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Abstract
The world is challenged to meet the food demand of a growing population, especially in developing countries. Given the
ambitious plans to scale up agroforestry in Africa, an improved understanding of the effect of agroforestry practices on the
already challenged food security of rural households is crucial. The present study was undertaken to assess how on-farm trees
impacted food security in addition to other household income sources in Rwanda. In each of the six agroecologies of Rwanda, a
stratified sampling procedure was used where two administrative cells (4th formal administrative level) were selected in which
households were randomly selected for interviews. A survey including 399 farmers was conducted and farmers were grouped in
three types of agroforestry practice (i) low practitioners (LAP) represented by the first tertile, (ii) medium practitioners (MAP)
represented by the second tertile and (iii) high practitioners (HAP) represented by the third tertile of households in terms of tree
number. Asset values, household income sources, crop production, farm size, crop yield, and food security (food energy needs)
were quantified among the types of agroforestry practice. A larger proportion of HAP households had access to adequate quantity
and diversity of food when compared with MAP and LAP households. Food security probability was higher for households with
more resources, including land, trees and livestock, coinciding with an increased crop and livestock income. We found no
difference in asset endowment among types of agroforestry practices, while farmers in agroecologies with smaller farms
(0.42 ha to 0.66 ha) had more on-farm trees (212 to 358 trees per household) than farms in agroecologies with larger farms
(0.96 ha to 1.23 ha) which had 49 to 129 trees per household, probably due to differences in biophysical conditions. A positive
association between tree density and food security was found in two out of six agroecologies. The proportion of income that came
from tree products was high (> 20%) for a small fraction of farmers (12%), with the more food insecure households relying more
on income from tree products than households with better food security status. Thus, tree income can be percieved as a “safety
net” for the poorest households.
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1 Introduction

The double challenge faced by the world is to meet the food
demand of the growing population, and to do so in ways that
are environmentally and socially sustainable (Von Braun
2007). Sub-Saharan Africa remains amongst the most food
insecure regions in the world, with 22.8% of the population
showing prevalence of undernourishment (FAO et al. 2019).
In this region, population pressure has led to shorter fallow
periods or continuous cropping, even on hillslopes causing
erosion and leading to reduced soil organic matter content
and nutrient mining without replenishment (Stoorvogel and
Smaling 1990). Agroforestry, a low-input technology, is said
to contribute to the enhancement of food production while
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ensuring sustainability in sub-Saharan Africa (Garrity 2012).
Agroforestry was defined by ICRAF (2013) as “the inclusion
of trees in farming systems and their management in rural
landscapes to enhance productivity, profitability, diversity
and ecosystem sustainability”. Agroforestry could also be de-
fined as a dynamic, ecologically based, natural resource man-
agement system that, through the integration of trees on farm
and rangeland, diversifies and sustains smallholder production
for increased social, economic and environmental benefits
(Leakey 1996). Agroforestry is now receiving increasing at-
tention as a sustainable land-management option because of
its ecological, economic, and social attributes.

Agriculture is the primary source of livelihood for 85% of
the rural population in the developing world (Dixon et al.
2001). In countries such as Rwanda, smallholder farming is
commonly practiced on farms smaller than one hectare (NISR
2010) and is highly vulnerable to weather related shocks, such
as drought and irregular rains (Hjelm et al. 2015). Rwanda is
characterized by one of the most severe nutrient depletion
rates in Africa and low soil organic carbon content
(Stoorvogel and Smaling 1990; Drechsel et al. 2001). The
country is dominated by sloping agricultural land (up to
55%) with 50% showing signs of erosion. Producing enough
food on nutrient deficient land for the rapidly growing popu-
lation is challenging and buying imported food would be too
expensive for most of the population who currently live on
less than one dollar (USD) per day. Despite the economic
recovery of Rwanda since 1994, household food insecurity
and malnutrition remain a challenge in the country. In 2012,
as many as 460,000 households (21%) were food insecure
(NISR 2012). This number increased to 473,847 households
(20%) in 2015 (Hjelm et al. 2015). Though the percentage of
food insecure households decreased slightly, the absolute
number of food insecure households increased due to popula-
tion growth.

In light of recurring food shortages, projected climate
change, and rising prices of fossil fuel-based agricultural in-
puts, interest in agroforestry has recently increased as a cost-
effective means to enhance food security, while at the same
time contributing to climate change adaptation and mitigation
(Mbow et al. 2014). Rwanda government officials, NGOs,
and extension specialists perceive smallholder agroforestry
as a suitable strategy for smallholder farmers (Stainback
et al. 2012). Consequently, Rwanda has pledged to restore 2
million hectares of land (almost 100% of arable land) by the
year 2030 mainly through agroforestry (http://www.
bonnchallenge.org/content/rwanda). Food security is one of
the main drivers in agroforestry adoption in Africa (Brown
et al. 2013). For instance, Coulibaly et al. (2017) found that
agroforestry increased food security in Malawi. Kristjanson
et al. (2012) found a strong positive relationship between food

security and the adoption of agroforestry farming in Ethiopia,
Kenya, Uganda, and the United Republic of Tanzania, though
it was not determined whether adoption had induced more
food security or vice-versa.

