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Perceived climate change impacts and 
adaptation responses in ten African 
mountain regions
 

Aida Cuni-Sanchez    1,2  , Abreham B. Aneseyee    3, Ghislain K. R. Baderha    4, 
Rodrigue Batumike2,5, Robert Bitariho6, Gerard Imani4, Nisha Jha2, 
Kaiza R. Kaganzi    7, Beth A. Kaplin    8, Julia A. Klein    9, Ana Leite2, 
Robert A. Marchant    1, Emanuel H. Martin    10, Fatuma Mcharazo11, 
Ben Mwangi12, Alain S. K. Ngute    13, Jacques Nkengurutse14, Aline Nkurunziza15, 
Lydia Olaka    16, Teshome Soromessa    17, Romeo O. K. Tchoffo18, 
Jessica P. R. Thorn19,20,21, Isaac Twinomuhangi6, Martin J. P. Sullivan    22 & 
Noelia Zafra-Calvo    23

Mountain regions are particularly vulnerable to climate change impacts. 
Yet, little is known about local adaptation responses in African mountain 
regions, especially if these are incremental or transformational. First, 
using household questionnaires, we interviewed 1,500 farmers across ten 
African mountain regions to investigate perceived climate change impacts 
and adaptation responses. Second, through a reflective process involving 
all co-authors, we identified: (1) main constraints and opportunities for 
adaptation, and (2) if adaptation was incremental or transformational. 
Questionnaire data show that farmers in all sites perceive multiple impacts, 
and that they mostly respond by intensifying farming practices and using 
off-farm labour. We established that, while several constraints were shared 
across sites, others were context specific; and that adaptation was mostly 
incremental, but that certain attributes (for example, social capital) made 
three sites in East Africa slightly more transformational.

Temperature changes are more rapid in mountain environments than 
at lower elevations1, changes which negatively affect not only glaciers 
and water budgets, but also crop yields, livestock and human diseases2.  
African mountain regions, especially across East Africa, have also 
observed an increase in extreme weather events (floods and droughts), 
which have had severe social, ecological and economic impacts3.  
In African mountain regions, as in other regions with complex topog-
raphy, considerable uncertainty exists about the local consequences 
of ongoing climate change, because of the limited spatial resolution 
of global or regional climate models4. For such regions, field observa-
tions from subsistence-oriented communities can help to not only 
document the multiple fine-scale environmental consequences of 

climate change, including those relevant to local communities5, 
but also provide the insights needed to design effective adaptation 
responses6. Indeed, the potential contribution of local knowledge 
from subsistence-oriented communities to climate research is increas-
ingly being acknowledged, particularly in data-deficient regions of  
the world7–9.

Recent synthesis works on climate change adaptation in Africa10–12 
have overlooked mountain regions, although the IPCC Assessment 
Report 6 chapter on mountains highlights the increase in climate 
change impacts over recent decades with observable and serious 
consequences for people and ecosystems across the mountains of 
the world, particularly in Africa13. African mountain regions, with 
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administered to 1,500 smallholder farmers (150 per study site; Meth-
ods). Following ref. 18, we provided a list of potential: (1) climatic 
changes observed, (2) impacts in the biophysical domain and (3) adap-
tation responses, which were narrowed down to those relevant for each 
study area according to FGDs participants’ views, with only those being 
included in the semistructured questionnaire (for example, questions 
about coffee were only relevant to five sites where this crop was culti-
vated). The collection of locally relevant, but cross-culturally compa-
rable, information using a common protocol allows the simultaneous 
identification of common trends and context-specific singularities of 
individual sites18.

Second, through a reflective and analytical process involving 
all co-authors, we determined for each site: (1) main constraints and 
opportunities for adaptation adapting the IPCC guidelines19, and 
(2) if adaptation was incremental or transformational, applying the 
framework of ref. 15 (Methods). Through this comparative analysis, we 
demonstrate that there are general patterns across mountain regions 
in perceived climate change impacts and local adaptation responses, 
but also that there are some context-specific effects, which should be 
considered if we are to help mountain communities better adapt to 
climate change impacts and initiate transformational pathways that 
secure sustainable development. This work contributes to recent calls 
to better integrate indigenous and local knowledge (ILK)—defined as 
the understandings, skills and philosophies developed by societies 
with long histories of interaction with their natural surroundings20—to 
climate research21,22 and to better document adaptation responses in 
data-deficient Central Africa16,22.

228 million people, have the second highest population density in 
mountain regions of the world (after Asia), and it is projected that 
this population will continue to increase under all shared socio-
economic pathways (SSP) scenarios, contrary to, for example, Asian 
mountain regions. The report also warns that with warming >1.5 °C, 
and related changes in rainfall, adaptation becomes more and more 
urgent in mountain regions. Yet knowledge of where and how climate 
change adaptation is happening in African mountain regions remains 
extremely limited13.

As the effects of climate change become more severe, it is recog-
nized that if African countries, and their diverse peoples, are to adapt 
to predicted climate change impacts, incremental adaptation (char-
acterized by responses that seek to maintain the essence and integrity 
of a system) might not be sufficient, and transformational adaptation 
(a shift in characteristic features and functions of socio-ecological 
systems) will be necessary14,15. However, most available case studies 
in Africa show incremental modes of adaptation rather than trans-
formational ones15,16. Detailed comparative case-study analysis can 
help to identify the wider processes of change that can overcome 
barriers to transformational adaptation17. Such analyses have, to 
date, focused on African lowlands rather than on the continent's  
mountain regions15,17.

Here, we first explore both climate change impacts as perceived 
by local subsistence-oriented communities, and their adaptation 
responses, in ten African mountain regions located in Central and 
East Africa (Table 1 and Extended Data Fig. 1), using focus-group discus-
sions (FGDs) with village elders and a semistructured questionnaire 

Table 1 | Key contextual information on the ten mountain regions studied

Site Main ethnic 
group

Adults Farm size 
(ha)

Large 
animals (%)

Farming (%) Staple crop Cash crop House 
owner 
(%)

Radio 
owner 
(%)

No 
education 
(%)

CC 
literate 
(%)

ILK sown 
seeds 
(%)

Bamboutos 
(Cameroon)

Bamiléké 4.3 1.4 60% pigs 69% farming Maize, 
beans, Irish 
potato

Irish 
potato

91 65 21 57 100

Itombwe 
(Democratic 
Republic of 
the Congo)

Nyindu 4.6 1.9 96% cows 99% farming Maize and 
Irish potato

NA 100 67 82 24 100

Kigezi 
(Uganda)

Bakiga 2.6 1.7 67% pigs 100% farming 
(33% coffee)

Maize, 
beans, Irish 
potato

Coffee/
Irish 
potato

95.4 64 6.6 49 95

Bale (Ethiopia) Oromo 5.8 0.54 90% cows/
goats

97% farming 
(88% coffee)

Maize, teff, 
mung bean

Coffee/
sesame

95 78 86 79 11.3

Mt Kenya 
(Kenya)

Meru 2.9 1 88% cows/
goats

99% farming 
(44% coffee)

Maize, 
beans, Irish 
potato

Coffee/
banana

100 100 2 82 82

Aberdare 
(Kenya)

Kikuyu 3.4 2.4 90% cows/
goats

96% farming 
(40% coffee)

Maize, 
beans, Irish 
potato

Coffee/
tea

100 99 2.6 81 68

Kibiria 
(Burundi)

