuates from year to year. The other four communities—Erbenkalla, Rosapata,

Antaquira, and Pucamaya—are located south of Lake Titicaca in the Desaguadero River

basin (Fig. 1). Rainwater and wells are the primary water sources for these communities, as

well as for Cachilaya. Annual precipitation on the northern Altiplano of Bolivia is about

600 mm (Gilles et al. 2013). Drought and frost challenge agricultural production

throughout the region and occur more frequently towards the south, further from Lake

Titicaca (Gilles et al. 2013).

Farmers in the study communities practice integrated crop and livestock production for

a mix of subsistence and commercial purposes. They use many traditional practices

inherited from their ancestors and have also adopted some modern practices (e.g. tractors,

pesticides, and improved seeds). Potatoes and quinoa are the main crops used both as

staples and for commercial purposes. The more southern sites (Antaquira, Pucamaya,

Erbenkalla, and Rosapata) have fairly large landholdings ([10 Ha) with most of the area

devoted to pasture for camelids, cattle, and sheep. The more northern communities, closer

to Lake Titicaca, have smaller landholdings (\10 Ha) and higher crop and variety

diversity. Minor tubers (oca, isaño, and papalisa) are grown, as well as a higher number of

potato and quinoa varieties. Pigs, cattle, and sheep are the most common livestock.

Generally, landholdings across the study communities are getting smaller as plots are

divided and handed down to younger generations. At the same time, there is a tendency for

men and youth to migrate to find paid jobs and better livelihood opportunities.

2.2 Household survey

The household survey was carried out in the eight study communities from December 2011

through January 2012. All the households in each community were invited to participate in

the study, which was introduced in a workshop promoted by the local authorities. The

survey was conducted with the households that were willing to participate, corresponding

to a range between 30 and 100% of the local population. In total, 193 households were

surveyed (Table 2). Interviews were conducted with the head of the household or their

spouse if they were not available. Fifty-five per cent of respondents were female, and

seventy-eight per cent were over 40 years of age (Table 2). Most surveys were carried out

in Spanish, but some were carried out in Aymara when needed. The interview, lasting

about 1 h, assessed respondents’ perceptions of climate changes in the last 20 years, which

crops they perceived to be tolerant and susceptible to the emerging stresses, and their

adaptation actions. These aspects were assessed in open questions and the responses

matched to a set of common answers. The survey also collected details on the respondents

and their farms, including the crop and livestock species they maintain and the number of

varieties they cultivate for each crop. It is noted that there may be differences in how

individual farmers perceived and counted the number of varieties they maintained.

However, the levels of variety diversity captured in the survey broadly agreed with

measurements using other methods (e.g. four cell analysis, community biodiversity reg-

isters) and direct observations by technicians, so the results were considered representative

of the actual levels of diversity maintained.

2.3 Focus group discussions

Focus groups were held in December 2014 to share, validate, and explore the findings of

the household survey in greater detail. A call for participation was made in each com-

munity, leveraging the close relationships the researchers developed with farmers and their

Climate change and crop diversity: farmers’ perceptions and…
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organizations over years of engagement. Between 7 and 17 farmers participated in the

focus groups in each community, among which 25–71% were women (Table 3). The age

of the participants was not documented, but they were predominantly middle aged to

elderly. In each community, the participants were split into three smaller groups with a

minimum of three people, including men and women, to address specific sections of the

discussion. The facilitators requested responses from both men and women for each

question. Discussion continued to reach a consensus answer, but various opinions were

documented when they arose.

In each community, one of the three groups focused on changes they had observed over

the last 10–20 years, considering the weather, soil, pests and diseases, wildlife, land uses,

farming practices, and livelihood strategies, along with reasons for the changes. The

second group answered a series of questions to identify crops and varieties that in periods

of climate stress: (1) are most likely to fail or have low production, (2) are least likely to

fail or have low production, and (3) provide reliable alternative food sources. The stresses

to which these crops are tolerant and susceptible were noted. Discussion on how the

community responded during extreme climate events and famines in the past provided

additional insight on the resources that contribute to their resilience. The third group

explored the actions being taken in the community to adapt to climate change, focusing on

the role of crop diversity in these approaches. Key results of the household survey were

shared with each of the small groups using simple graphic presentations, and discussion

was then opened to validate and deepen the interpretation of the results. The focus groups

were led by a consistent team of field technicians with several years’ experience in crop

diversity projects who were knowledgeable about the folk and scientific taxonomy of local

varieties. These experts verified the data to check for synonyms of varieties being used

across the communities.