While agroforestry may improve food security through in-
creased income from tree products (Garrity Dennis et al. 2010)
and enhanced crop production (Coulibaly et al. 2017), it may
also reduce it by lowering crop yields (Ndoli et al. 2017) under
trees due to competition for resources shared between trees
and crops (Kho 2000). Despite the potential positive impact of
agroforestry on food security, its contribution to food security
in relation to other sources of household income is still un-
known. There is a need for an improved understanding of the
role of trees on farm income and the food security status of
farmers to better understand and anticipate the likely impacts
of current efforts to upscale agroforestry on rural households
in Rwanda. The present study seeks to understand how the
trees grown and managed on-farm affect farm income and
food security of households in the six agroecological zones
of Rwanda. The specific objectives were: (i) to determine
whether agroforestry practices lead to diversification and in-
crease of income and value of assets; and (ii) to evaluate food
security for households that differ in the number of trees on
their farms.

2 Materials and methods

2.1 Data collection

The study was conducted in the six agroecologies of Rwanda
as defined by Djimde (1988). However, the Eastern Savannah
lowland, as defined in 1988 was subdivided into two systems,
namely Eastern Savannah and Eastern Plateau (Table 1). This
is because the Eastern Savannah became heterogeneous in
terms of socioeconomic and biophysical characteristics in
the last two decades. The Eastern Savannah of 1988 was a
less populated parkland with the protected Akagera national
park covering half of it. Eastern Savannah used to be occu-
pied by a National Park but in late 1990s, its biggest share
was settled by former refugees and they started farming ac-
tivities which completely changed the land cover/land use.
What used to be savannah woodland was then converted into
farmland and rangeland by clearing the forest. A short de-
scription of the characteristics of the land use systems is pre-
sented in Table 1. The administrative structure of Rwanda is
organized into provinces, districts, sectors, cells and villages.
In each agroecology, one representative district was selected,
based on biophysical and socio-economic factors. A stratified
sampling was used to ensure that each subgroup of house-
holds received good representation within the sample. Two

686 Ndoli A. et al.

http://www.bonnchallenge.org/content/rwanda
http://www.bonnchallenge.org/content/rwanda


cells, representing the 4th formal administrative level in
Rwanda from each district were selected based on contrasting
outcomes with respect to the incorporation of trees on farm
and they were used for assessment of the contribution of trees
on household food security.

A household survey was conducted between November
and December 2014 in each selected cell with about 20–60
randomly selected households (Mukuralinda et al. 2016;
Iiyama et al. 2018a; b). From a list of all households, a
sample was randomly selected and visited for interviews.
A total of 465 households were interviewed in the 12 se-
lected cells but this study uses 399 households which had
full information. A structured questionnaire was adminis-
tered to respondents’ household heads or their representa-
tives during the survey. Questions related to tree species,
number of trees (defined in this study as woody perennial
plants with a minimum height of 2 m excluding recently
planted seedlings), products and income from trees. The
questionnaire also captured the household socioeconomic
characteristics, crop production, and income from crops,
from livestock and from off farm activities. Farm and field
areas were computed from field boundaries as recorded
with a Global Navigation Satellite System (GNSS) receiver
(Garmin) and with this on-farm crop productivity (i.e., crop
yields converted to gigajoules (GJ) energy per ha) was

determined. To this end, for each field the farmer reported
harvested amounts of grain, tuber or fresh product were
converted to dry mass estimates, using standard values for
dry matter content from Feedipedia and USDA web data-
bases (http://www.feedipedia.org/;: https://ndb.nal.usda.gov/
ndb/search), and divided by the measured field area.
Household asset values were determined. While measuring
farm area, surveyors could quickly count trees to confirm
the number of trees reported by the farmer. Assets were
grouped into four categories: (i) domestic (i.e., sofa set,
refrigerator, wood stove, kerosene stove, gas/LPG stove,
granary and domestic water tank), (ii) communication (i.e.,
radio, mobile phone, television), (iii) transport (i.e., bicycle,
motorbike, car/truck and ox cart), and (iv) farming assets
(i.e., water tank for irrigation, hoes, machetes, ox-plough,
wheelbarrow, grain-mill, water pumps, milk can, shovel,
spades, axe, and sprayer). Food security status throughout
the year was evaluated in the questionnaire where farmers
were asked to assign each month of the year to one of the
following categories:

(1) not enough food for all members of the household: lack
of access to food quantity and quality that normally sat-
isfies each member of the household throughout each
month of the year,