Bantua 2.7 0.5 37% cows/
pigs

100% farming Maize, 
beans, Irish 
potato

Tea 92 71.3 66.6 96 98

Nyungwe 
(Rwanda)

Bantua 1.8 0.74 54% cows/
pigs

60% farming Beans Beans 100 44 29 90 53.3

Kilimanjaro 
(Tanzania)

Chagga 2.9 2.3 87% cows 60% farming 
(8.5% coffee)

Banana, 
maize, 
beans, yams

Coffee 100 97 1 99 NA

Udzungwa 
(Tanzania)

Hehe 3.9 3.9 55% goats/
pigs

60% farming Maize, 
beans, millet

Irish 
potato/
onions

97.3 45 8 98 NA

Data were obtained from the semistructured questionnaires. Adults, average adults per household. Large animals, percentage of respondents owning large domestic animals (n = 150 
respondents per site). Farming, percentage of respondents practicing staple crop farming (or coffee farming). The following also refer to percentage of respondents per site: house owner, 
no education, climate change (CC) literate and indigenous and local knowledge (ILK) used to determine when to sow seeds. NA, not available. aRefers to both Hutu and Tutsi ethnic groups of 
Bantu origin, as differentiating between these two is politically unacceptable in these countries.
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Perceived climate change impacts
Seven climate change-related impacts were reported by numerous 
respondents to the household questionnaires in nearly all (9 out of 
10) sites, including reduced stream flow, reduced crop yields and cow 
milk production, increased soil erosion, increased crop and livestock 
diseases and reduced human health (Fig. 1). An increase in landslides 
was reported in five sites, and lower coffee yields were also reported 
in each of the five coffee-growing sites studied (Fig. 1). These impacts 
were mostly related to nine different climatic changes, which were 
reported by most respondents in nearly all (9 out of 10) sites, includ-
ing increased temperatures, reduced fog, changes in rainfall amount 

and distribution, an increase in extreme droughts, fewer hailstorms 
and increased wind strength during the rainy season (Extended Data 
Fig. 2). An increase in extreme floods and less frost, were also cited by 
respondents in seven sites (Extended Data Fig. 2).

Most of these impacts have been documented by previous work 
in East African mountains13,23, but we now extend these impacts to 
mountain regions in Cameroon, Democratic Republic of the Congo 
and Burundi. Previous studies on African mountains seldom identified 
reduced human health as a climate change impact (for example, ref. 23), 
although this is well-documented in, for example, Mexico, Colombia 
or Nepal24–26. Our study respondents related reduced human health to 

Reduced stream flow (rainy season) More landslides (rainy season)

More soil erosion (rainy season) Lower yields (main staple)

500

Countries

Impacts

Elevation (m)

Yes

No

N/A

0–200

200–400

800–1,200

1,200–1,400

1,400–1,800

1,800–2,200

2,200–2,400

2,400–2,600

>2,600

400–800

1,000 km
Lower yields (co�ee) Increased pests and/or diseases (main staple)

Increased pests and/or diseases (co�ee) Cows produce less milk

Livestock have more diseases People are less healthy

Fig. 1 | Climate change impacts perceived in the ten mountain regions studied. 
Data show the percentage of respondents per site reporting each impact (n = 150 
respondents per site). For perceived climatic changes, see Extended Data Fig. 2. 
Note that responses relate to predetermined questions and that not all impacts 
were asked at each study site, as some were identified as not applicable in a given 

site by focus-group participants (Methods). Figure created using QGIS v.3.28.15. 
Elevation data from NASA (https://www.un-spider.org/links-and-resources/data-
sources/digital-elevation-model-srtm-1-arc-second-30m-nasa-nga). Country 
boundaries from ICPAC, accessed through https://open.africa/dataset/africa-
shapefiles.

http://www.nature.com/natureclimatechange
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an increase in malaria prevalence and influenza (Kibira, Burundi), res-
piratory diseases (Aberdare, Kenya) or waterborne diseases (cholera, 
typhoid, dysentery; Udzungwa, Tanzania), something which requires 
further investigation.

The reported widespread reduction in fog also requires further 
examination. ‘Reduced fog’ is the consequence of rising cloud base 
(and/or reduced overall cloud incidence) in mountain regions which 
is known to be driven by increased temperatures27,28. In some ecosys-
tems, fog can be an important source of water, substantially extending 
the length of the growing season for plants27. This could also apply to 
crops, as some FGD participants noted “these days the fog disappears 
very early in the morning in the dry season, which negatively affects the 
growth of maize seeds” (farmer comment in Bale Mountains, Ethiopia). 
The IPCC chapter on mountains13 mentions that risks to livelihoods and 

economy from changing mountain water resources are low in Central 
Africa and moderate in East Africa; but this chapter only considers 
changes in rainfall, glaciers and groundwater, not fog. It is increasingly 
acknowledged that relying on information gathered by instrumental 
meteorological measurements falls short of providing a comprehen-
sive view of ongoing, locally experienced climate change impacts29,30. 
Our results support such a statement, highlighting that mountain 
farmers in Africa are faced with multiple impacts simultaneously, and 
that most of these impacts are widespread across mountain regions.

Local adaptation responses
Eight on-farm and one off-farm adaptation responses were reported 
by most respondents to the household questionnaires in nearly all  
(9 of 10) sites, including changing planting dates, sowing seeds twice 

Change to improved variety (main crop) Change planting data

Increased use pesticide Increased use fertilizer

Sow seeds twice (if they die)

Increased irrigation

Increased use soil conservation (all) Changed farm location (near stream) Increased farm size

Increased shade in co�ee Change to improved variety (co�ee)

Change to new crop

Increased inputs (co�ee)

500

Countries

Elevation (m)

Yes

No

NA

0–200

200–400

800–1,200

1,200–1,400

1,400–1,800

1,800–2,200

2,200–2,400

2,400–2,600

>2,600

400–800 1,000 km

Fig. 2 | On-farm adaptation responses used in the ten mountain regions 
studied. Data show the percentage of respondents per site reporting each 
adaptation response (n = 150 respondents per site). For off-farm adaptation 
responses, see Extended Data Fig. 3. Note that responses relate to predetermined 
questions, and that not all responses were asked at each study site, as some were 
identified as not applicable in a given site by focus-group participants (Methods). 

Figure created using QGIS v.3.28.15. Elevation data from NASA (https://www.
un-spider.org/links-and-resources/data-sources/digital-elevation-model-
srtm-1-arc-second-30m-nasa-nga). Country boundaries from ICPAC, accessed 
through https://open.africa/dataset/africa-shapefiles. New crops refers to: millet 
(Udzungwa), Irish potatoes (Bale, Kigezi), banana (Bale, Mt Kenya), pineapple 
(Kigezi), sweet potatoes, cassava, or wheat (Kibira). NA, not available.
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if they die, changing to improved crop varieties, increasing use of soil 
conservation techniques, irrigation, fertilizer, pesticide and veterinary 
care; and diversifying into off-farm labour (Fig. 2). With regard to cof-
fee, changing to improved varieties, increasing use of pesticides or 
shade of coffee plants were reported in most of the five coffee-growing 
sites studied. Seven other on-farm and six other off-farm adaptation 
responses were also reported by respondents, some of which were only 
cited in one study site: for example, increasing farm size in Udzungwa 
(Tanzania), diversifying into timber trade in Mt Kenya or diversifying 
into mining in Itombwe (Democratic Republic of the Congo) (Fig. 2 and 
Extended Data Fig. 3). Despite high climate change literacy (defined as 
a combination of having heard of the concept of climate change and 
the knowledge and acceptance of its anthropogenic cause; Methods), 
most (>80%) respondents in seven sites used only ILK to determine 
when to sow their seeds (Table 1). However, ILK will become less useful 
to farmers in the future, as climatic patterns such as rainfall distribu-
tion continues to change from the patterns observed in the past and 
shared from one generation to the next31,32.