2.4 Resilience self-assessment in Cachilaya

To broaden understanding of the role of crop diversity for adaptation in the context of

various environmental, social, and economic factors affecting farmers’ resilience, we

Table 3 Number and gender of participants in the focus group discussions and the resilience self-assess-
ment workshop in the different study communities on the northern Altiplano of Bolivia: CM Coromata
Media, CA Cachilaya, CQ Corqueamaya, SU Suriquina, ER Erbenkalla, RO Rosapata, AN Antaquira, and
PU Pucamaya

Activity Community Participants (#) Female (%)

Focus group discussions CM 13 46

CA 17 59

CQ 17 53

SU 17 65

ER 8 38

RO 7 71

AN 14 50

PU 16 25

Resilience self-
assessment workshop

CA 7 29

G. Meldrum et al.
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conducted a social-ecological resilience self-assessment in the community of Cachilaya.

The assessment followed the framework of Mijatović et al. (2013) that was elaborated by

Bergamini et al. (2014). It was conducted in only one of the study communities due to

limited resources. The resilience self-assessment workshop was attended by seven farmers

of mixed gender and age in February 2015 (Table 3). It started with participatory landscape

mapping and elaboration of a climate change timeline for the last 30 years. This was

followed by scoring and discussion of 20 indicators of social-ecological resilience, which

comprise community assets, institutions, and practices in the domains of (1) landscape

diversity and ecosystem protection, (2) biodiversity (wild and agricultural), (3) knowledge

and innovation, (4) governance and social equity, and (5) livelihoods and wellbeing

(Bergamini et al. 2014). The indicators were scored on a five-point scale, first by individual

participants and then by the group as a whole through consensus, with higher scores

indicating stronger elements of resilience (Online Resource 1). Participants were encour-

aged to give explanations for the scores and to discuss the processes of change occurring

with respect to each indicator, thus capturing the community’s perceptions and experiences

regarding the factors they see contribute to or reduce their resilience.

2.5 Data analysis

The percentage of all respondents in the household survey (N = 193) that had perceived

specific changes in the climate was calculated. To evaluate perceptions on crop responses

to climate change, we considered the responses of those who had perceived climate change

(N = 177) and who were growing each specific crop. We partitioned the data for growers

that perceived climate change into the percentage that considered the crop as (1) resistant,

(2) susceptible or (3) both resistant and susceptible to emerging stresses (depending on the

variety), as well as (4) those who made no observation on the crops’ response to climate

change. For the summary of adaptation actions, we similarly focused only on those who

had perceived climate change, calculating the percentage of those respondents who took

specific actions.

Multifactor analysis (MFA) and hierarchical clustering were performed on the house-

hold survey data to assess links between farmers’ adaptation actions, their perceptions of

crop responses to climate change, and their crop portfolios. The analysis was performed for

households that had perceived climate change. The data analysed were a mixture of

quantitative and qualitative variables (Online Resource 2), which MFA is capable of

handling by applying principle component analysis (PCA) for quantitative variables and

multiple correspondence analysis (MCA) for categorical variables (Choisis et al. 2012).

We grouped the variables into six themes: (1) climate change perceptions, (2) crop species

cultivated, (3) crop and variety richness, (4) crops perceived as susceptible to climate

change stresses, (5) crops perceived as tolerant to climate change stresses, and (6) adap-

tation actions. The themes were balanced in the global analysis of the MFA, which weighs

them by the inverse of the first eigenvalue of the separate analysis tables (Lê et al. 2008).

Additional variables were included in the analysis as supplementary information that did

not contribute to the formation of the MFA axes or the clustering but which were correlated

to the results. These supplementary variables were grouped under five themes: (1) con-

straints faced in adaptation, (2) community, (3) farm characteristics, (4) livestock, and (5)

respondent characteristics. Following a similar approach to that applied by Choisis et al.

(2012) to analyse farming system diversity, we performed hierarchical clustering on the

first nine axes of the component scores of the MFA (which captured 50% of the variance)
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using Ward’s criterion. The analysis was performed using the FactoMineR package (Lê

et al. 2008) in the R environment (R version 3.03; R Development Core Team 2008).

3 Results

3.1 Perceptions of climate change

Ninety-two per cent of respondents in the household survey perceived a change in the

weather over the last 20 years. Seventy-four per cent observed an increase in temperature,

and 71% observed a change in precipitation patterns—often a late onset of rains (38%).

