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to increased climate variability. Indigenous agrisystems that have co-evolved with

Ethiopian Highlands, agrisystems are dominated by the multipurpose perennial
staple enset (Ensete ventricosum), characterised by flexible harvest timing, high
yield, long storage, and putative drought tolerance, earning it the name ‘the tree
against hunger’.

o We tested three hypotheses using crop production area and climate data. First,
that enset production area is greatest in the most drought-prone locations.
Second, that farmers respond to drought events by increasing enset production
area. And third, that drought encourages shifts in agrisystem composition more
widely towards perennial or storable crops.

e We found that regions with a higher severe drought frequency are associated with
significantly higher proportion of enset production. Similarly, the Standardised
Precipitation Evapotranspiration Index of the previous 3 years is significantly
negatively correlated with enset production area time series, suggesting that prior
drier conditions led farmers to increase the land under enset production.

Regarding other crops, storage crops roots and tubers were also preferentially
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1 | INTRODUCTION

More than half of the world's food calories are grown on 380 million
smallholder farms of less than two hectares (Samberg et al., 2016).
Being largely rainfall dependent, with relative low levels of input and
technology, smallholder farms are particularly vulnerable to climatic
variability and extremes (Lin, 2011; Mbow et al, 2019;
Morton, 2007). Rising temperatures and more variable rainfall often
lead to reduced yields, especially for annual crops (Lobell et al., 2011;
Ray et al., 2019; Vogel et al., 2019). Therefore, climate-related impacts
to food security are projected to increase, particularly in the Global
South (Aryal et al., 2021; Hoegh-Guldberg et al., 2018). This has
resulted in greater focus on climate-resilient strategies based on indig-
enous agrisystems (Altieri et al., 2015) and in particular the identifica-
tion of crops or cropping strategies that farmers use to tolerate
climatic shocks such as drought.

Drought arises from a negative balance of water supply and
demand and can be categorised in terms of intensity, duration, and
extent (Funk & Shukla, 2020). Ethiopia has experienced multiple
drought events over recent decades and is particularly exposed to
climate-related impacts due to its dependence on rain-fed subsistence
agriculture (Cochrane, 2017; Mekonnen et al., 2020). Extreme drought
and famine in 1983-1984 resulted in over one million deaths from
starvation and malnutrition (Fazzini et al., 2015) and more recent
severe droughts occurred in 2000, 2002-2003, 2009, 2011, and
2015 (Bewket & Conway, 2007; Cochrane, 2017; Mera, 2018; Viste
et al., 2013). Ethiopian farmers have reported a changing climate,
characterised by increasing temperatures, greater rainfall variability
and consequently more frequent drought (Bryan et al., 2009; Dalle &
Daba, 2020; Demeke et al., 2011; Kreitzman et al., 2020; Shikuku
et al., 2017). Rising temperatures and more variable seasonal precipi-
tation are projected to increase the frequency and intensity of
drought and potentially reduce Ethiopia's GDP up to 10% by 2045,
further threatening the already vulnerable food security situation
(World Bank Group, 2020). At the same time, the Ethiopian popula-
tion is predicted to double to approximately 200 million people by
2050 (United Nations [UN], 2019), which will likely lead to increased
fragmentation of smallholder farms (Cholo et al., 2018), further reduc-
ing food security and household incomes (Giller et al., 2021).