We also investigated if perceiving a greater number of climatic 
changes influenced adaptation responses, using mixed-effects mod-
els (Methods). In Uganda, it has been shown that farmers with better 

skills on climate tracking (for example, recall of rainfall patterns which 
align with meteorological data available), tend to achieve higher crop 
yields; most likely making better on-farm decisions, such as timing of 
planting32. We found that there was no significant overall relationship 
between the proportion of climatic changes observed and the pro-
portion of adaptation responses enacted (slope = −0.028, 95% confi-
dence interval (CI) = −0.160–0.112) (Extended Data Fig. 4). Household 
wealth was a stronger driver of adaptation. Overall, poorer households 
performed fewer adaptation actions than average-wealth ones (dif-
ference = −0.039, 95% CI = −0.077–−0.002), while richer households 
tended to perform more actions than average-wealth ones (differ-
ence = 0.031, 95% CI = −0.033–0.087), although this last effect dif-
fered markedly between sites, with clear differences in Bale (Ethiopia), 
Bamboutos (Cameroon) and Mt Kilimanjaro (Tanzania), but not at 
the other sites (Extended Data Fig. 4). Site itself was also an important 
factor influencing adaptation responses. In general, in sites with the 
lowest proportion of adaptation responses, households tended to be 
poorer (for example, even richer households in Itombwe in Demo-
cratic Republic of the Congo were rather poor), while sites reporting 
more adaptation were often richer (for example, Mt Kilimanjaro in 
Tanzania), although some poorer sites also reported high adaptation  

Table 2 | Key attributes explaining (un)likelihood of transformational change processes for adaptation at the study sites

Study 
site

Change agents Learning and pathways to change Scope and scale Indications of sustainability  
of change

Overall 
grade

BAM Farmers themselves, no 
external support, no farmers’ 
associations

Limited learning, no room for 
experimenting due to ongoing 
conflict

Limited to some individuals Limited sustainability of change 0

ITO Farmers themselves, no 
external support, no farmers’ 
associations

Limited learning, no room for 
experimenting due to ongoing 
conflict

Limited to some individuals Limited sustainability of change 0

NYU NGOs and government 
extension services present

Limited learning among actors, 
limited room for experimenting due 
to government policies and law 
enforcement.

Limited to government choices 
(strong law enforcement). 
Externally driven commercially 
oriented agricultural change

Weak linkages between national 
and local goals, issue of food 
insecurity

0.5

KIB NGOs and government 
extension services present, 
and some farmers’ 
associations

Limited learning among actors Limited to some individuals 
or villages (if NGO). Externally 
driven commercially oriented 
agricultural change

Weak linkages between national 
and local goals

1.0

KIG Some NGOs present, and 
some farmers’ associations

Limited learning among actors Limited to some individuals Limited sustainability of change 1.0

ABE NGO support in two 
villages, change agents 
mostly individuals, farmers’ 
associations present

NGOs support knowledge exchange, 
farmers engaged in experimenting

Individual level mostly, 
wealthier farmers have more 
options

Change driven by farmers keen to 
try new adaptation responses

1.0

UDZ NGOs and government 
extension services present, 
farmers’ associations present

Limited knowledge exchange  
among actors

Individual level mostly, 
wealthier farmers have  
more options

Change driven by farmers keen to 
try new adaptation responses

1.0

BAL Government extension 
services present

Limited learning among actors but 
extensive social networks spread 
interventions

From individual to village level Change driven by multiple actors 
and extensive social networks, 
opportunity for linkages between 
national and local goals if learning 
among actors is strengthened

1.5

KEN Top farmers have an 
important role, NGO supports 
organic coffee certification 
(one village), farmers’ 
associations present

Top farmers allow for knowledge 
exchange, strong social capital 
among Meru, farmers engaged in 
experimenting

From individual to village level, 
changes beyond agriculture

Change driven by farmers keen 
to try new adaptation responses, 
strong social capital

2.0

KIL NGOs and government 
extension services present, 
farmers’ associations present

Limited knowledge exchange 
among actors, but farmers engaged 
in experimenting (high education, 
remittances from younger urban 
generations), strong social capital  
(for example, irrigation system)

From individual to village level, 
changes beyond agriculture

Change driven by farmers  
keen to try new things, strong 
social capital

2.0

Data were identified through a reflective process involving all co-authors (Methods). Framework adapted from ref. 15, excluding the overall grade which we created and categorized from 0 
(only incremental) to 5 (very transformational). ABE, Aberdare Range (Kenya); BAL, Bale Mountains (Ethiopia); BAM, Bamboutos Mountains (Cameroon); ITO, Itombwe Mountains (Democratic 
Republic of the Congo); KEN, Mount Kenya (Kenya); KIB, Kibira (Burundi); KIG, Kigezi Highlands (Uganda); KIL, Mount Kilimanjaro (Tanzania); NYU, Nyungwe (Rwanda); UDZ, Udzungwa 
Mountains (Tanzania). NGO, non-governmental organization.
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Nature Climate Change | Volume 15 | February 2025 | 153–161 158

Article https://doi.org/10.1038/s41558-024-02221-w

(Extended Data Fig. 4). Collectively, these analyses are consistent 
with household wealth acting as a constraint to adaptation (discussed 
below), alongside other site-dependent effects.

Overall, results show that African mountain farmers respond to 
climate change impacts by using multiple adaptation responses, most 
of which focus on intensifying farming practices. In most mountains, 
adopting new crop varieties was combined with increasing use of inputs 
(fertilizer and pesticides) and soil conservation techniques, as shown 
before33, and was supported by external actors (Table 2). In Itombwe 
(Democratic Republic of the Congo), extension services and inputs are 
not available (owing to violent conflict and lack of road infrastructure 
to bring inputs), and, still, over 80% of the farmers used improved 
varieties, highlighting the high penetration of improved maize seeds 
in the African continent, even into remote mountain regions. Overall, 
most adaptation responses reported are behavioural rather than tech-
nological, infrastructural or ecosystem-based, as shown for mountain 
regions elsewhere34.

Climate change impacts are unlikely to be the only driver of inten-
sifying farming practices; other contributors could be decreasing farm 
sizes related to increasing human population density in mountain 
regions (Table 1), global market drivers and national agricultural poli-
cies (for example, in Rwanda, the government requests farmers to focus 
on improved varieties of maize and beans, rather than traditional crops 
with low export value such as sweet potato, cassava or sorghum35). 
Regardless of the drivers, the ecological and economic sustainability 
of intensifying farming practices should be further investigated, as 
several study respondents highlighted that increasing use of chemical 
fertilizers/pesticides has sometimes led to water pollution, and there 
were cases of dis-adoption of improved varieties due to the require-
ment of also using ‘expensive’ inputs when cultivating such varieties.