Table 1 Characteristics of the six agroecologies [source: Djimde 1988, if not otherwise specified with a superscript number]

Characteristics Eastern Savannah Eastern Plateau Buberuka highland Volcanic
highland

Central Plateau Congo Nile Crest

Elevation (m) 1200–1400 1200–1500 1900–2000 2200–2400 1100–1700 1900–2500

Rainfall (mm year−1) 800–1000 800–1000 1200–1300 1300–1500 1000–1500 1300–2000

Temperature (°C) > 21 20–21 15–18 < 15 18–20 <1 5–18

Proportion of very
fertile soil (%)a

48 54 37 66 41 6

Food insecure
households in the
study cells (%)b

3–7 8–15 15-28 8–28 15–28 33–43

Dominant
agroforestry
practicesb

Trees on farm
boundaries

Scattered trees on
farm, trees on
contour

Woodlot, contour
hedgerows and
home gardens

Woodlot,
contour
hedge-
rows

Scattered trees on farm Woodlot, contour
hedgerows,
Scattered trees
on farm

Tree Species
dominant in the
surveyed zonesa

Grevillea,
Eucalyptus,
Avocado, Senna,
Mango, Papaya

Grevillea, Senna,
Eucalyptus,
Avocado, Mango,
Calliandra

Alnus, Eucalyptus,
Avocado,
Erythrina, Ficus,
Grevillea

Alnus,
Eucalypt-
us,
Erythrina

Avocado, Eucalyptus,
Calliandra, Grevillea,
Citrus, Orange,
Mango

Eucalyptus,
Grevillea,
Avocado,
Calliandra, Ficus

Livelihoodb Agro pastoral Banana, cassava and
mixed agriculture

Beans, wheat, Irish
potato and
vegetables

Irish potato Cassava and coffee Subsistence food
crop farming and
labour in tea
estates

aMukuralinda et al. (2016)
b NISR (2012)
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(2) enough food but not enough diversity: access to food
quantity that normally satisfies each member of the
household but not in the desired quality throughout each
month of the year, or

(3) enough food and enough diversity: access to food
quantity and quality that normally satisfies each
member of the household throughout each month
of the year.

Therefore, the required quantity and diversity of food in
this study is the perception of farmers interviewed.

Key informants (farmer groups, extension workers, re-
searchers and policy makers) were interviewed to validate
the survey data as a part of a more comprehensive study for
the project ‘Taking to scale tree-based systems that en-
hance food security, improved resilience to climate
change, and sequester carbon in Rwanda’ (Mukuralinda
et al. 2016).

2.2 Data analysis

Assets as well as income were compared between types of
agroforestry practice and between agroecologies using a
Kruskal Wallis test while proportions of farmers in different
food security categories were compared with Chi-square tests.
(Welham et al. 2004).

Three relative types of number of trees on farm were con-
structed using tertiles in each agroecology; (i) low agroforestry
practitioners (LAP) defined as the first tertile of the households in
terms of tree number, (ii) medium agroforestry practitioners
(MAP) defined as the second tertile of the households in term
of tree numbers and (iii) high agroforestry practitioners (HAP)
defined as the third tertile of the households in terms of tree
numbers. Tukey’s test in the PredictMeans R package
(Welham et al. 2004) was used for pairwise comparisons of
different household assets between LAP, MAP and HAP for
each agroecology (Fig. 1).

Fig. 1 Map of 2012 tree cover in Rwanda displaying the six agrecologies and the study sites that were selected for this study
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While 465 households were interviewed, 66 farmers had
reported inaccurate farm sizes or did not have either land or
trees and were thus removed from the analysis. Food secu-
rity for the remaining 399 households was ranked as ‘1’ if
they did not have enough food and not enough variety
(carbohydrates, proteins, and fats), ‘2’ if they had enough
food but not enough variety and ‘3’ if they had enough
food and enough variety. Generalized linear models were
used to assess the source of variability in food security.
Model 1 aimed at testing the effect of tree number when
controlling for structural variables (e.g., farm area). Model 2
aimed at testing the effect of tree income when controlling
for other functional variables (e.g., crop productivity, off-
farm income). Both Model 1 and Model 2 were run for the
whole dataset. In the analysis, the scores 2 and 3 for the
response variable ‘food security status’ were combined and
considered as food secure households (coded as 1) to sig-
nify households having at least access to food quantity that
normally satisfies each member of the household through-
out the month. These were compared to food insecure
households (coded as 0) which are those without access to
food quantity that satisfies each member of the household
throughout the month. A logistic regression model was then
used. The Analysis of Variance (ANOVA) was conducted
to compare effects and differences were evaluated for their
significance with a Chi-square test. Models were construct-
ed as follows:

Model 1ð ÞY ij ¼ αþ βFS TC AEi þ γMOj þ γCI þ δLI þ ρOI þ σCP þ R
Model 2ð ÞY i ¼ αþ βTI þ γCI þ δLI þ μAEi þ εOI þ ϵCP þ θAEiTI

þ ϑAEiCI þ πAEiLI þ ρAEiOI þ σAEiCP þ R

where Yijklm and Ymnopqr represents the binomial values of
food security status (with the value 1 for food secure and 0
for food insecure), TC is the number of trees on-farm, MOj

is the jth month of the year, FS is the farm size in hectares,
AEi is the ith agroecology, TI is the tree income, CI is the
crop income, LI is the livestock income, OI is the off-farm
income, CP is the value of crop production in calories, and
R is the residual, and where α, β, γ, δ, μ, τ, ε, ϵ, θ, ϑ, π, ρ
and σ represent effects values. We used R software for all
statistical analyses (R Development Core Team 2014).

3 Results

Households were grouped in types of agroforestry practice
using tertiles, see Table 2. The mean number of trees grown
by households was higher in the Congo Nile agroecology,
followed by Buberuka Highlands, Eastern Plateau, Volcanic
Highlands, and Central Plateau while the Eastern Savannah
had the smallest number of trees. The number of on-farm trees
in the Congo Nile agroecology was seven-fold larger than in
the Eastern Savannah agroecology (least covered with trees),
and 1.7 times larger than in the Buberuka Highland which

Table 2 Characteristics of the
selected households in the six
agroecologies of Rwanda.
Standard errors are given after the
signs ‘±’ for mean number of trees
and total land size per household.
P values from Kruskal-Wallis
tests are given to compare levels
of agroforestry practice (LAP:
low practitioners, MAP: medium
practitioners, HAP: high
practitioners)

Land use LAP MAP HAP Mean P

No. of households

Buberuka H 14 14 14 –

Central Plat 29 29 29 –

Congo Nile 20 20 20 –

Eastern Plat 23 23 23 –

Eastern Sav 18 18 18 –

Volcanic H 29 29 29 –

Mean no. of trees

Buberuka H 29 ± 4.4 95 ± 8.3 508 ± 94.3 212 ± 12.6 <0.001

Central Plat 2 ± 0.2 10 ± 0.9 195 ± 14.48 69 ± 5.3 <0.001

Congo Nile 3 ± 0.5 99 ± 15 964 ± 184.3 358 ± 23.3 <0.001

Eastern Plat 7 ± 0.8 26 ± 2 355 ± 139.8 129 ± 14.29 <0.001

Eastern Sav 2 ± 0.2 7 ± 0.6 136 ± 57.7 49 ± 5.9 <0.001

Volcanic H 14 ± 1.5 41 ± 1.8 309 ± 81.3 121 ± 8.7 <0.001

Total land size (ha)

Buberuka H 0.64 ± 0.2 0.63 ± 0.19 1.06 ± 0.3 0.76 ± 0.04 <0.001

Central Plat 0.32 ± 0.08 0.38 ± 0.1 0.77 ± 0.21 0.49 ± 0.02 <0.001

Congo Nile 0.49 ± 0.17 0.29 ± 0.07 0.48 ± 0.14 0.42 ± 0.04 <0.001

Eastern Plat 0.75 ± 0.20 0.74 ± 0.14 1.39 ± 0.26 0.96 ± 0.07 <0.001

Eastern Sav 0.59 ± 0.13 1.37 ± 0.49 1.71 ± 0.51 1.23 ± 0.07 <0.001

Volcanic H 0.73 ± 0.25 0.45 ± 0.06 0.56 ± 0.12 0.58 ± 0.03 0.003
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ranks second in high number of trees. Total farm area per
household was generally larger in agroecologies with fewer
trees per household. Farm size was larger in the Eastern
Savannah (1.23 ± 0.07 ha) and Eastern Plateau (0.96 ±
0.07 ha), followed by Buberuka Highlands (0.76 ± 0.04 ha),
Central Plateau (0.49 ± 0.02 ha), Volcanic Highland (0.58 ±
0.03 ha) and lastly the Congo Nile agroecology (0.42 ±
0.04 ha). In Central Plateau, Eastern Plateau, and Eastern
Savannah, farm size of HAP was larger than the rest of the
types while farm size was not different among agroforestry
practice levels in the highlands agroecologies (Buberuka
Highlands, Congo Nile, and Volcanic Highlands).

Income from trees was generally higher for HAP than
MAP and LAP but its contribution to total household income
was small compared with other sources of income. Tree in-
come for HAP were four times higher than for MAP and 21
times higher than for LAP. Tree income and crop incomewere
significantly higher in HAP than the rest of the agroforestry
practice types in Congo Nile and Eastern Plateau. In addition,
crop income was higher for HAP than for MAP and LAP in
Eastern Savannah while livestock income was only higher for

HAP in Congo Nile when compared to MAP and LAP
(Table 3). Off-farm income was not higher in HAP than in
MAP and LAP. Figure 2 shows the contribution of four farm
income sources to the total household income. Around 35% of
farm households earn income from trees, about 25% of house-
holds earn income from crops and livestock, while about 40%
of households earn income from off-farm activities (Fig. 2).