While multiple factors including climate change, land manage-

ment, and population growth may have increased the impacts of

selected after long-term drought over annual crops, indicating their capacity for
longer-term resilience.

e Promoting the production of crops such as perennials, which have more extensive
and established root systems, may be a strategy to ensure food security during
drought or climate variability. These results indicate the potential of farmer's

resilience strategies to improve food security in a changing climate.

climate change, drought tolerance, Ensete ventricosum, Ethiopia, food security

drought in Ethiopia, the occurrence of periodic droughts in the Horn
of Africa is not new (Kassaye et al., 2021). As an important center of
crop diversity, characterised by the in situ domestication and devel-
opment of numerous globally (e.g., coffee and sorghum) and region-
ally (e.g., enset and teff) important species, Ethiopia's indigenous
agrisystems may have evolved attributes that provide resilience strat-
egies to cope with environmental change and buffer food insecurity
(Di Falco et al., 2011; Matewos, 2019; Waha et al., 2013). In the
Southwest Ethiopian Highlands, where rainfall follows a bi-modal
pattern comprising shorter spring rains (Belg) and longer summer
rains (Meher), a prime example of an indigenous agrisystem putatively
adapted to endure climate variability is enset-based agriculture. Enset
(Ensete ventricosum (Welw.) Cheesman) is a starchy perennial crop
that is only cultivated in Ethiopia, where it is consumed by more than
20 million people (Borrell et al., 2020). Enset, known as ‘the tree
against hunger’ for its role in food security (Brandt et al., 1997), is
exclusively grown on rain-fed smallholder farms in cropping systems
containing a broad mix of other crops such as cash crops (e.g., coffee
and khat), cereals, roots and tubers, pulses, vegetables, fruits and
oilseeds, and in close conjunction with livestock (Borrell et al., 2020).
Enset is valuable to smallholder subsistence farmers for its multiple
uses (e.g., food, fiber, building material, animal fodder, medicine, and
cultural value), rapid clonal propagation, high yield, flexible harvest
time, storage potential, and perceived drought tolerance (Borrell
et al., 2019; Morrow et al., 2022; Shumbulo et al., 2012); however,
few studies have quantified the effects of climate on the area under
enset production.

In this study, we collated 22 years of crop production area data
and regional climate data and applied linear mixed-effects modelling
to investigate the relationship between climate and crop production
area, focusing on enset and associated food crops in Southwest
Ethiopia. First, we tested the extent to which the spatial distribution
and local importance of enset agriculture is explained by the historic
regional prevalence of droughts. Second, using yearly crop production
area data, we tested the hypothesis that farmers expand their enset
cultivation over time, potentially as an insurance crop, in response to
droughts. Third, we compared the effects of single or multiyear
drought on the production area of co-occurring crops, including
annuals and other perennials. We used these analyses to evaluate
farmers' resilience strategies and their potential application under

projected climate change.
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2 | MATERIALS AND METHODS

21 | Crop production data

We collated yearly production area data in hectares (ha) for 52 crops
grown in Ethiopia, from 1997 to 2019, from the agricultural surveys
published by the Central Statistics Agency of Ethiopia (CSA, 2020).
We focused on crop data from the 30 zones in Southwest Ethiopia
where enset is cultivated (Figure 1). The CSA publishes yearly reports
on total cropland area, volume of crop production, and yield of crops
on private smallholdings across Ethiopia. Data are compiled at regional
and zonal levels, and many crops are grouped into categories. In
addition to enset, we gathered data on six important food crop
categories as defined in the CSA survey reports (annual food
crops—cereals [e.g., wheat, maize, teff, barley, and sorghum], oilseeds
[e.g., niger, linseed, groundnut, and rapeseed], pulses [e.g., faba bean,
haricot bean, and chickpea], vegetables [e.g., cabbage, peppers, and
tomatoes], and root crops [e.g., taro, yam, potato, and sweet potato]—
and perennial fruit crops [e.g., avocado, banana, orange, and mango])
(Table S1). We chose to use production area (ha) data in our analyses,
as opposed to yield, because more comprehensive production area
data were available (see Methods S1 and Figure S1). As the average
age of most harvested enset is 4-6 years (Borrell et al., 2020), we
estimated that the 22 years of crop data allows for around four to five
enset crop cycles, which we considered sufficient to detect trends in
farmers' decision making. We generated heat maps for all species

across all available years from 1997 to 2019 to detect systematic
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outliers that might indicate survey or data entry errors, or reporting

biases in certain crops (see Cochrane & Bekele, 2018). All data
curation and analyses were conducted using R version 4.0.0 (R Core
Team, 2020).