Despite the observed similarities in the on-farm adaptation 
responses used across sites, important differences were found in the 
off-farm responses implemented, mostly driven by context-specific 

differences. Notably, the drivers of engaging with a given off-farm 
adaptation response were not necessarily the same across sites. For 
example, in Mt Kenya farmers engaged with vegetable and fruit produc-
tion because of high access to urban markets, while in Bale (Ethiopia) 
this was driven by a livelihood diversification programme supported 
by the government, and in Nyungwe (Rwanda) this was related to little 
government regulation on vegetable/fruit farming compared to regula-
tions on staple crops or animal rearing (and therefore higher income 
opportunities). Context-specific differences also affected the lack of 
adoption of certain adaptation responses, particularly in the two sites 
affected by violent conflicts: in Bamboutos (Anglophone Cameroon) 
farmers were unwilling to invest in animal rearing as animals can be 
easily stolen by rebels, and in Itombwe (eastern Democratic Republic 
of the Congo) few farmers invested in soil conservation techniques as 
they were likely to abandon their villages (and farms) during increased 
periods of violent conflict.

The IPCC chapter on mountains13 mentions that across conti-
nents, adaptation responses in mountains mainly focus on the use of 
early warning systems and the diversification of livelihood strategies, 
in particular tourism. Yet, increased use of early warning systems or 
engagement with tourism, were not cited in any of the ten sites stud-
ied. Early warning systems are not available in most sites studied, and 
where they are (for example, Mt Kenya), respondents said that radio 
forecasts were not accurate, so they did not use them. Concerning 
tourism, even if most study sites contain National Parks visited by 
tourists, there are not enough job opportunities for all farmers to 
engage in this industry, particularly if they do not speak English/French 
or have certain skills.

Temporary outmigration is also a form of adaptation for climate- 
vulnerable households in rural areas in Africa, as shown in Uganda 
or Tanzania36. However, others have shown that extreme temper-
ature and rainfall shocks caused no increase in rural temporary 
outmigration37, as several sociodemographic, economic and political 

Table 3 | Main three constraints (−) and opportunities (+) identified for the study sites

Constraints 
(number of sites)

Opportunities 
(number of sites)

BAM ITO KIG NYU KIB BAL KEN ABE KIL UDZ

Physical aspects

Land is limited 7 − − − − − − −

Road infrastructure is limited  
(market access)

3 − − −

Water is limited/is abundant 2 4 + + − + − +

Economic aspects

Lack access to credit 8 − − − − − − − −

Governance/institutions

Limited capacity to self-organize/
organized already

2 5 − − + + + + +

Existing national agricultural policies 1 −

External actors present and perceived 
as helpful

6 + + + + + +

Knowledge, awareness, technology

Lack of skills in new technologies 4 − − − −

Aware of climate change impacts 9 + + + + + + + + +

Mobile communications available 7 + + + + + + +

Human resource

Entrepreneur-experimenting skills exist 3 + + +

Other

Violent conflict limits options 2 − −

Data were obtained through a reflective process involving all co-authors (Methods). Note that in some sites either two or four were agreed upon, instead of three. Site abbreviations as  
in Table 2.
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factors affect migration38. Temporary outmigration was not identi-
fied as a form of adaptation in any of our study sites (during the FGDs 
used to narrow down the list of potential adaptation strategies). 
While limited employment opportunities in urban areas and limited 
economic resources available for migration are likely to limit rural 
outmigration, high place attachment seems to be another key factor, 
as farmers explained “our land, even if small, has fertile soils and it 
is not affected by severe droughts like in other parts of the country” 
(farmer comment during FGD in Kigezi, Uganda). Other studies have 
highlighted how place attachment limits smallholder farmers’ out-
migration in rural areas39.

Constraints and opportunities
Through a reflective and analytical process involving all co-authors 
(including at least one with long-term expertise in each site), 
together with information from FGDs and the IPCC list of constraints 
and opportunities for adaptation19, physical (for example, access 
to land) and economic (for example, access to credit) aspects were 
identified as the main constraints to adaptation in most sites, with 
governance aspects and knowledge, awareness and technology, also 
cited in some sites (Table 3). A recent overview of adaptation gaps 
in mountain regions34 also noted that soft limits (issues which could 
be tackled, such as economic constraints, knowledge, awareness 
and technology) limited adaptation. In our study, some aspects 
considered as constraints in some sites could be considered oppor-
tunities in others (for example, water for irrigation). Two aspects 

not included in the IPCC list of main constraints19 or in the overview 
of adaptation gaps in mountain regions34 were also identified in the 
FGDs: violent conflict (cited in Cameroon and Democratic Repub-
lic of the Congo) and strict national agricultural policies (cited in 
Nyungwe, Rwanda). This highlights the importance of engaging 
with local farmers, through, for example, open questions in FGDs, 
to investigate their constraints to adaptation, as local context(s) 
might be quite diverse.

The opportunities most relevant across sites were found to be 
awareness of climate change impacts and mobile phone communica-
tion (Table 3), factors widely known to be key to smallholder farmers’ 
climate change adaptation33. Mobile phone communication, which is 
increasingly available even in remote areas across the African continent 
at an affordable cost (accessible in all sites studied except in Democratic 
Republic of the Congo) increases potential access not only to weather 
forecasts and technical information (for example, on new pests), but 
also to markets and mobile financial services. Presence of external 
actors and entrepreneurial skills were also identified as opportunities 
in several sites (Table 2), the latter with comments such as: “if you have 
the chance to try something new, you try it, but if you are not happy with 
the outcome, you stop that and maybe try something else next growing 
season” (farmer comment in FGDs in Mt Kenya). Although smallholder 
farmers tend to be risk averse, which leads to limited investment and 
adoption of new technologies40, our results show that in some sites 
(with greater market integration and farmers’ access to education), 
entrepreneurship is not rare.

BOX 1

Priorities for climate change adaptation in mountain regions of 
Africa
(1)	 Improve access to credit, technical skills and markets: It is widely 

acknowledged that these are widespread constraints to small-
holder farmers’ adaptation to climate change33. We emphasize 
that there are multiple pathways to addressing these issues, and 
innovative solutions could comprise multiple actors, such as the 
private sector16 or some community members as shown by ‘elite 
farmers’ in Mt Kenya in this study, which facilitated access to both 
new skills and technologies. Access to markets is not just related 
to physical infrastructure (for example, roads), but also awareness 
of market prices and types of markets and cultural values (for ex-
ample, symbolic value of some crops or animals44). While physi-
cal infrastructure largely depends on government interventions, 
other actors such as NGOs or extension services can help address 
awareness of market prices using mobile phones and cultural val-
ues, by engaging with farmers more closely. Product certification 
(for example, organic coffee certification) could also be an option, 
as this can increase economic benefits and compensate for lower 
yields, contributing to farmers’ climate change adaptation45, as 
we observed in Mt Kenya.

(2)	Increase knowledge exchange among actors: Knowledge ex-
change among actors (for example, local farmers and extension 
services) benefits the transformational adaptation process15, but 
this is still not the norm in most mountain contexts. Often, a new 
technology is presented as a one-off (for example, seeds from 
improved crop varieties are distributed) and the farmer has no 
opportunity to ask questions once he/she tries the new technol-
ogy and challenges arise (as our study respondents highlighted). 
Apart from supporting farmers throughout the ‘new technol-
ogy’ learning process, farmers can also help design adaptation  

responses better adapted to their cultural values and contexts. 
For example, bananas are a staple crop in both Mt Kenya and Mt 
Kilimanjaro, but our study respondents highlighted that there is 
limited access to improved varieties of banana.