Twenty per cent indicated that the weather has become more unpredictable, referring to

rain but also hail and frost events. Increasing pest and disease pressure and soil degradation

were considered to be linked to the weather changes by 56 and 22% of respondents,

respectively. The observations of climate change were similar across the communities

(Fig. 2).

In the focus groups, farmers expressed they have never experienced heat like in recent

years. Rainfall has become more irregular, as well as frost and hail. Before, hail would

typically come in the dry season (August–September), but lately it has been coming with

the rains (December–March), causing damage to their crops. Frost used to come mainly in

the winter period (May–June) when the communities rely on it for production of freeze

dried potatoes—chuño and tunta. More recently, frosts come at any time of year and cause

Fig. 2 Climate change perceptions of farmers in the eight study communities on the northern Bolivian
Altiplano as documented in the household survey (N = 193). Respondents were asked to describe the
weather changes they had perceived in the last 20 years and what the impacts have been in their
environment. Their answers were matched to a list of common responses
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crop damage, yet they are not consistent or strong enough for the production of chuño and

tunta. In some communities, rivers and wells have been drying up due to insufficient rains

and high evaporation.

Pests, diseases, and soil degradation were prominent issues raised in the focus groups,

which the farmers saw to be linked to climate change as well as other factors. The

population sizes of pests have increased, and new species of pests and diseases have

appeared. In Antaquira, Andean potato weevil (Premnotrypes latithorax) has started

attacking luki (S. juzepzukii) and yari (S. ajanhuiri) potatoes, which were not previously

affected by this major pest. In Erbenkalla, chiar laqu (Epicauta pennsylvanica) has

appeared as a pest of cañahua, while a new pest that eats potato tubers—alicate (Forficula

auricularia)—has emerged in Suriquiña. Farmers in Coromata Media noticed a new dis-

ease that rots potato tubers, which they call corcho usu (Fusarium solani). In several

communities, hares (Lepus europaeus) have appeared in recent years and cause damage to

quinoa, cañahua, barley, and forages. Farmers across the sites described their soils being

‘‘tired’’, no longer producing well, and not holding vegetation cover. In Erbenkalla, soils

have become salinized. Intensive cultivation, reduced fallow periods, use of chemical

inputs and tractors, in combination with insufficient rain, were seen as the causes of soil

degradation. Shorter fallow periods were also seen as a factor contributing to pest prob-

lems, along with the increasing temperatures.

3.2 Perceptions of crops’ tolerance to climate change related stresses

Forty-eight per cent of respondents in the household survey reported suffering yield

declines as an impact of climate change. Minor tubers (oca, papalisa, and isaño), fava bean

(Vicia faba), and pea (Pisum sativum) were reported by many growers to be susceptible to

emerging climate stresses (Fig. 3). In the focus groups in Coromata Media, Cachilaya,

Pucamaya, and Antaquira, minor tubers were accordingly ranked among the most sus-

ceptible crops, which often fail or have low production because of their sensitivity to frost,

hail, drought, and pests (Table 4). Long growing cycles contribute to their susceptibility by

increasing their exposure to these stresses. Isaño was remarked to produce well in rainy

years in Pucamaya, whereas excess humidity was mentioned as a constraint for papalisa.

Sensitivity to soil conditions was noted for oca in Antaquira. The focus group in

Corqueamaya confirmed the vulnerability of fava bean and pea to drought and water

shortage.

Perceptions on the performance of potato, quinoa, cañahua, and barley under climate

change were mixed in the household survey (Fig. 3). The focus groups revealed more

detailed observations on the tolerance of specific varieties to different stresses (Table 4).

The potatoes most likely to fail under climate stress were varieties of S. tuberosum

(Andigenum, Phureja, and Stenotomum groups), while the more stress-tolerant potatoes

were varieties of S. juzepzukii, S. curtilobum, and S. ajanhuiri. The popular commercial

potato variety huaycha (S. tuberosum Andigenum group) was considered among the most

susceptible cultivations in Cachilaya and Antaquira—vulnerable to drought, frost, hail, and

pests—but in Coromata Media this variety was considered to be reliable because of its frost

tolerance. Luki stood out as one of the most hardy potato varieties, noted for frost tolerance

in all eight communities and tolerance to drought, hail, and pests in several communities.