2.2 | Climate variables
To test the relationships between crop production area (ha) and cli-
mate, we sourced global 1 km gridded climate data from CHELSAcruts
(Karger et al., 2017; Karger & Zimmermann, 2018). Using the R pack-
age ‘raster’ (Hijmans et al., 2021), we extracted monthly maximum
temperature, minimum temperature and precipitation data for the
study area to generate a suite of 29 climate variables, described below
and listed in Supplementary Table S2.

The climate data covered the period of 1985-2016, starting
12 years before the first year of recorded crop data (1997), which we
considered a sufficient period of time to detect climatic impacts on
crops. Additionally, all climate data were cropped to the elevation
range suitable for each crop that was analysed (e.g., enset variables
were calculated with climate data between 1680 and 3045 m.a.s.l.,
based on the 95% range of enset distribution data from observations
listed in Supplementary Dataset S1).

Concerning the variables, first, using the R package ‘dismo’
(Hijmans, 2004; Hijmans et al., 2020), we derived the standard World-
Clim bioclimatic variables, representing annual trends (e.g., mean

annual temperature and annual precipitation) seasonality (e.g., annual

36°E 38°E 40°E

Mean percentage
enset production
area (1997-2016)

30°N
FIGURE 1 Spatial distribution of
enset production area in Southwest 10°N -
Ethiopia. (a) Percentage of enset
production area of total cropping area in
the 30 enset-growing zones of Ethiopia
(averaged over the period 1997-2019).
(b) Location of the study area in
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range in temperature and precipitation) and extreme or limiting envi-
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ronmental factors (e.g., temperature of the coldest and warmest
month, and precipitation of the wet and dry quarters). Second, we
used monthly precipitation data to derive unique variables corre-
sponding to the two major rainfall seasons in the study area: Belg
(March to May) and Meher (June to September). Third, to capture
information on water availability, we calculated mean monthly and
annual Potential Evapotranspiration (PET) (Hargreaves method) using
the R package ‘SPEI’ (Begueria & Vicente-Serrano, 2017) and
summed monthly data for the Belg and Meher rainfall seasons
to create seasonal PET values. Next, aridity index values
(Precipitation/PET) for annual, Belg and Meher seasons were calcu-
lated following Trabucco and Zomer (2018). Finally, using the R
package ‘SPEI’, we computed the annual Standardised Precipitation
Evapotranspiration Index (SPEI), a drought indicator based on
monthly PET and precipitation data (Vicente-Serrano et al., 2010),
which is used to establish drought conditions related to climate
change (e.g., Haile et al., 2020; Li et al., 2015; Potop et al., 2014)
and is considered a comprehensive measure of water availability
(Stagge et al., 2014).

Annual SPEI values were also calculated over the extended period
of 1901-2016 to explore the impact of drought over the past century.
To quantify the frequency of historical severe drought, we calculated
the number of annual SPEI values less than —1.5 (the threshold of
severe drought; Table 1) over the period 1901-2016, for each zone.
As converting a continuous variable to a count variable using a thresh-
old is very sensitive to small changes in calculations of the continuous
variable, we tested two alternative SPE| estimations. The first version
is the standard calculation provided by the SPEI package, and the sec-
ond version used the period 1985-2016 as reference for calculation,
to account for the greater accuracy of recent climate data. SPEI values
needed to be less than —1.5 in both versions to be considered as a
severe drought event. To account for factors not directly related to
climate, we created three additional variables, population density
for 2016 (WorldPop, 2018), mean enset habitat suitability index
(Koch et al., 2022), and the mean poverty composite index of six
regional health, well-being, and development indicators of 2016
(see Methods S2).