(3)	Consider national policies and governance: In Rwanda, agri-
cultural intensification policies have raised crop yields, and the 
conventionally measured poverty rates have fallen, but these 
policies appear to be exacerbating rural landlessness, inequali-
ty and food insecurity, particularly for the poorest households46. 
While these policies directly promote some adaptation respons-
es such as improved crop varieties, they also indirectly promote 
others (for example, diversifying into vegetable farming), as our 
results have shown. Thus, the multiple effects of such national 
policies should be considered at the local scale, by taking into 
account that farmers are not a homogeneous group, particu-
larly in the culturally diverse mountain regions. Concerning 
governance, special attention should be paid to the nuanced 
effects of violent conflicts. There are multiple types of violent 
conflicts, such as civil wars, sectarian, territorial disputes, politi-
cal instability or transitional terrorism, which can affect farmers 
adaptation responses differently. Not only important infrastruc-
ture such as bridges or dams may have been destroyed, but also 
state services such as early warning systems may be lacking47. 
Less obvious impacts such as imposition of movement restric-
tions can also severely disrupt farming48, as well as the reduced 
opportunities for livelihood diversification during violent con-
flicts (for example, tourism)49. More research attention and  
external support should be given to conflict-affected regions, 
particularly in mountain regions.
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Incremental rather than transformational 
adaptation
After applying the framework of ref. 15, co-authors considered that in 
all sites adaptation was more incremental than transformational, but 
also that some sites were slightly more transformational than others 
(Table 2 and Extended Data Fig. 5). Some of the ‘towards transforma-
tional’ attributes were shared across sites (for example, knowledge 
exchange among actors, strong social capital, farmers engaged in 
experimenting), but not all (for example, change agents). In Mt Kenya, 
for example, ‘elite’ farmers and strong social networks among Meru 
farmers were key for innovation and knowledge dissemination. Elite 
farmers refer to rich farmers who not only have better access to infor-
mation, technology and inputs (for example, improved seeds, ferti-
lizer and pesticide), but also are keen to advise their fellow farmers 
by, for example, providing improved seeds to trial. In Mt Kilimanjaro 
(Tanzania), multiple actors, strong social networks and the fact that 
most Chagga farmers have invested in educating their children—who 
now work in urban areas and can provide remittances, information 
and market access to their relatives in the mountains—can explain the 
experimental nature of the farmers in this mountain and the diver-
sity of adaptation responses they use. In Bale Mountains (Ethiopia), it 
was the presence of government extension services and strong social 
networks which helped spread (and diversify) adaptation responses. 
These differences in ‘towards transformational’ attributes, highlight 
that there are multiple pathways towards transformation processes15. 
Overall, our findings on mountain regions are aligned with previous 
work on the African lowlands showing that farmers’ adaptation in 
the continent is still mostly incremental15–17; and with the observa-
tion that most adaptation in mountain regions across the world is  
incremental in nature13,34.

We identify three key priorities for moving forward farmers’ cli-
mate change adaptation in mountain regions in Africa and beyond 
(Box 1). These recommendations are drawn from key insights that 
emerged from this study, combined with our collective reflection on the 
similarities and differences across the ten mountain contexts studied. 
While the first priority—credit, technical skills and markets—refers 
to well-known soft limits to adaptation relevant beyond mountain 
regions, the other two priorities are particularly important in mountain 
regions, known to suffer from socioeconomic and political isolation 
and marginalization and changes in governance41. The last priority 
(the nuanced effects of violent conflicts) was not mentioned before 
(see refs. 15,16) and can be extremely important in some mountain 
contexts. Thanks to our study approach (involving FGDs with village 
elders), we were able to identify such issues. Indeed, the importance of 
coproduction, of connecting researchers with diverse societal actors to 
collaboratively and iteratively produce knowledge, action and societal 
change, is increasingly recognized42,43. Although the approach we used 
was rather solutions-oriented43, and we only engaged local actors in 
part of the process, it helped start a more participative process. Moun-
tain regions, which are not just environmentally but also culturally 
complex systems41, could especially benefit from more coproduction 
approaches, to help multiple actors design appropriate pathways 
to the transformational changes needed in the face of increasing  
climate impacts.

Online content
Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information, 
acknowledgements, peer review information; details of author contri-
butions and competing interests; and statements of data and code avail-
ability are available at https://doi.org/10.1038/s41558-024-02221-w.

References
1.	 Pepin, N. et al. Elevation-dependent warming in mountain regions 

of the world. Nat. Clim. Change 5, 424–430 (2015).

2.	 Africa Mountains Atlas (UNEP, 2014).
3.	 Sustainable Mountain Development in East Africa in a Changing 

Climate (UNEP, 2016).
4.	 Platts, P. J., Omeny, P. A. & Marchant, R. AFRICLIM: high-resolution 

climate projections for ecological applications in Africa. Afr. J. 
Ecol. 53, 103–108 (2015).

5.	 Junqueira, A. B. et al. Interactions between climate change  
and infrastructure projects in changing water resources:  
an ethnobiological perspective from the Daasanach, Kenya.  
J. Ethnobiol. 41, 331–348 (2021).

6.	 Adger, W. N., Barnett, J., Brown, K., Marshall, N. & O’Brien, K. 
Cultural dimensions of climate change impacts and adaptation. 
Nat. Clim. Change 3, 112–117 (2013).

7.	 Savo, V. et al. Observations of climate change among 
subsistence-oriented communities around the world. Nat. Clim. 
Chang. 6, 462–473 (2016).

8.	 Reyes-García, V. et al. Local indicators of climate change: the 
potential contribution of local knowledge to climate research. 
WIREs Clim. Change 7, 109–124 (2016).

9.	 Reyes-García, V. et al. A collaborative approach to bring insights 
from local observations of climate change impacts into global 
climate change research. Curr. Opin. Environ. Sustain. 39,  
1–8 (2019).

10.	 Rao, N. et al. A qualitative comparative analysis of women’s 
agency and adaptive capacity in climate change hotspots in Asia 
and Africa. Nat. Clim. Change 9, 964–971 (2019).

11.	 Leal Filho, W. et al. Introducing experiences from African 
pastoralist communities to cope with climate change risks, 
hazards and extremes: fostering poverty reduction. Int. J. Disaster 
Risk Reduct. 50, 101738 (2020).

12.	 Leal Filho, W. et al. Impacts of climate change to African 
indigenous communities and examples of adaptation responses. 
Nat. Commun. 12, 6224 (2021).

13.	 Adler, C. et al. in Climate Change 2022: Impacts, Adaptation and 
Vulnerability (eds Pörtner, H.-O. et al.) 2273–2318 (Cambridge 
Univ. Press, 2022).

14.	 IPCC. Summary for Policymakers. In Climate Change 2014: 
Impacts, Adaptation, and Vulnerability (eds Field, C. B. et al.) 
(Cambridge Univ. Press, 2014).

15.	 Mapfumo, P. et al. Pathways to transformational change in the 
face of climate impacts: an analytical framework. Clim. Dev. 9, 
439–451 (2017).

16.	 Berrang-Ford, L. et al. A systematic global stocktake of evidence 
on human adaptation to climate change. Nat. Clim. Change 11, 
989–1000 (2021).