Other potato varieties mentioned for their tolerance in more than one community were

kaisalla (S. juzepzukii), choquepitu (S. curtilobum), ajanhuiri (S. ajanhuiri), and sisu (S.

ajanhuiri). Across the communities, twelve potato varieties were noted to be frost tolerant,

six drought tolerant, six hail tolerant, and two resistant to Andean potato weevil (Table 4).
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Quinoa and cañahua were ranked among the most stress-tolerant crops in the focus

groups in three and five communities, respectively (Table 4). Many Andean grain varieties

were appreciated for drought and frost tolerance, whereas few were recognized for tol-

erance to insect pests or hail. Wild quinoa (ajara; Chenopodium quinoa subsp. milleanum)

and wild cañahua (lama/illamanco; Chenopodium sp.) were remarked to be tolerant to all

the major climate stresses for crop production (frost, hail, drought and pests) and were

recognized as alternatives to cultivated grains in periods of climate stress in five com-

munities (Table 4). Farmers remarked that these wild grains, which grow spontaneously in

their fields and along the river, would never disappear because of their tolerance to drought

and frost. Several communities recalled using wild quinoa and cañahua as famine food

during past drought events in which they experienced severe crop failures and death of

livestock. Wild apharus potatoes (S. acaule), which grow in field margins, llaytha algae

(Nostoc commune) from the river, and the achacana cactus (Cereus sp.) in the hills were

other important famine foods.

3.3 Adaptation actions

Seventy-three per cent of respondents who perceived climate change in the household

survey reported taking action to adapt. Different households used different approaches

within each community (Fig. 4). Overall, the most common adaptation action was seeking

Fig. 3 Farmers’ perceptions of crop tolerance to climate change stresses in eight communities on the
northern Bolivian Altiplano as documented in the household survey (N = 177). Respondents who perceived
climate change were asked which of their crops they perceived to be tolerant and susceptible to the
associated stresses. Some crops were said to be both tolerant and susceptible by the same respondent due to
differences between varieties
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off-farm work (45%), which may be seen as a coping strategy. Twenty per cent of

households had planted trees. A similar number (19%) planted new crops or varieties, often

disease-resistant (14%) or early-maturing varieties (6%). Other adaptation actions were

changing land use (18%), rainwater harvesting (14%), improving soil management (11%),

shifting planting locations (11%), changing cropping schedules (10%), using forecasting

techniques (9%), and increasing reliance on livestock (3%). In Antaquira and Pucamaya,

several farmers reported poking plots with fire (6%), which is a traditional practice to ward

off frost or hail by dissipating the clouds with smoke.

The focus group discussions revealed additional detail on farmers’ adaptation actions

and the role of crop diversity in these approaches. In all communities, farmers were using

seed exchanges to access new varieties tolerant to frost, hail, and other stresses. Rural fairs

and markets were important sources of new varieties, and NGOs had also provided some

new seeds. In previous decades, all the communities had introduced sweet and floury

varieties of S. tuberosum (Andigenum group) that are preferred for their taste and mar-

ketability—most notably the huaycha variety but also others such as chiar imilla, jancko

imilla, sani imilla, and wila imilla. The introduced potato varieties that to some extent

replaced local varieties can produce larger and more abundant tubers, but their perfor-

mance varies from year to year. The large size of huaycha tubers, in combination with

warmer weather, was also observed to challenge chuño and tunta production. Increasing

commercial production was not limited to potatoes. In 2011, farmers in Coromata Media

Fig. 4 Climate change adaptation actions of farmers surveyed in eight communities on the northern
Bolivian Altiplano as documented in the household survey (N = 177). Respondents who perceived climate
change were asked what actions they had taken to adapt to the effects. Their responses were matched to a list
of common responses
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replaced cañahua with quinoa, motivated by its high market price. In Suriquiña, a yellow

grain quinoa variety (quinoa amarilla) was replaced with the main commercial variety

Quinoa Real. Taking advantage of the warming weather, farmers in Suriquiña and

Corqueamaya introduced onion (Allium cepa) and other vegetables as cash crops. Onion

was considered a very hardy crop, but was remarked for its susceptibility to hail. A shift

towards keeping more dairy cattle for commercial production of milk and cheese was

reported in Cachilaya, which displaced some potato, quinoa, and barley to grow more

alfalfa (Medicago sativa) as forage. Commercial dairy production was also introduced in

the previous decade in Coromata Media, Erbenkalla, and Antaquira, which was associated

with a shift from local breeds to the cara negra breed.

In all communities, farmers were using manure to improve soil fertility. In Rosapata,

farmers had cleared vegetation to establish plots in previously uncultivated areas, which

were more fertile and free of pests. All the focus groups recognized that longer fallow

periods would be necessary to recover soil fertility and control pests and diseases, but that

land shortage limits their chances of implementing this strategy. Spreading ashes on crop

leaves was a practice used in most communities for pest control. The communities were

also applying new techniques for controlling Andean potato weevil that they learned from

NGO trainings, including the use of organic pesticides and selection of healthy seeds.

