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SCIENCE FOR SOCIETY Agricultural intensification can lead to simplified landscapes and simplified diets,
especially in low- and middle-income countries. Trees on farms offer promising co-benefits for the environ-
ment and human health, with the potential to improve diets via providing food, income, and/or fuelwood. In
this study, we measure how using trees on farms can support women’s diets in rural Malawi. We find that
using trees on farms to source food is positively associated with women’s dietary quality in both dry and
wet seasons. While we do not find any consistent additional benefits from using trees on farms for fuelwood
or income, we find that multipurpose trees on farms—providing food, income, and fuel—can support diets
while offering other livelihood benefits. This study therefore helps evidence multipurpose trees on farms
as a viable pathway for addressing malnutrition in rural communities.

SUMMARY

In low- and middle-income countries, there is growing evidence that trees in landscapes can support
healthy diets. Yet, the bulk of this evidence is based on broad-scale associations and thus fails to tease
apart the contributions of different types of trees. Here, we examine how the use of on-farm trees for
food, income, and fuel relates to micronutrient adequacy (vitamin A, zinc, iron, and folate) and food sourc-
ing patterns in rural Malawi. We used data from socioeconomic, land use, and dietary surveys conducted
with 460 women in both the dry and wet seasons. Our results illustrate that, compared to other uses, the
use of on-farm trees for food is the most significant determinant of women’s micronutrient adequacy
across seasons. While this study does not find consistent dietary benefits from using on-farm trees for
only fuel and income, our results suggest that multipurpose on-farm trees can support adequate intake

of all measured micronutrients.

INTRODUCTION

Malnutrition in all of its forms is the number one risk factor in global
morbidity.' One in seven premature deaths is attributable to child
and maternal malnutrition and diet-related non-communicable
diseases; this rate has only been exacerbated by the COVID-19
pandemic.? Though poor nutrition is a global crisis affecting
approximately one-third of the population, the bulk of the burden
is in low- and middle-income countries (LMICs), which host
the majority of wasting (93%), low birthweight (83%), stunting
(89%), and anemia (74%) cases worldwide.>* With the same
countries disproportionately experiencing the impacts of climate
change,” there is an urgent need for food system transformations
that support ecological and human health in tandem.®”

4')

Trees and forests have the potential to help achieve this dual
agenda.® While landscape restoration has been a long-standing
priority in climate change adaptation and mitigation efforts, the
role of trees and forests in supporting dietary quality has only
recently become prominent in high-level policy discourse."" In
some cases, deforestation is associated with adverse nutritional
effects, such as decreased dietary diversity and lower consump-
tion of fruits and vegetables.'*'® Such dietary changes can lead
to micronutrient deficiencies, predominantly iron, zinc, vitamin A,
and folate, which can have serious adverse health impacts, such
as anemia, hindered child growth and development, and night
blindness. "

Trees in forests and on farms provide micronutrient-rich fruits
and vegetables that are undersupplied and under-consumed,
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with only 40 countries (36% of the global population) having
adequate supplies of fruit and vegetables to meet people’s
needs, according to established dietary recommendations.’®
Recent research has found associations between tree cover
and more diverse and nutritious diets,'>'®'® with studies
citing how trees may improve diets via different productive
functions. Aside from the direct provision of nutrient-rich
foods'®2" (e.g., fruits and nuts), tree-based landscapes can
also host wild green leafy vegetable growth as well as array
of wild hunted bird, mammal, and insect species.””>* Second,
trees can provide marketable products,”® the income from
which can enable market food purchases.?® Third, trees supply
fuelwood to facilitate the preparation of nutrient-dense foods
with long cooking times (e.g., lentils).?” In addition, ecosystem
services from forests and trees can also indirectly support agri-
cultural productivity of crops and livestock,®*° which can have
downstream benefits for sustaining the dietary quality of rural
households.*°