Asset ownership tended to be similar among the different
types of agroforestry practices, except in the Congo Nile agro-
ecology where communication assets were significantly
higher in HAP as compared to the other types. On average,
HAP had assets worth USD 289, 73, 32, and 50 for domestic,
communication, transport and farm assets respectively. MAP
had assets worth USD 303, 61, 38, and 29 for domestic, com-
munication, transport, and farm assets respectively. The cor-
responding asset value in the LAP typewere USD 302, 57, 52,
and 20 (Table 4). Assets did not significantly vary among
farmers and were hence not included among factors that di-
rectly distinguish wealth in the study sites. Livestock value
was not considered as a household asset but income from
livestock was captured and used in the analysis.

Table 3 Agroforestry practice
levels (LAP: low practitioners,
MAP: medium practitioners,
HAP: high practitioners) as a
function of income sources (USD/
year). Means followed by the
same letter in the same
agroecology and the same income
source do not differ significantly
at α = 0.05. Standard errors are
given after the signs ‘±’

Agroecology Income source (USD) LAP MAP HAP

Buberuka

Highland

Tree 7 ±1b 6 ±1b 44 ±5a

Crop 155 ±18b 139 ±14b 251 ±26a

Livestock 10 ±3b 22 ±5b 43 ±6a

Off farm 90 ±10b 445 ±96a 119 ±17b

Central Plateau Tree 5 ±0.1b 26 ±4b 195 ±20a

Crop 213 ±24b 320 ±34ab 345 ±42a

Livestock 39 ±6b 25 ±4b 262 ±53a

Off farm 216 ±38a 144 ±17a 135 ±24a

Congo Nile Tree 14 ±2c 77 ±18b 158 ±14a

Crop 78 ±11b 180 ±22a 134 ±12ab

Livestock 58 ±12b 50 ±8b 131 ±14a

Off farm 312 ±55a 377 ±68a 91 ±7b

Eastern Plateau Tree 5 ±1c 23 ±3b 128 ±9a

Crop 124 ±13c 322 ±35b 651 ±54a

Livestock 10 ±1b 59 ±13a 83 ±10a

Off farm 430 ±60a 678 ±120a 556 ±131a

Eastern Savannah Tree 0 b 6 ±2a 2 ±0.1b

Crop 298 ±26b 530 ±51b 1154 ±109a

Livestock 5 ±1b 31 ±7b 212 ±48a

Off farm 1362 ±234a 304 ±39b 575 ±94b

Volcanic Highland Tree 1 ±0.1b 2 ±1b 40 ±6a

Crop 277 ±29a 265 ±19a 319 ±17a

Livestock 153 ±23a 212 ±23a 177 ±23a

Off farm 103 ±8b 164 ±17b 265 ±32a

690 Ndoli A. et al.



Food security probability increased with increasing tree
density on-farm and increasing farm size. Farmers with an
average of 1 ha and with more than 175 trees/ha were the
most food secure while those with farms around 0.25 ha
and with lower tree density, were the least food secure.
The density of trees had a large impact on the food secu-
rity of households of 1 ha, a modest impact for farms of
0.5 ha and no difference for the smaller farms of 0.25 ha.
Nevertheless, the trend of food security probability across
the year remained the same for all the agroforestry prac-
tice types showing the lowest food security in April and
November (Fig. 3).

In model 1, most variation in household food security was
explained by farm size, the month of the year, followed by
crop income (Table 5). With the exception of livestock in-
come and crop productivity, all other factors had a significant
impact on food security. Larger farms were more food secure
than smaller farms. The interactions between farm size and

agroecologies, and between number of trees and
agroecologies were also significant. This implies that the in-
fluence of number of on-farm trees on food security is medi-
ated by farm size, positively. In the 2nd GLM, tree income
was a significant factor in explaining differences in food se-
curity, although interactions between income categories and
agroecologies indicate strong regional differences (Table 6).
We found a negative association between tree income and
food security in all regions, possibly indicating that food in-
secure farmers are selling more wood products than food se-
cure farmers. Income from crops had a positive impact on
food security in all regions, possibly indicating that food se-
cure farmers are selling more crop products than food insecure
farmers. Off farm income tended to have a negative associa-
tion with food security in regions with smaller farm sizes
possibly indicating that food insecure farmers in these regions
tend to depend more on wages than food secure farmers
(Table 6).