3.4 Links between adaptation actions, crop portfolios, and perceptions
of crop responses to climate change

The MFA and clustering analysis revealed three groups of households with similar climate

change perceptions and adaptation actions relative to their crop portfolios (Fig. 5a). The

correlation circle for the quantitative variables is shown in Fig. 5b, and the modalities of

the qualitative variables are shown in Fig. 5c. Households were separated along the first

axis of the MFA (representing 12% of the inertia) mainly by their level of crop diversity

and whether they had taken action to adapt to climate change (Online Resource 3). The

second axis (representing 7% of the inertia) distinguished households that cultivated

barley, perceived this crop to be tolerant to climate change, and had not changed crop

varieties as an adaptive action. The cluster analysis reflected the correlations in the MFA

and showed similar perception and use of crop diversity under climate change within

communities. The resulting three clusters are described below and summarized in detail in

Online Resource 4.

One cluster was composed primarily of households from Cachilaya who maintained

high levels of crop species and variety diversity. Cañahua, minor tubers, peas, and maize

were grown by many and often seen as susceptible to emerging conditions under climate

change. Nonetheless, the majority of households in this cluster (80%) did not take action to

adapt to climate change. A second cluster was distinguished along the first axis of the MFA

with households largely from Rosapata and Erbenkalla that had lower crop species and

variety diversity and that had taken various actions to adapt to climate change, including

shifting planting schedules and locations, using different crops and varieties, and

increasing rainwater capture. These households more commonly observed unpre-

dictable weather, warmer temperatures, declining rainfall, increased pest and disease

pressure, and soil degradation. Fava bean was observed by many as being susceptible to

these stresses. By contrast, quinoa and isaño were considered tolerant to the emerging

conditions. A third cluster was distinguished from the other two along the second axis of

the MFA. This group was composed mainly of households from Pucamaya, Antaquira, and

Suriquiña. These households had a relatively lower level of variety diversity. The majority
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cultivated barley and many considered this crop to be tolerant to climate change stresses.

Potatoes, by contrast, were seen by most in the cluster as susceptible to emerging climate

conditions. The traditional practice of lighting fire to ward off frost and hail was linked to

this cluster.

3.5 Participatory social-ecological resilience assessment in Cachilaya

The results of the participatory social-ecological resilience assessment conducted in

Cachilaya are presented in Table 5, which shows the consensus scores and trends for 20

indicators of social-ecological resilience and how multiple factors affect the use of crop

diversity in coping with, adapting to, and recovering from climate change related stresses.

The indicator on recovery and regeneration—processes that are central to resilience—was

given a medium score. Farmers explained that recovery from shocks is challenging because

Fig. 5 Results of the MFA and cluster analysis on the household survey data (N = 177), examining
correlations between farmers’ climate change perceptions and adaptation actions relative to their crop
portfolios. The projection on the first two MFA dimensions is shown for a households bound by their
clusters, b the correlation circle of quantitative variables, and c factor levels of qualitative variables that had
an above-average contribution to the first and second dimensions. For binary qualitative variables, the
positive level (Yes = Y, susceptible = Susc or tolerant = Tol) is shown in black and the negative level
(No = N, not Susceptible = NotSusc, not tolerant = NotTol) in grey. Negative levels of binary variables
with coordinates less than 0.3 on the first or second dimension were omitted for readability. Details on the
abbreviations and levels of the factors are shown in Online Resource 2
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manifold stresses (floods, droughts, frost, and hail) occur in close succession within and

between years (Online Resource 5a). Social capital and resource rights were among the

strongest elements of resilience in the community. The traditional land-use system, which

has been maintained over time, comprises a mosaic of distinct land-use types, including

communally managed lands (aynoqas) and wetlands (kjochi iranas), as well as private

family plots (sayañas) (Online Resource 5b). Decisions about crop cultivation on com-

munal lands are made collectively based on an evaluation of the previous harvest and other

social and environmental factors. However, there is concern that such communal institu-

tions may disintegrate in the future as young people leave the village. The outmigration of

young people is contributing to an erosion of traditional knowledge on practices for seed

selection and cleaning, crop rotation, and traditional food recipes. The diversity of local

foods was perceived to be high but declining, along with diversity in the landscape, crops,

and animals. Local varieties of potato are cultivated in small plots, while commercial

varieties are cultivated in large areas. Shrinking land resources, decreasing soil produc-

tivity, lack of ecosystem protection, and declining human and environmental health (e.g.

pollution of rivers and Lake Titicaca) have a negative effect on resilience.