17.	 Fedele, G., Donatti, C. I., Harvey, C. A., Hannah, L. & Hole, D. G. 
Transformative adaptation to climate change for sustainable 
social-ecological systems. Environ. Sci. Policy 101, 116–125 (2019).

18.	 Reyes-García, V. et al. Local indicators of climate change impacts 
described by indigenous peoples and local communities: study 
protocol. PLoS ONE 18, e0279847 (2023).

19.	 Klein, R.J.T. et al. in Climate Change 2014: Impacts, Adaptation, 
and Vulnerability (eds Field, C.B. et al.) 899–943 (Cambridge Univ. 
Press, 2014).

20.	 Local and Indigenous Knowledge Systems (LINKS) (UN, 2002); 
https://en.unesco.org/links

21.	 Ford, J. D. et al. Including indigenous knowledge and experience 
in IPCC assessment reports. Nat. Clim. Change 6, 349–353 (2016).

22.	 Petzold, J., Andrews, N., Ford, J. D., Hedemann, C. & Postigo, J. C. 
Indigenous knowledge on climate change adaptation: a global 
evidence map of academic literature. Environ. Res. Lett. 15, 
113007 (2020).

23.	 Kaganzi, K. R. et al. Local perceptions of climate change and 
adaptation responses from two mountain regions in Tanzania. 
Land 10, 999 (2021).

http://www.nature.com/natureclimatechange
https://doi.org/10.1038/s41558-024-02221-w
https://en.unesco.org/links


Nature Climate Change | Volume 15 | February 2025 | 153–161 161

Article https://doi.org/10.1038/s41558-024-02221-w

24.	 Equihua, M. et al. Establishment of Aedes aegypti (L.) in 
mountainous regions in Mexico: increasing number of population 
at risk of mosquito-borne disease and future climate conditions. 
Acta Trop. 166, 316–327 (2017).

25.	 Siraj, A. S. et al. Altitudinal changes in malaria incidence in 
highlands of Ethiopia and Colombia. Science 343, 1154–1158 
(2014).

26.	 Dhimal, M., Ahrens, B. & Kuch, U. Climate change and 
spatiotemporal distributions of vector-borne diseases in Nepal—a 
systematic synthesis of literature. PLoS ONE 10, e0129869 (2015).

27.	 Los, S. O. et al. Sensitivity of a tropical montane cloud forest to 
climate change, present, past and future: Mt. Marsabit, N. Kenya. 
Quat. Sci. Rev. 218, 34–48 (2019).

28.	 Hildebrandt, A. et al. Ecohydrology of a seasonal cloud forest in 
Dhofar: field experiment. Water Resour. Res. 43, W10411 (2007).

29.	 Owen, G. What makes climate change adaptation effective? A 
systematic review of the literature. Glob. Environ. Change 62, 
102071 (2020).

30.	 Klenk, N., Fiume, A., Meehan, K. & Gibbes, C. Local knowledge 
in climate adaptation research: moving knowledge frameworks 
from extraction to co-production. WIREs Clim. Change 8,  
e475 (2017).

31.	 Nakashima, D., McLean, K.G., Thulstrup, H.D., Castillo, A.R. & 
Rubis, J.T. Weathering Uncertainty: Traditional Knowledge for 
Climate Change Assessment and Adaptation (UNESCO, 2012).

32.	 Salerno, J. et al. Smallholder knowledge of local climate 
conditions predicts positive on-farm outcomes. Weather Clim. 
Soc. 14, 671–680 (2022).

33.	 Acevedo, M. et al. A scoping review of adoption of 
climate-resilient crops by small-scale producers in low- and 
middle-income countries. Nat. Plants 6, 1231–1241 (2020).

34.	 McDowell, G. et al. Closing the Adaptation Gap in Mountains.  
Mt Res. Dev. 41, A1–A10 (2021).

35.	 Nkurunziza, A. et al. Local observations of climate change and 
adaptation responses: a case study in the mountain region of 
Burundi-Rwanda. Land 12, 329 (2023).

36.	 Call, M. & Gray, C. Climate anomalies, land degradation, and rural 
out-migration in Uganda. Popul. Environ. 41, 507–528 (2020).

37.	 Mueller, V., Sheriff, G., Dou, X. & Gray, C. Temporary migration and 
climate variation in eastern Africa. World Dev. 126, 104704 (2020).

38.	 Borderon, M. et al. Migration influenced by environmental change 
in Africa: a systematic review of empirical evidence. Demographic 
Res. 41, 491–544 (2019).

39.	 Castro, B. & Sen, R. Everyday adaptation: theorizing climate change 
adaptation in daily life. Glob. Environ. Change 75, 102555 (2022).

40.	 Hansen, J. et al. Climate risk management and rural poverty 
reduction. Agric. Syst. 172, 28–46 (2019).

41.	 Klein, J. A. et al. Catalyzing transformations to sustainability in the 
world’s mountains. Earth’s Future 7, 547–557 (2019).

42.	 Wyborn, C. et al. Co-producing sustainability: reordering the 
governance of science, policy, and practice. Annu. Rev. Environ. 
Resour. 44, 319–346 (2019).

43.	 Chambers, J. M. et al. Six modes of co-production for 
sustainability. Nat. Sustain. 4, 983–996 (2021).

44.	 Henrique, K. P. & Tschakert, P. Everyday limits to adaptation.  
Oxf. Open Clim. Change 2, kgab013 (2022).

45.	 Karuri, A. N. in African Handbook of Climate Change Adaptation 
(eds Filho, W. L. et al.) 1–19 (Springer, 2020).

46.	 Clay, N. & Zimmerer, K. S. Who is resilient in Africa’s green 
revolution? Sustainable intensification and climate smart 
agriculture in Rwanda. Land Use Policy 97, 12 (2020).

47.	 Bowles, D. C., Butler, C. D. & Morisetti, N. Climate change, conflict 
and health. J. R. Soc. Med. 108, 390–395 (2015).

48.	 Zickgraf, C. in The Oxford Handbook of Migration Crises  
(eds Menjívar, C. et al.) 347–364 (Oxford Academic, 2019).

49.	 Jaspars, S. & Maxwell, D. Food Security and Livelihoods 
Programming in Conflict: A Review (HPN, 2009).

Publisher’s note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 
source, provide a link to the Creative Commons licence, and indicate 
if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless 
indicated otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted 
use, you will need to obtain permission directly from the copyright 
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2025