TABLE 1 Standardised Evapotranspiration Index (SPEI) drought
categories, based on McKee et al. (1993).
SPEI value Category
>2 Extremely wet
1.5t02 Severely wet
1to 1.5 Moderately wet
—1to1l Normal
—-1.00to —-1.5 Moderate drought
—15to -2 Severe drought
<=2 Extreme drought

2.3 | Modelling the spatial variation of enset
production area

To investigate whether the spatial variation in enset production area
across the study area is a result of long-term adaptation to drought,
we built a generalised least squares regression model with a Gaussian
autocorrelation structure using the R package ‘nlme’ (Pinheiro
et al., 2021). The response variable was the proportion of enset
among the total cultivated crop area in each administrative zone
(averaged from 1997 to 2016) and the four standardised explanatory
variables were population density for 2016, mean enset habitat
suitability index, the composite poverty index and the frequency of
severe drought from 1901 to 2016. Following a stepwise selection to
identify multicollinearity (using the R package ‘usdm’; Naimi, 2017),
we removed the composite poverty index variable from the regression

model.

24 | Modelling the temporal response of enset
production area to climate

To determine the climatic drivers of enset production across the
period 1997-2016 for the 30 zones, we standardised all climate vari-
ables and excluded collinear variables through a stepwise procedure
with the ‘usdm’ package. The six remaining (noncollinear) climate vari-
ables (isothermality, mean temperature of driest quarter, precipitation
seasonality, precipitation of coldest quarter, precipitation of the Belg
season, and the Standardised Precipitation Evapotranspiration Index)
were computed at two different time scales to assess farmer decision
making after short- and long-term climatic conditions. These com-
prised (i) the previous year and (ii) the sum of the previous 3 years,
resulting in 12 explanatory variables. SPEI of the previous 3 years was
calculated with R package ‘SPEI" (described in Section 2.2). The
regression model employed the linear mixed-effects function, a tem-
poral autocorrelation structure and accounted for random effects by
zone following Zuur et al. (2009) and using the R package ‘nlme’. The
response variable was the natural log of the ratio of enset production
area (ha) for the 30 zones from the previous year, y = In(b/a), where a
is enset production area (ha) of year n, and b is enset production area
(ha) of year n + 1. Significant variables had p values <.05, but vari-
ables with p values <.1 were also considered ‘marginally significant’.
To check for spatial autocorrelation across the 30 zones, we calcu-
lated Moran's | using the R package ‘ape’ (Paradis & Schliep, 2019).
We also plotted the model residuals against mean elevation for each
zone to check for any heteroscedasticity associated with elevation
(Figure S2).

2.5 | Comparing climatic impacts on enset and
other crops in the enset agrisystem

The composition and diversity of the enset agrisystem varies across

the study area. We studied here the most common food crops
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grown across the study area that broadly represent the enset agri-
system. We compiled annual crop production area (ha) data for six
main crop categories (defined by the CSA) to detect changes from
1997 to 2019. The major cash crops coffee, khat, and sugarcane
were excluded from the analysis to allow a truer comparison to
enset (as a food crop) and to minimise other complex factors, such
as local and export market demands and price fluctuations. We
summed the production data (ha) of crops within categories
(e.g., cereals) to construct the crop category area values. We then
ran a generalised least squares regression with a temporal autocorre-
lation structure to detect crop trends in production area (ha) over
the study period. To determine how all crop categories relate to
drought in comparison to enset, we generated linear mixed-effects
models for each of the crop categories. Like for enset, the explana-
tory variables were delimited by the 95% altitudinal range of each
crop category based on georeferenced observation records
(Supplementary Dataset S1). As in the temporal model of enset, the
response variable was the natural log ratio of the sum of the pro-
duction area (ha) of all crops in the category from the previous year
and the two explanatory variables were short-term SPEI (SPEI of the
previous year) and long-term SPEl (SPEI of the previous 3 years).
These were then compared by plotting the t values of both short
and long-term SPEI for each crop category. Significant variables had
p values <.05, but variables with p values <.1 were also considered
‘marginally significant’.