4 Discussion

Farmers’ perceptions of climate change in the eight study communities are in line with

empirical data and other studies on farmers’ perceptions in the Andean highlands (Perez

et al. 2010; Thibeault et al. 2010; Valdivia et al. 2010; McDowell and Hess 2012; Seiler

et al. 2013; Lennox 2015). The increasing problem of pests and diseases experienced by

farmers is associated with rising temperatures and further exacerbated by shifts towards

monoculture, pest-susceptible varieties, and abbreviated crop rotation schedules (Parsa

2010; Perez et al. 2010; McDowell and Hess 2012; Poveda et al. 2012). Adaptation actions

reported in our study communities (e.g. adjusting planting dates, changing crop compo-

sition, and improving soil and water management) are similar to those adopted by farmers

in others parts of the Andean highlands and the world (e.g. Young and Lipton 2006; Bryan

et al. 2009; Deressa et al. 2011; Habiba et al. 2012; Boillat and Berkes 2013; Mijatović

et al. 2013; Le Dang et al. 2014).

Farmers’ perceptions of crop responses to stresses linked to climate change are likewise

in alignment with other studies. Modelling investigations have predicted that S. tuberosum

will be more negatively affected by climate change than S. juzepczukii and S. ajanhuiri

(Sanabria and L’Homme 2013; Condori et al. 2014). The latter species are known for their

frost and drought tolerance and are also recognized for resistance to insect pests and late

blight (Phytophthora infestans) (Martinez et al. 2001; Browman 2003; Baldinelli 2014;

Condori et al. 2014). The frost tolerance of S. juzepczukii, S. curtilobum, and S. ajanhuiri

can be traced to their wild progenitors: S. acaule and S. bolivense (Rodrı́guez et al. 2010;

Ovchinnikova et al. 2011; Machida-Hirano 2015). Gene flow between wild and cultivated

types is an important element of crop adaptation in their centres of origin (e.g. Rodrı́guez

et al. 2010; Hufford et al. 2013; Mutegi et al. 2015), and the role of crop wild relatives as a

source of stress tolerance and resistance traits for crop breeding is well acknowledged

(Hajjar and Hodgkin 2007; Jansky et al. 2013). This study also revealed the value of hardy

wild relatives of quinoa, cañahua, and potato as famine foods for Altiplano communities in

periods of climate stress. The high glycoalkaloid content of S. juzepczukii and S.

curtilobum inherited from their wild progenitors confers resistance to pests and diseases
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(Tingey 1984; Machida-Hirano 2015). Nonetheless, in this study, farmers observed that

due to rising temperatures, S. juzepczukii is starting to be affected by pests. These potatoes

also are becoming more difficult to freeze-dry, which is a critical practice to reduce their

toxin content before consumption and ensure potato supply in lean periods (de Haan et al.

2010; Perez et al. 2010; Machida-Hirano 2015).

No previous studies to our knowledge have indicated a vulnerability of oca, isaño, and

papalisa to climate change, although their agronomic traits offer some explanations for the

farmers’ observations. The long cycle of these crops (7–8 months) exposes them to frost,

hail, and drought events (Hernandez-Bermejo and Leon 1992). Oca is intolerant to high

temperatures (Emshwiller et al. 2009), and papalisa is vulnerable to viral disease (Her-

nandez-Bermejo and Leon 1992), which may be aggravated by rising temperatures. Minor

tubers and fava bean—which was also observed to be vulnerable to climate change—are

integral in traditional crop rotation systems that maintain soil productivity, help control

pests and disease, and provide dietary diversity (Orlove and Godoy 1986; Bianco and

Sachs 1998; Grau et al. 2003). Minor tubers typically follow potato in the second year of

traditional rotations, while isaño is intercropped with other tubers to leverage its anti-pest

and anti-nematode properties (Orlove and Godoy 1986; Hernandez-Bermejo and Leon

1992; Bianco and Sachs 1998; Grau et al. 2003). The vulnerability of these crops to climate

change stresses could disrupt their roles in the agroecosystem.