Fig. 2 Contribution of the four
farm income sources to total
income across farms in the
survey. Farms without tree
income were first sorted by
decreasing off-farm income,
followed by income from trees for
all other farms
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Food self-sufficiency here refers to the ability to cover
the household’s calorific needs through the household’s
own production. Most farms were not food self-sufficient:
only farmers in HAP and MAP types in the Eastern
Savannah agroecology were self-sufficient (Fig. 4) while
all types in other agroecologies were not self-sufficient.
Coverage of the household caloric needs was significantly
different between the types of agroforestry practitioners
on-farm with 51% coverage coming from household
own food production and 49% coming from generated
income. The highest food insecurity was found in Congo
Nile, Buberuka Highland and Volcanic highland where
none of the types could cover all their caloric needs
(Fig. 4). Households in the Buberuka Highland and
Congo Nile agroecologies with more trees on farm also
had smaller farm sizes (Table 2) and were more food

insecure (Fig. 4). When comparing farms in the same
agroecology, households in the HAP type were more food
secure than other types, in four out of the six
agroecologies probably due to higher production of food
on farm and in three out of six due to more purchased
food (Fig. 4).

The influence of farm size and trees on food security dif-
fered strongly between the agroecologies. Differences be-
tween farms of 0.25, 0.5 and 1.0 ha were relatively small in
Central and Eastern Plateau and Volcanic Highlands, whereas
farm size effects were much larger in Congo Nile, Eastern
Savannah and Buberuka Highlands. The influence of trees
on food security varied between agroecologies, increasing tree
density was associated with a higher probability of food secu-
rity in Congo Nile, but in a lower food security in Bubureka
Highlands (Fig. 5).

4 Discussion

4.1 Tree income can be perceived as a “safety net” for
the poorest farmers

Households in the HAP group were more food secure than
those in MAP and LAP groups, mainly due to higher
income from crops but with limited contribution of in-
come from trees. Income from trees was minimal and
not well related to the types of agroforestry practitioners
in some agroecologies, suggesting that trees on-farm are
probably kept by farmers for other reasons (e.g., own
consumption of firewood and fruits, shade, and erosion
control). Yet, for about 12% of farmers, tree products
contributed more than 20% to their income, where food
insecure farmers were more often selling tree products for
income than food secure farmers. In this way trees may be
perceived as a “safety net” to meet the needs of the
poorest households, with smallest farms and lowest
income.

Though the income contribution from trees was generally
small in absolute terms, farmers in agroecologies of the west-
ern part of the country (Congo Nile, Volcanic highland,
Burberuka Highland and Central Plateau) seemed to earn a
substantial proportion of their income from trees in contrast
to their counterparts in the East (Eastern Savanna and Eastern
Plateau). This may reflect the value of wood products and the
hypothesized importance of the ability to sell wood for the
food security of farm households when on-farm trees are in
a sufficient number to be marketable (Ndayambaje et al.
2014). Within a particular agroecology, household’s food

Table 4 Assets owned (USD) as a function of agroforestry practice
levels (LAP: low practitioners, MAP: medium practitioners, HAP: high
practitioners). Means followed by the same letter in the same agroecology
and the same asset type do not differ significantly at α = 0.05. Standard
errors are given after the signs ‘±’