3 | RESULTS

3.1 | Historical climatic trends and events

Analysis of the SPEI drought index showed substantial temporal vari-
ability of drought incidence in the study region from 1985 to 2016
(Figure 2a). Drought severity was also highly variable across the
30 zones (Figure 2b), reflecting the diverse topography and climate of
the Southwest Highlands. The driest years indicated by the SPEI
values were consistent with notable drought events cited in literature
concerning both the Belg and Meher rainfall seasons, such as in 2000
and 2002-2003 (Bewket & Conway, 2007; Cochrane, 2017,
Mera, 2018; Viste et al., 2013).

3.2 | Spatial trends of enset production area

Cropping area under enset production (averaged from 1997 to
2016) varied across the 30 zones from 46 ha to 76,106 ha, compris-
ing 0.03% to 34% of the total cultivated area (Figure 1). We found
that relative enset production area had a significant positive rela-
tionship with severe drought frequency (t = 2.81, p = .009). Enset is
particularly dominant in three zones (where it makes up more than

27% of all crops) that have experienced at least eight severe

P’:’J—S

drought years in the period 1901-2016. The other explanatory vari-

People P

ables, population density and enset habitat suitability index, were
not significantly associated with the proportion of enset cultivation
(Table 2).

3.3 | Temporal trends of enset production area
From 1997 to 2019, the average enset production area for all
zones increased by 61%. Our regression model to determine the
climatic predictors of the annual change in the enset production
area identified two significant variables (Table 3). Annual change in
enset production area had a significant positive relationship with
short-term SPEI (SPEI of the previous year; t = 2.09, p = .038) and
a significant negative relationship with long-term SPEl (SPEl of
the previous 3years; t = —2.24, p = .026). Three additional vari-
ables showed p values just above the .05 threshold and are thus
considered marginal, that is, short-term precipitation of the Belg
season had a negative correlation (t = —1.93, p = .055), whereas
long-term precipitation of the Belg season (t = 1.78, p = .076) and
long-term precipitation seasonality (t = 1.88, p = .062) had positive
correlations with annual change in enset production area. The
remaining explanatory variables were not significant (p > .1)
(Table 3).

3.4 | Climatic impacts on enset agrisystems

From 1997 to 2019, the population of the study area nearly doubled
from 23 to 42 million (World Bank Group, 2022) and the total cultiva-
tion area of all crops more than doubled. The regression of crop pro-
duction showed that during the study period, the production area
(ha) of all crops significantly increased (p < .05), with the exception of
oilseeds (Figure 3).

The regression model of climate impacts on the different crop
categories revealed that the annual change in production area of
enset and root crops shared a similar pattern, having a negative
correlation with long-term SPEl and a positive correlation with
short-term SPEI (root crops long-term SPEI was highly significant
at p <.001, enset long-term SPEl was marginally significant at
p > .05 while both enset and root crops short-term SPEI were sig-
nificant at p <.05). Pulse production area showed the opposite
trend—a highly significant positive correlation (p <.001) with long-
term SPEI and a highly significant negative correlation (p < .001)
with short-term SPEI. Fruit production area had a significant posi-
tive correlation with short-term SPEI (p < .05), oilseeds a marginally
significant negative correlation with short-term SPEI (p <.1), and
vegetables a marginally significant positive correlation with long-
term SPEI (p < .1). Cereal production area was not significantly cor-
related with short- or long-term SPEI in the study region (Table 4
and Figure 4).
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TABLE 2
values (p < .05).

ts People Planet PJ_7

Predictors of the spatial variation of the mean proportion of enset cultivation across the 30 zones. Asterisks indicate significant