1Department of Environment and Geography, University of York, York, UK. 2Department of International Environmental and Development Studies 
(NORAGRIC), Norwegian University of Life Sciences, Ås, Norway. 3Department of Natural Resource Management, Wolkite University, Wolkite, Ethiopia. 
4Department of Biology, Université Officielle de Bukavu, Bukavu, Democratic Republic of the Congo. 5Department of Environmental Sciences, Université 
du Cinquantenaire Lwiro, Bukavu, Democratic Republic of the Congo. 6Institute of Tropical Forest Conservation, Mbarara University of Science and 
Technology, Mbarara, Uganda. 7Department of Wildlife Conservation and Political Ecology, School for International Training World Learning, Arusha, 
Tanzania. 8Center of Excellence in Biodiversity and Natural Resource Management, University of Rwanda, Butare, Rwanda. 9Department of Ecosystem 
Science and Sustainability, Colorado State University, Fort Collins, CO, USA. 10Department of Wildlife Management, College of African Wildlife 
Management, Mweka, Tanzania. 11Tanzania National Parks, Arusha, Tanzania. 12Institute for Climate Change and Adaptation, University of Nairobi, Nairobi, 
Kenya. 13Tropical Forests and People Research Centre, Forest Research Institute, University of the Sunshine Coast, Sippy Downs, Queensland, Australia. 
14Center of Research in Natural and Environmental Sciences, Department of Biology, Faculty of Sciences, University of Burundi, Bujumbura, Burundi. 
15High School of Business, University of Burundi, Bujumbura, Burundi. 16Department of Geoscience and the Environment, The Technical University of 
Kenya, Nairobi, Kenya. 17Center for Environmental Science, College of Natural and Computational Sciences, Addis Ababa University, Addis Ababa, 
Ethiopia. 18Panthera Corporation, Brazzaville, Republic of the Congo. 19Department of Integrated Environmental Sciences, University of Namibia, 
Windhoek, Namibia. 20School of Geography and Sustainable Development, University of St Andrews, St Andrews, UK. 21Centre for Environmental Policy, 
Imperial College London, London, UK. 22Department of Natural Sciences, Manchester Metropolitan University, Manchester, UK. 23BC3 Basque Centre for 
Climate Change, University of the Basque Country, Leioa, Spain.  e-mail: a.cunisanchez@york.ac.uk

http://www.nature.com/natureclimatechange
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:a.cunisanchez@york.ac.uk


Nature Climate Change

Article https://doi.org/10.1038/s41558-024-02221-w

Methods
Field data collection and analysis
We selected ten study sites in mountain regions (both mountains and 
highlands, as defined by ref. 13) covering a wide range of ecological 
contexts (for example, different elevation or annual rainfall), socioeco-
nomic contexts (for example, different livelihood strategy or market 
access) and political contexts (different countries). Site selection 
was also affected by security situation on the ground (for example, 
ongoing conflict in Anglophone Cameroon) and previous engagement 
in the area by local partners facilitating fieldwork. In each study site 
(Extended Data Fig. 1), four villages located at different elevations were 
selected. These villages were selected by local partners facilitating 
fieldwork based on accessibility, given the limited resources available 
for this research. In each village, we first conducted exploratory FGDs 
with four or five elders. After we explained the aim of the study to the  
village chief, he explained it to the elders (mostly male, typically 
>60 years of age), and some decided to participate on a voluntary 
basis. These FGDs were used to adapt a common semistructured 
questionnaire to each study context and to build trust among com-
munity members. The common (for all ten sites) semistructured 
questionnaire included a long list of potential (1) climatic changes 
observed, (2) impacts in the biophysical domain and (3) adaptation 
responses (from ref. 50) which were narrowed down to those relevant 
for each study area, according to FGDs participants. During the FGDs 
we also gathered information on agents of change promoting adap-
tation responses in the village (the government, NGOs or local com-
munities without external support) and on perceived constraints for  
further adaptation.

Then, in the same villages, we conducted semistructured question-
naires to 37 or 38 randomly selected households aiming to interview 
about 50% males and 50% females of the main decision-making couple 
(if more than one generation lived together) (n = 150 in total per study 
site). In each village, households were selected by walking the main 
road (or footpath as defined by local inhabitants) and selecting every 
third household to the right. If the household head was not available, 
the next-door neighbour was targeted. We first interviewed the house-
hold head who opened the door (male or female), until we reached the 
targeted sex quota for that village, and then we asked to interview the 
other sex in the subsequent households. We acknowledge that there are 
preferred methods for selecting households (for example, randomly 
from a list), but a register of households was unavailable in several 
study sites. The ‘main road’ approach might have led to interviewing 
richer households in more market-integrated contexts (for example, in 
Mt Kilimanjaro). As the main focus of our research was on differences 
across sites (and not within sites), we consider this a minor issue, but 
future research should investigate differences across households 
within study sites.

The questionnaires used addressed household characteristics and 
assets, climatic changes observed, impacts in the biophysical domain, 
adaptation responses used to cope with or adapt to observed changes 
and impacts (Supplementary Information). They also included climate 
change literacy, defined as a combination of climate change awareness 
(having heard of the concept of climate change) and the knowledge 
and acceptance of its anthropogenic cause. Climate change literacy, 
combined with climate information services that are demand driven 
and context specific (for example, for agriculture) can be the difference 
between coping and informed adaptation responses51.

The methodological approach and the questionnaire used fol-
low the guidelines of the project ‘Local Indicator of Climate Change 
Impacts’, a project focused on providing data on the contribution 
of local and indigenous knowledge to climate change research50. We 
adjusted the framework proposed by ref. 52, in which changes in the 
climate itself and the effects of climate change observed (in the physi-
cal, biological and social systems) are differentiated. We adhere to the 
Framework Convention on Climate Change14 and use ‘climate change’ 

to refer to a change in the state of the climate that can be identified 
by changes in the mean and/or the variability of its properties, and 
that persists for an extended period. Similar to ref. 8, we use the term 
‘local perceptions of climate change‘ to refer to reports provided by 
local peoples about changes in the climatic system (temperature, 
precipitation and wind).

The exploratory FGDs and the household questionnaires 
were carried out in the languages Ngombale (Bamboutos), Rukiga  
(Kigezi Highlands), Kinyarwanda (Nyungwe), Kirundi (Kibira), Oromo 
(Bale Mountains), Swahili (Itombwe, Mount Kenya, Aberdare, Mount 
Kilimanjaro and Udzungwa) and were facilitated by some co-authors 
between November 2020 and January 2022. All study participants 
(FGDs and household questionnaires) were selected on a voluntary 
basis and were first informed that the study aimed to better understand 
climate change impacts and adaptation practices. Free, prior and 
informed consent was orally secured after reading a consent form in 
the local language, which clarified the study aim, voluntary participa-
tion, confidentiality and procedure for withdrawal from the study.

In each study site, data gathering was led by a researcher from the 
same ethnic group studied, who had previously worked in the study 
area targeted: someone who could be considered an insider. Because of 
this, and also because of the use of a standardized questionnaire and the 
engagement in reflexive practice during eight webinars used to coordi-
nate results interpretation across sites, we consider that researchers’ 
positionality across sites was rather uniform. Owing to the predomi-
nance of agriculture-based livelihoods and historically sedentary 
settlements and culture, throughout the paper we refer to our study 
respondents as farmers, but we acknowledge multiple livelihood strate-
gies. We also refer to our study respondents as subsistence-oriented 
farmers, because even if some cultivate cash crops (coffee; Table 1), 
the proportion of their farms allocated to coffee is smaller than the 
proportion allocated to staple crops.