The crops used in farmers’ adaptation actions were not necessarily those perceived to be

more tolerant to climate change stresses. Introduction of ‘‘sweet’’ potato varieties (S.

tuberosum Andigenum group) and commercial vegetables was partly encouraged by

warmer temperatures, but these cultivations were observed to be vulnerable to hail and

drought, which are becoming more frequent. Commercial quinoa varieties were also

introduced in several communities, displacing local varieties and cañahua—a related

Andean grain that is more tolerant of frost and drought than quinoa (Gade 1970). These

changes in crops and varieties reflect farmers’ responses to the changing climate, as well as

shifting social and economic conditions. The adoption and expansion of commercial crops

and varieties contribute to a diversified livelihood portfolio (Zimmerer 2013), but can lead

to maladaptation as observed by McDowell and Hess (2012) in another municipality in the

Department of La Paz: In Palca, shifts from hillside subsistence farming to commercial

vegetable production in irrigated fields increased farmers’ sensitivity to climate change by

raising dependence on unreliable water sources and hail-sensitive crops, as well as

exposing them to market volatility (McDowell and Hess 2012).

While the introduction of commercial crops was reported as an adaptation action,

traditional diversity-based risk management was not perceived as adaptation. The MFA

and cluster analysis revealed that households with higher levels of crop and variety

diversity, especially in Cachilaya, did not report taking action to adapt to the changing

climate. Yet field observations confirm that farmers in this community continue to use

traditional risk management strategies, such as planting some of their plots to a mixture of

local potato varieties (chalis). Maintaining crop and variety portfolios with different traits

and tolerances provides response diversity that mitigates losses from weather and market

shocks (di Falco and Perrings 2003; Halloy et al. 2005; di Falco and Chavas 2009; Perez

et al. 2010; Hakala et al. 2012; McDowell and Hess 2012; Kahiluoto et al. 2014). Most

households in all the communities cultivated several potato varieties, including non-bitter

and hardy bitter varieties. However, this practice was not reported as an adaptation action

in the survey, likely because it was not novel and so was not perceived as ‘‘adaptation’’.

Additional or improved methods of enquiry may better capture diversity-based practices

that farmers consciously and unconsciously use to mitigate risk and support crop
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adaptation, for instance capturing more detail on variety traits, their spatial and temporal

arrangement in the landscape, farmers’ seed selection and exchange practices, and the use

of wild or weedy relatives (Brush et al. 1981; Johns and Keen 1986; Thomas et al. 2015).

The results of the resilience assessment in Cachilaya showed that crop diversity and

associated knowledge are negatively affected by a range of interacting factors including

climate change, soil degradation, and outmigration of young people. Off-farm migration,

partly driven by land scarcity (Tapia 2006), results in a disruption of intergenerational

interactions and the transmission of traditional knowledge associated with crop diversity

(e.g. practices for seed selection and processing bitter potatoes). Local ecological

knowledge obtained through long-term experiences and observations provides a basis for

innovation and adaptation (Balbo et al. 2016), so its loss can have a negative effect on

resilience. On the other hand, incorporation of scientific findings into ‘‘traditional’’

knowledge is important for building adaptive capacity (Berkes et al. 2000; Berkes and

Turner 2006; Valdivia et al. 2013; Reyes-Garcı́a et al. 2014), especially as climate change

is bringing new challenges at a rapid rate. Approaches that blend traditional and scientific

knowledge can also help address environmental degradation (Altieri et al. 2012), which

according to the results of the resilience assessment is a serious problem—especially the

pollution of local rivers and Lake Titicaca, which is causing declining fish stocks (Monroy

et al. 2014) and is a hazard for livestock and human health. Further degradation of the local

resource base will reduce the resilience of Altiplano communities (McDowell and Hess

2012). Cachilaya’s community cohesion and self-organization, reflected in local institu-

tions, make an important part of their adaptive capacity (Rodima-Taylor 2012; Berkes and

Ross 2013; Balbo et al. 2016) and can provide a platform for devising sustainable climate

adaptation actions.

5 Conclusions

Climate change is bringing ever greater uncertainty and exposure to multiple climate

stresses on the northern Altiplano of Bolivia. Drought, frost, hail, and pest and disease

outbreaks are becoming increasingly frequent and unpredictable within and between years.

Few crops and varieties were perceived as tolerant to all these major stresses, which

explains why farmers continue to maintain several varieties at the household level with

different tolerance traits. This risk management strategy has persisted in all the study

communities despite the commercialization and intensification of local cropping systems.

However, it was not perceived as adaptation, while introduction of commercial crops was

perceived as adaptation.