Variable t value p value
Population density (2016) 0.89 381
Enset habitat suitability index 1.25 221
Severe drought frequency (1901-2016) 2.81 .009*
TABLE 3 Climatic predictors of temporal variation in enset production area from 1997 to 2019. For period, short = previous year,
long = previous 3 years. ** indicates significance at p < .05 and * indicates marginal significance at p < .1.
Variable Period Estimate Adjusted standard error t value p value
Isothermality Short .01 .01 0.80 423
Isothermality Long -.01 .01 -1.03 .303
Mean temp of driest quarter Short .02 .01 0.69 489
Mean temp of driest quarter Long -.01 .03 -0.40 .689
Precipitation seasonality Short -.02 .01 —-1.47 142
Precipitation seasonality Long .03 .01 1.88 .062*
Precipitation of coldest quarter Short .01 .02 0.22 .823
Precipitation of coldest quarter Long -.01 .02 -0.26 798
Precipitation of Belg season Short -.05 .02 -1.93 .055*
Precipitation of Belg season Long .04 .02 1.78 .076*
Standardised Evapotranspiration Index Short .03 .02 2.09 .038**
Standardised Evapotranspiration Index Long —-.03 .01 —2.24 .026**
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FIGURE 3 Food crop production in Southwest Ethiopia. Log change in production area (1000 ha) of the crop categories grown in the study

area from 1997 to 2019.
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TABLE 4 Impacts of short and long-term Standardised
Precipitation Evapotranspiration Index (SPEI) on the production area
(from 1997 to 2016) of enset and the other crop categories in the
local agrisystem. Significant and marginally significant values denoted
by **(p < .05) and *(p < .1), respectively.

People Pla

Crop/category SPEI period t value p value
Perennials
Enset Short 2.13 .034**
Long —1.68 .095*
Fruit Short 2.02 .045**
Long -0.99 322
Annuals
Root crops Short 2.30 .023**
Long —4.58 <.001**
Pulses Short —5.30 <.001**
Long 5.16 <.001**
Oilseeds Short -1.73 .086*
Long 0.96 .337
Vegetables Short -0.12 .902
Long 1.71 .089*
Cereals Short 0.57 572
Long 0.07 941

4 | DISCUSSION

4.1 | Historical drought frequency influenced the
spatial variation of enset production

Enset cultivation displays a highly heterogeneous and restricted distri-
bution, being favoured by farmers in certain geographic zones but per-
sisting as a minor crop on the periphery of this region and playing no
role beyond this region. We show that the spatial variation in enset
cultivation is associated with historical drought frequency, which sup-
ports the hypothesis that more enset is cultivated in drought-prone
regions. This suggests that enset cultivation has become dominant in
areas where the crop's attributes are most useful to buffer the impacts
of drought, in line with related research showing that enset is
managed as a green asset to buffer seasonal and interannual resource
scarcity (Morrow et al., 2022). We note that while this holds as an
explanation for the enset-growing region, the absence of enset else-
where (e.g., Eastern and Northern Ethiopia) does not imply an absence
of drought. Rather other climatic suitability variables, interacting with
socioeconomic and cultural drivers, are likely responsible (Koch
etal, 2022).

Our results are consistent with household surveys conducted in
Ethiopia that report drought as an important factor in farmers' crop-
ping decisions, such as diversifying home gardens and planting more
enset compared to other crops (e.g., Belay et al., 2017; Negash &
Niehof, 2004; Tsegaye & Struik, 2002). There is also evidence that
planting more enset increases food security under drought. For

example in Sidama, households that grew enset were found to be
111% less likely to experience the effects of drought than those with-
out enset (Matewos, 2019) and enset-based agrisystems are reported
to have received less emergency relief aid than other farming systems
(Adimassu et al., 2014). More recently, in an analysis of World Bank
household-level panel data, Morrow et al. (2022) suggested that
households with a sufficient stock of mature enset were associated
with significantly lower childhood stunting, higher dietary diversity

and reduced food insecurity.