To investigate differences across study sites, the main unit of 
analysis was percentage of respondents per study site. Initially, 
we explored differences in the responses within one study site 
related to sex of the respondent using paired t-tests but these were 
non-significant, probably because most of the females interviewed 
were married and were not female-headed households (those without 
a husband or adult male relative living with them). Thus, we do not 
include sex-based analysis in this manuscript. We also investigated if: 
(1) perceiving more climatic changes or (2) household wealth, influ-
enced adaptation responses, using mixed-effects models. For each 
study site and respondent, we calculated the proportion of poten-
tial climatic changes, impacts and adaptation responses reported. 
Changes, impacts and adaptations that did not apply to a site (for 
example, reduction in frost in sites that would not normally experi-
ence frost) were excluded from the calculation of proportions. We 
used hierarchical models to evaluate within and between site variation 
in adaptation responses. To do this, we fitted linear mixed-effects 
models using the lme4 R package v.1.1-31 (ref. 53) which modelled 
the proportion of adaptations as a function of the proportion of cli-
matic changes and household wealth category as fixed effects, study 
site as a random effect, with both proportion of climatic changes 
and household wealth allowed to vary among random effect levels  
(fitting a random slope model). This treatment was especially impor-
tant for wealth, as it is a relative index for each site so categories  
differ more in less equal societies, but it also allowed the effect of 
climatic changes observed to vary between sites. The response vari-
able was the proportion of possible adaptations observed in a house-
hold (that is, varying from zero to one). We used a Gaussian error 
distribution for the hierarchical model as the response variable was 
approximately normally distributed, and reviewed diagnostic plots to 
ensure that model assumptions of normality and homoscedasticity of 
residuals were met. Confidence intervals for linear model coefficients 
were obtained through parametric bootstrapping.
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In each study site, households were classified into three wealth cat-
egories (poor, average and wealthy) on the basis of a wealth index cre-
ated from ten asset indicators specific to each study site54,55, identified 
during the FGDs. For a list of assets used in each site, see Supplementary 
Information, section B. Assets that varied most across the households 
in that site (>25% of households did not own them) were weighted 0.25 
greater than those more commonly found.

Constraints and opportunities
Throughout the 18 month research project, bimonthly webinars were 
organized with all co-authors (including at least one with long-term 
expertise in each site), to share findings and reflections across study 
sites. During the eighth webinar, we realized that some constraints 
identified at some sites, could be considered opportunities in other 
sites. Therefore, we reframed our approach to also consider oppor-
tunities. First, study site leaders (both student who led the fieldwork 
and the professor with years of experience working on that site) used 
the information on constraints mentioned during the FGDs to identify 
the top three constraints at their site (those cited most often), accord-
ing to the list provided in ref. 19, which groups constraints into broad 
categories (for example, physical aspects and economic aspects). 
Second, they identified the top three opportunities (adapting the list 
in ref. 19), reflecting on the data gathered during the field campaign 
and their own knowledge of the site. Although we requested site 
leaders to identify three of each, some identified two to four in some 
sites, as they considered some to be equally important, or only one to 
be relevant. Note that even if not cited in one site, some constraints 
and opportunities might still apply, they were just not considered 
as the top three most important by the study site leaders. Third, 
we combined the information from the ten sites to identify general 
constraints and opportunities across mountain regions, those cited 
in most sites.

Transformational adaptation
Before the last webinar, we requested study site leaders (co-authors) 
to reflect on transformational adaptation at their study site, by apply-
ing the framework of ref. 15. This framework considers five aspects 
(change agents, learning with engagement, generalizability of path-
ways, impacts across scales and sectors and sustainability of change) 
to determine if change is incremental or transformational. During 
the last webinar, through a process of collective qualitative assess-
ment, the case studies were allocated points along the incremental 
to transformational continuum. The process analysis throws light on 
ways that characterize change, reflecting on ongoing social dynam-
ics and multiple dimensions to think about transformational change, 
rather than deciding whether a particular change is transformational 
or not15, as it is known that incremental changes may aggregate over 
time to become transformational. During this last webinar, we also 
reflected on these findings to identify key priorities for moving forward 
climate change adaptation in African mountain regions and beyond— 
summarized in Box 1.

Study limitations
We report a range of adaptation responses, which can help inspire adap-
tation options in other mountain regions. However, we did not investi-
gate which are complementary or substitutions, nor their effectiveness 
or long-term sustainability, aspects which require further investigation, 
as highlighted by ref. 16. We focused on climate change impacts as the 
main challenge to farmers’ livelihoods, but population change, new 
technologies, globalization, agricultural policies and social change 
are all exerting increasing influence on rural smallholder farmers56, and 
should also be considered when designing future adaptation interven-
tions. Also, because of financial constraints, we did not engage local 
actors to reflect on transformational adaptation processes; this step 
was carried out by co-authors only. To imagine, initiate and maintain 

transformational change, we recommended engaging with local actors 
in a deliberative process in the future. Engaging national actors in the 
deliberative process in the future is also recommended to address 
systemic issues that constrain adaptation43.
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Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Source data are provided with this paper. These data are also avail-
able via Figshare at https://doi.org/10.6084/m9.figshare.27320790.v1  
(ref. 58). 

Code availability
R code to produce mixed-effects models and the associated figure 
is available via Zenodo at https://doi.org/10.5281/zenodo.14004312 
(ref. 59).
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Extended Data Fig. 1 | Map of the ten mountain regions studied. Map of the ten 
mountain regions studied across tropical Africa, including locations of villages 
sampled. Figure created using QGIS version 3.28.15. Elevation data from NASA 

(https://www.unspider.org/links-and-resources/data-sources/digital-elevation-
model-srtm-1-arcsecond-30m-nasa-nga) Country boundaries from ICPAC, 
accessed through https://open.africa/dataset/africa-shapefiles.
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Extended Data Fig. 2 | Climatic changes reported in the ten mountain  
regions studied. Climatic changes reported in the ten mountain regions  
studied with regard to percent of respondents per site reporting each impact 
(n = 150 respondents per site). Note that responses relate to predetermined 

questions, and that not all responses were asked at each study site, as some  
were identified as not applicable in a given site by focus-group participants  
(see Methods).
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Extended Data Fig. 3 | Animal rearing and off-farm adaptation responses used 
in the ten mountain regions studied. Animal rearing and off-farm adaptation 
responses used in the ten mountain regions studied with regard to percent of 
respondents per site reporting each adaptation response (n = 150 respondents 

per site). Note that responses relate to predetermined questions, and that not all 
responses were asked at each study site, as some were identified as no applicable 
in a given site by focus-group participants (see Methods).
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Extended Data Fig. 4 | Influence of site, household wealth and proportion 
of climate changes observed on the proportion of adaptation responses. 
Influence of site, household wealth and proportion of climate changes observed 
on the proportion of adaptation responses used by each household. Graphs show 
effects estimated from a linear mixed effects model of adaptation as a function 
of wealth, climate changes observed (fixed effects, both allowed to vary amongst 
random effect levels), with site as a random effect. (a) Predicted adaptations 
for each wealth group in each study site. Points show predicted means, with 
arrows showing 95% confidence limits, with climate changes observed held 
at the dataset-wide mean. (b) Modelled relationships between proportion of 

climate changes observed and proportion of adaptation responses used by 
each household in each study site. Relationships are produced for the average 
wealth group. Colours as in (a). Letters showing site names are plotted for the 
mean proportion of changes and proportion of adaptations for each site. BAM: 
Bamboutos Mountains (Cameroon), ITO: Itombwe Mountains (DRC), KIG: Kigezi 
Highlands (Uganda), NYU: Nyungwe (Rwanda), KIB: Kibira (Burundi), BAL: Bale 
Mountains (Ethiopia), KEN: Mount Kenya (Kenya), ABE: Aberdare Range (Kenya), 
KIL: Mount Kilimanjaro (Tanzania), UDZ: Udzungwa Mountains (Tanzania). 
N = 150 respondents per site.
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Extended Data Fig. 5 | Overview of the relative location of the ten mountain regions studied along an incremental-transformational pathway. See Table 2 for key 
attributes explaining (un)likelihood of transformational change processes.
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