Agroecology Assets (USD) LAP MAP HAP

Buberuka
Highland

Domestic 97 ±27a 1 ±0.1b 67 ±14a

Communication 44 ±3b 46 ±3b 70 ±5a

Transport 10 ±2a 10 ±2a 14 ±2a

Farm 15 ±1ab 11 ±1b 20 ±3a

Central
Plateau

Domestic 206 ±46b 447 ±71a 125 ±33b

Communication 48 ±2b 58 ±3a 54 ±2ab

Transport 5 ±1b 11 ±1b 28 ±4a

Farm 19 ±1b 64 ±14b 116 ±19a

Congo Nile Domestic 338 ±57a 70 ±14b 255 ±50a

Communication 47 ±5b 59 ±5b 83 ±3a

Transport 129 ±32a 30 ±7b 10 ±2b

Farm 16 ±1a 16 ±1a 13 ±1a

Eastern
Plateau

Domestic 176 ±18b 250 ±35ab 371 ±57a

Communication 63 ±3a 71 ±4a 68 ±3a

Transport 125 ±24a 139 ±24a 72 ±7b

Farm 18 ±1b 20 ±1b 48 ±4a

Eastern
Savannah

Domestic 334 ±68a 483 ±62a 387 ±60a

Communication 78 ±4a 60 ±2b 83 ±4a

Transport 67 ±6a 33 ±2b 63 ±7a

Farm 12 ±1c 17 ±1b 24 ±2a

Volcanic
Highland

Domestic 554 ±72a 395 ±44a 457 ±52a

Communication 62 ±2b 64 ±3b 83 ±4a

Transport 0b 7 ±1a 9 ±1a

Farm 32 ±3b 27 ±1b 43 ±3a
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security increased with increasing numbers of on-farm trees
but was not driven by tree income. Indeed, within each agro-
ecology, HAP households had usually a higher crop and live-
stock income thanMAP and LAP households, suggesting that
the improved food security of households with higher number
of on-farm trees is associated to their higher overall farm in-
come while the contribution of tree income was small.
Coulibaly et al. (2017) recently found that agroforestry adop-
tion increased income from both crops and tree products and
therefore positively impacted household food security in
Malawi. Our study did not assess the proportion of self-
consumed tree products but from the validation workshops
and expert knowledge, it is commonly understood that in
Rwanda, the biggest share of on-farm tree products are self-
consumed while the surplus is sold on market. Our study
confirms this, suggesting that on-farm trees are mostly used
for self-consumption and not necessarily sold, in contrast to
crops and livestock which form an important source of income
for rural households. Though income from trees is lower than
income from crops and livestock, food insecure households

tend to rely more on tree income than food secure households
who mainly depend on crops and livestock income. Thus,
income from trees can be perceived as a “safety net” for the
poorest households.

4.2 More on-farm trees are found in agroecologies
challenged by small farmland and food insecurity

Due to contrasted biophysical (e.g., topography, rainfall, tem-
perature and soil types) and socio-economic conditions, farm
size was larger and food security was higher in the East than in
the West of the country (NISR 2012) while the number of
trees per household was higher in the West than in the East.
In the eastern part of Rwanda (Eastern Savannah and Eastern
Plateau) where households have relatively more land, HAP
farmers had larger farms and a higher crop income than
MAP or LAP farmers. Thus, despite the lowest income from
trees as compared to the other agroecologies, the HAP house-
holds in the eastern parts of Rwanda were wealthier (e.g., with
larger farms and higher overall income) and therefore were

Fig. 3 Monthly probability of
food security as a function of farm
size category (1.0 ha, 0.5 ha, and
0.25 ha) and tree densities (>175
trees/ha, < 175 trees/ha, and <35
trees/ha)
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more food secure than MAP and LAP. In the western part of
the country which has a very hilly topography (Congo Nile
Crest, Buberuka Highland and volcanic highland) and with

more on-farm trees, most households were food insecure pos-
sibly due to small farmlands and lower off-farm income.

This study found no direct relationship between asset en-
dowment and agroforestry practice type. However, farm size,
crop and livestock income – which are the most common
wealth indicators for farm households in Rwanda - were

Table 5 Results of the analysis of deviance of the structural GLM
model 1 for explaining the effects of households’ number of trees, farm
size, month of the year, agroecology factors, and income sources on food
security of farm households

Model factors DF Deviance P

Model 1

Farm size 1 259.49 < 0.0001

Number of trees 1 13.48 0.00024

Agroecology 5 28.86 < 0.0001

Month 11 195.56 < 0.0001

Crop income 1 129.04 < 0.0001

Livestock income 1 3.229 0.07236

Off-farm income 1 71.509 < 0.0001

Crop productivity 1 1.065 0.30201

Farm size: Number of trees 1 4.834 0.0279

Farm size: Agroecology 5 99.991 < 0.0001

Number of trees: Agroecology 5 65.386 < 0.0001

Farm size: Number of trees: Agroecology 5 24.305 0.00019

Eastern Savannah

Farm size 1 77.41 < 0.0001

Number of trees 1 53.56 < 0.0001

Farm size: Number of trees 1 0.85 0.357

Eastern Plateau

Farm size 1 12.47 0.0004

Number of trees 1 8.29 0.0039

Farm size: Number of trees 1 0.72 0.3964

Buberuka highland

Farm size 1 85.6 < 0.0001

Number of trees 1 0.18 0.6754

Farm size: Number of trees 1 0.53 0.4674

Volcanic highland

Farm size 1 18.17 < 0.0001

Number of trees 1 11.41 0.0007

Farm size: Number of trees 1 3.29 0.0697

Central plateau

Farm size 1 33.05 < 0.0001

Number of trees 1 11.34 0.0008

Farm size: Number of trees 1 0.243 0.6217

Congo Nile

Farm size 1 123.51 < 0.0001

Number of trees 1 3.31 0.0687

Farm size: Number of trees 1 21.10 < 0.0001

Not significant effects (p < 0.05) are shown in bold

Table 6 Summary of the results of the functional GLM model 2 for
explaining the effects tree, crop, livestock and off-farm incomes and crop
productivity and agroecology factors on food security of farm households

Model factors F Estimate P DF

Model 2
Tree income 48 −0.01 < 0.0001 1
Crop income 277 0.007 < 0.0001 1
Livestock income 8 0.002 0.0047 1
Off-farm income 74 −0.0005 < 0.0001 1
Crop productivity 1.3 −0.003 0.2554 1
Tree income × Agroecology 3.7 0.6009 5
Crop income × Agroecology 119 < 0.0001 5
Livestock income × Agroecology 50 < 0.0001 5
Off-farm income × Agroecology 31 < 0.0001 5
Crop productivity × Agroecology 27 < 0.0001 5