4.2 | Farmers planted more enset after drier
conditions

We found that the annual change in enset production area is nega-
tively correlated with long-term SPEI (SPEI of the previous 3 years),
suggesting that farmers responded to longer-term drought events by
increasing the proportion of enset in their home gardens, putatively as
a resilience strategy (Borrell et al., 2019; Dessalegn, 1995; Morrow
et al., 2022). Although the negative relationships between enset pro-
duction area and long-term SPEI could also be interpreted as farmers
responding to wetter conditions by decreasing enset production,
there is no anecdotal evidence to support this scenario. Long-term
precipitation seasonality (defined as the variation in monthly precipi-
tation totals) has a marginally significant positive association with
enset production area, further supporting the hypothesis that more
climate variability has led to farmers planting more enset.

The positive relationship with short-term SPEI (SPEI of the previ-
ous year) suggests an increase in enset production area the year after
wetter conditions or a decrease the year after drier conditions. The
latter is regarded as the more plausible scenario, as a drier previous
year often results in poor yields within the agrisystem, forcing farmers
to harvest more enset than usual and thus reducing its cropping area
(e.g., enset area decreased in 2009 after poor rains and significant
crop losses; FAO, 2009). The marginally significant negative relation-
ship between enset production area and short-term Belg precipitation
suggests that these short-term drought conditions could be linked to
a relatively drier Belg rainy season from March to May, when farmers
typically plant newly propagated enset (Olango et al., 2014). Further
examination of our climate data shows that rainfall variability over the
study period was most pronounced during the Belg season (coefficient
of variation [CV] = 21.98), compared to Meher (CV = 12.26) or annual
(CV = 9.52) precipitation. A recent decline in Belg rain has also been
reported by several authors (Bewket & Conway, 2007; Cochrane
et al., 2020; Rosell, 2011) and delays in the start of the Belg season
have resulted in shortened growing seasons, affecting cropping
strategies (Rosell, 2011).

In our study, long-term SPEI represents water availability of the
previous 3 years. The extended period between long-term drought
(negative SPEI) and annual increase in enset production area in our
model can be partially explained by the time constraints of enset
growth and management, for it takes up to a year to propagate a

mother plant to produce viable young plants, and then at least
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FIGURE 4 Response of different crop categories to short- and long-term SPEI. Multiple regression results (t values) of enset and other crop
production area in the local agrisystem, comparing two explanatory variables—short-term Standardised Precipitation Evapotranspiration Index
(SPEI) (of the previous year, in green) and long-term SPEI (of the previous 3 years, in orange) with significant values denoted by solid circles

(p < .05) and marginally significant values denoted by triangles (p < .1). Empty circles indicate no significance (p > .1). In the legend, short = short-

term, long = long-term, sig = significant and nonsig = not significant.

another year for young plants to mature to an extent that they take
up space in the garden plot (Blomme et al, 2018; Tsegaye &
Struik, 2002; Wondimu & Kebede, 2021). Furthermore, from a social
perspective, this pattern corresponds well with resilience thinking and
the adaptive cycle described by Fath et al. (2015), in which a crisis
(in this case drought over a number of years) is followed by phases of
innovation (choosing to plant more enset), new growth and conserva-
tion of buffers against future shocks (maintenance of enset as food
security). This time-lagged behaviour was also observed by
Lamichhane et al. (2020) in their study of climate change adaptation
by smallholder farmers in Nepal.

In addition, it is likely that enset production area is affected by
farmers' choices regarding co-existing crops (e.g., khat, cereals, vege-
tables, and coffee), coupled with other factors such as farm labour
and input availability (e.g., fertiliser and manure), market access and
other basic infrastructure (Manlosa et al., 2019; Matewos, 2019).
For example, khat production has increased and may have replaced
other crops including enset (Figure S3), although this trend is

reported to be localised and largely associated with market access
(Mellisse et al., 2018). Gender also plays a role in changes in enset
production. Enset is typically propagated and planted by male
farmers and managed, harvested, and processed by female farmers.
Thus, a shortage of labour from either gender could influence the
choices the farmers make regarding enset production, and ultimately
their wvulnerability to climate-related impacts (Matewos, 2019;
Tsegaye & Struik, 2002).