Households across the study communities introduced and expanded the area under

commercial ‘‘sweet’’ potatoes, and in some communities, households started more com-

mercial-oriented production of quinoa, vegetables, and dairy. The shift to commercial

production reflects farmers’ responses and adaptation to warmer temperatures as well as

new economic opportunities. While this approach contributes to a diversified livelihood

portfolio, the greater sensitivity of commercial crops and varieties to climate stresses, as

compared to some traditional cultivations (e.g. bitter potatoes), may lead to maladaptation.

The displacement of local crops and varieties reduces response diversity in farmers’ crop

portfolios and therefore their capacity to adapt to climate shocks and long-term change.

While our results show key roles for stress-tolerant local crops and varieties in securing

harvests under climate change, our results also revealed that some local crops and varieties
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are threatened by emerging climate conditions—notably the minor tubers oca, papalisa,

and isaño. Furthermore, while varieties of bitter potato stood out for being highly stress

tolerant, the traditional freeze-drying that enables their consumption and provides a long-

term food store is challenged by warming temperatures. The use of these crops could

diminish with the progression of climate change, along with their roles in crop rotations

and risk management strategies, unless hardier varieties are found or developed for the

vulnerable crops or innovative techniques are developed for processing bitter potatoes.

Strengthening farmers’ resilience to climate change on the northern Altiplano of Bolivia

will require a combination of actions including maintaining and expanding crop and

variety portfolios and restoring soil and ecosystem health. Because of the multiple stresses,

solutions that focus on only one trait (e.g. drought tolerance) will be inadequate and

maintaining crop portfolios with a range of responses to climate stress will remain an

important element of resilience. One of the main challenges will be to take opportunities

for diversification and commercial crop production without losing response diversity and

valuable adaptive traits found in local varieties. Maintaining the presence of wild relatives

of potato, quinoa, and cañahua in the landscape will ensure a source of traits for crop

adaptation and food in periods of extreme climate stress. Reversing the loss of traditional

knowledge and complementing it with scientific knowledge will be important to support

development of local solutions to face the multiple challenges for resilience.
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Mijatović, D., Van Oudenhoven, F., Eyzaguirre, P., & Hodgkin, T. (2013). The role of agricultural biodi-
versity in strengthening resilience to climate change: Towards an analytical framework. International
Journal of Agricultural Sustainability, 11(2), 95–107.

Monroy, M., Maceda-Veiga, A., & de Sostoa, A. (2014). Metal concentration in water, sediment and four
fish species from Lake Titicaca reveals a large-scale environmental concern. Science of the Total
Environment, 487(15), 233–244.

Mutegi, E., Snow, A. A., Rajkumar, M., Pasquet, R., Ponniah, H., Daunay, M.-C., et al. (2015). Genetic
diversity and population structure of wild/weedy eggplant (Solanum insanum, Solanaceae) in southern
India: Implications for conservation. American Journal of Botany, 102(1), 140–148.

Orlove, B. S., & Godoy, R. (1986). Sectoral fallowing systems in the Central Andes. Journal of Ethnobi-
ology, 6(1), 169–204.

Ovchinnikova, A., Krylova, E., Gavrilenko, T., Smekalova, T., Zhuk, M., Knapp, S., et al. (2011). Tax-
onomy of cultivated potatoes (Solanum section Petota: Solanaceae). Botanical Journal of the Linnean
Society, 165(2), 107–155.

Climate change and crop diversity: farmers’ perceptions and…

123



Parsa, S. (2010). Native herbivore becomes key pest after dismantlement of a traditional farming system.
American Entomologist, 56(4), 242–251.

Perez, C., Nicklin, C., Dangles, O., Vanek, S., Sherwood, S., Halloy, S., et al. (2010). Climate change in the
high Andes: Implications and adaptation strategies for small-scale farmers. The International Journal
of Environmental, Cultural, Economic and Social Sustainability, 6(5), 71–88.

Poveda, K., Martı́nez, E., Kersch-Becker, M. F., Bonilla, M. A., & Tscharntke, T. (2012). Landscape
simplification and altitude affect biodiversity, herbivory and Andean potato yield. Journal of Applied
Ecology, 49(2), 513–522.

Pusadee, T., Jamjod, S., Chiang, Y.-C., Rerkasem, B., & Schaal, B. A. (2009). Genetic structure and
isolation by distance in a landrace of Thai rice. Proceedings of the National Academy of Sciences of the
United States of America, 106(33), 13880–13885.

Reyes-Garcı́a, V., Aceituno-Mata, L., Calvet-Mir, L., Garnatje, T., Gómez-Baggethun, E., Lastra, J. J., et al.
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