Eastern Savannah
Tree income 16 −0.5 < 0.0001 1
Crop income 73 0.002 < 0.0001 1
Livestock income 27 0.017 < 0.0001 1
Off-farm income 43 0.002 < 0.0001 1
Crop productivity 0.1 −0.001 0.7205 1

Eastern Plateau
Tree income 2.4 −0.002 0.1216 1
Crop income 29 0.0002 < 0.0001 1
Livestock income 11 0.007 0.0008 1
Off-farm income 19 0.0003 < 0.0001 1
Crop productivity 1.3 0.001 0.2613 1

Buberuka highland
Tree income 4.5 −0.02 0.0339 1
Crop income 109 0.006 < 0.0001 1
Livestock income 0.029 0.007 0.8638 1
Off-farm income 4.9 −0.0001 0.0263 1
Crop productivity 3.9 −0.005 0.049 1

Volcanic highland
Tree income 9.9 −0.001 0.0016 1
Crop income 36 0.0009 < 0.0001 1
Livestock income 0.03 −0.00001 0.8539 1
Off-farm income 12.5 0.0008 0.0004 1
Crop productivity 8.8 0.004 0.003 1

Central plateau
Tree income 19 −0.001 < 0.0001 1
Crop income 38 0.001 < 0.0001 1
Livestock income 3.5 0.0006 0.0616 1
Off-farm income 6.7 −0.00007 0.0097 1
Crop productivity 2.8 −0.002 0.0929

Congo Nile
Tree income 33 −0.002 < 0.0001 1
Crop income 73 0.005 < 0.0001 1
Livestock income 24 0.003 < 0.0001 1
Off-farm income 0.04 −0.001 0.8353 1
Crop productivity 11.4 −0.008 0.0007 1

Not significant effects (p < 0.05) are shown in bold
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correlated to the number of on-farm trees in most of the
agroecologies. Within the same agroecology, food security
increased with increasing farm size and households with more
trees were more food secure than those with less. Within the
same agroecology, households with more income from trees
as compared to their counterparts had also more income from
crops and livestock in contrast to what was observed in
Ethiopia where income from trees increased at the expense
of income from crops (Sida et al. 2018). In the study sites,
trees were important in providing firewood, timber, and shade
but could come with the cost of lower productivity especially
near trees.

Though dependent on farm size, on-farm trees seem prof-
itable when farmers integrate crops and livestock since in-
come from trees appeared positively associated with crop
and livestock income (Bucagu 2013; Beedy et al. 2013).
There is a need for more detailed studies to assess the

biophysical and socio-economic contexts in order to under-
stand the role of agroforestry on net farm income and house-
hold food security. Assessment of food security is notoriously
difficult (Barrett 2010). Our analysis is based on self-reported
sufficiency in the quantity and diversity of food, and may
therefore be biased (Tadesse et al. 2020). However, for com-
parative analysis such as in our paper, this bias is unlikely to
affect conclusions.

5 Conclusion

The present study investigated whether farmers with more
trees on their farm were more food secure than those with less
trees in the six agroecological zones of Rwanda. Large differ-
ences between agroecological zones were observed for both
food self-sufficiency and food security. Households with
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larger farms depended more on crop and livestock income and
were more food secure than those with smaller farms who
depended more on tree income. The proportion of income that
came from tree products was more than 20% for about 12% of
the farmers, with food insecure farm households relying more
on income from tree products than food secure farm house-
holds. The influence of tree density on household-reported
food sufficiency varied between regions when accounting
for farm size. In most cases, higher tree density did not result
in higher income from trees at the level expected, suggesting
that trees on-farm are mostly used to meet the demand of

households in firewood, fruits and other tree products. In each
agroecology, better coverage of caloric needs was found in the
type of households with more trees mainly through food pur-
chase as they were usually wealthier (e.g., with larger farms
and higher income) than the rest. The lack of a clear relation-
ship between asset endowment and levels of agroforestry
practice while farm size and income were significantly differ-
ent between HAP, MAP and LAP, suggests that assets may
not be the best indicator of wealth for Rwandan farm house-
holds. Our results suggest that within the same agroecology,
farm households with more landmost probably grow trees on-

Fig. 5 Monthly probability of food security as a function of farm size category (1 ha, 0.5 ha, and 0.25 ha) and tree densities (>175 trees/ha, < 175 trees/ha,
and <35 trees/ha) for each agroecology
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farm to increase their self-sufficiency in fuelwood, fruits and
other tree products rather than growing them for markets.
Future research should address improvements in commercial-
ization of on-farm tree products to generate income and thus
impact on food security of smallholders.
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