4.3 | Food crop choices in response to short-term
and long-term drought

Many crops co-exist in enset-based farming systems, and we found
that crops are managed differently in response to short-term and
long-term drought. Here, again we focused on farmers' responses to
drier conditions (negative SPEI), but also considered the effects of

wetter conditions (positive SPEI). Whereas the production area of
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perennial enset declines after short-term drought—potentially
because more enset was harvested to compensate for the failure of
other crops—it increases in the long-term as a resilience strategy.
We also see a consistent pattern in the root and tuber crops, which
although managed as annuals, have traits in common with peren-
nials. For example, sweet potato can tolerate drought due to its
deep rooting system and extensive vine network (Daryanto et al.,
2016), while taro, although perhaps less drought tolerant, has a high
yield, long shelf life and flexible availability (Dagne et al., 2014).
The other perennial category, fruit crops, increased with short-term
SPEI, suggesting that farmers expanded their cropping area of
species such as avocados, bananas, and mangos after relatively wet
years, but could have also decreased their production area after
severe drought.

By contrast, the annual crops oilseeds and pulses have shorter
cycles, which allow farmers to make adaptive decisions more quickly
in response to climate (e.g., by sowing early, late, or different varieties)
(Asfaw et al., 2013). Our results show that pulses, such as faba bean
and chickpea, increased after short-term droughts or decreased after
wetter conditions. Here, the latter scenario is considered more likely,
as pulses often suffer from fungal diseases resulting from waterlogged
conditions (Tadesse et al., 2008). Oilseeds show the same relationship
to short-term SPEI as pulses, but with only marginal significance,
perhaps because the most abundant oilseed species in the study
area—niger and linseed—can tolerate a relatively wider range of envi-
ronmental conditions (Alemaw & Alemayehu, 1997). After long-term
drought, there were significant decreases in production area of pulses
and vegetables. This is likely due to annuals favouring resource
requisition over conservation and thus having less storage capacity
compared to perennials (Kreitzman et al., 2020; Roumet et al., 2006),
making them less attractive when a more resilient crop option is
available.

Cereals do not show significant responses to long or short-term
SPEI. Although this crop category had the biggest increase in produc-
tion area over the study period, we cannot attribute cereal trends
specifically to climate. The category ‘cereals’ is composed of species
with different agroecological requirements and response mechanisms
(e.g., drought tolerant sorghum and more drought susceptible maize)
(Abera et al., 2018; Menamo et al., 2021), and it is likely that changes
in cereal production area are due to a combination of nonclimatic

factors and associations with other crops (Benin et al., 2003).

5 | CONCLUSION

Smallholder farmers may endure climate-related shocks and variability
by using adaptive practices and crop choices. Here, we have shown
that the relative importance of enset across the enset-growing area in
Southwest Ethiopia is predicted by the historical frequency of drought
events, suggesting that enset has become dominant in drought-prone
areas. Second, we establish a temporal link between previous drought
events and annual increase in enset production area, supporting the

hypothesis that enset is cultivated by farmers in response to the

adverse effects of drought. This provides empirical evidence of indige-
nous, locally adapted resilience strategies. Finally, we illustrated the
complexity of farm crop choice in response to droughts, with con-
trasting responses from perennial enset and drought tolerant roots
and tubers that increase with long-term drought and annual crops oil-
seeds and pulses that increase after short-term drought. Our findings
indicate that Ethiopian smallholder farmers may already be adjusting
crop choices in response to contemporary climate change. This study
emphasises the value of surveying farmer resilience strategies and
underutilised crops across the world's diverse indigenous agricultural
systems, which may help guide policy decisions in regions vulnerable
to climate change.
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