However, there is less research explicitly examining the role
of on-farm trees and the relative importance of each of these
three direct contributions for people’s micronutrient ade-
quacy. This study assesses how different uses of on-farm
trees for food, income, and fuelwood affect dietary quality.
We focus on Malawi, where 52% of the population is classified
as severely food insecure, and 34% of children under 5 are
stunted.® Malawi has one of the least diversified economies
in the world, with over 84% of the economically active popu-
lation engaged in farming as a primary livelihood activity.®"
High demand for agricultural land and wood-based fuels has
contributed to widespread deforestation in the past two de-
cades, with a countrywide loss of over 16% (247 kha) of total
tree cover since 2001.%%*3 Malawi is therefore an appropriate
site to investigate this confluence of natural resource reliance,
poverty, and malnutrition in the context of tree-diet linkages.
Here, we use land use and dietary data collected from 460
households in the north and south of Malawi (during both
dry and wet seasons) to compare the effects of different on-
farm tree functions on women’s adequacy levels of four key
micronutrients: zinc, vitamin A, iron, and folate.

The inclusion of trees in farming systems is far from a new
approach; trees are found on approximately 43% of global agri-
cultural land,>* although more recent estimates indicate that the
prevalence might be much higher.>> While emerging evidence
suggests that on-farm trees can improve diets,*® on-farm trees
do not deliver universally positive or equal nutrition outcomes.
The heterogeneous classifications for on-farm tree systems
often vary with geographical and cultural contexts and do not
often account for the ways in which the trees are used by the
household. Accordingly, there is little research that teases apart
the mechanisms by which on-farm trees are associated with di-
etary quality and that evaluates the relative efficacy of these
mechanisms. This study further advances existing knowledge
on landscape-diet linkages by (1) evaluating different uses of
on-farm trees and (2) using detailed dietary quality metrics, as-
sessing the micronutrient adequacy levels for each respondent
across dry and wet seasons. By measuring how different uses
of on-farm trees can affect people’s diets, our results identify av-
enues for interventions targeting nutrient deficiencies in rural
communities.
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RESULTS

To test the relative importance of different uses of on-farm trees
by households, we constructed linear models comparing
women’s micronutrient adequacy levels across different use cat-
egories (food, food + income, food + fuel, food + fuel + income,
and fuel + income) while controlling for factors known to influ-
ence landscape-diet linkages (methods). Using the “no/other
tree use” household category as a control, our results illustrate
that, compared to other on-farm tree uses, the use of on-farm
trees for food is the most significant determinant of women’s mi-
cronutrient adequacy in both the dry and wet seasons. We find
that use of on-farm trees for food is positively associated with
women’s micronutrient adequacy, likely due to the direct provi-
sion of nutrient-rich foods. To explore this further, we tested as-
sociations between on-farm tree use and household food con-
sumption patterns. We see again that use of on-farm trees for
food is associated with higher consumption of cultivated foods
(from fields and trees), evidencing the “direct provision”
pathway as a viable mechanism through which on-farm trees
support diets.

Critically, we see that the use of on-farm trees only for income
and fuelwood is generally not associated with changes in micro-
nutrient adequacy. While our results do not indicate any addi-
tional benefits from fuel or income trees to dietary quality, we
find that the benefits from food trees to micronutrient adequacy
are maintained in multipurpose on-farm tree systems. This indi-
cates that such farming systems can support dietary quality
while potentially providing other livelihood benefits in the form
of income or fuelwood. As this is a cross-sectional study with
data from one point in time, we note that our estimated effects
of different on-farm tree uses on micronutrient adequacy and
food sources refer to associations in real-world settings. We
therefore cannot make claims about causality.

On-farm food trees are positively associated with
women’s micronutrient adequacy

Sourcing food from on-farm trees is associated with increased
adequacy levels of zinc, vitamin A, and folate. These effects are
pronounced in both the dry and wet seasons. Given that the ma-
jority of food consumed by respondents is purchased (Table 1),
such results point to the important contribution of even small
amounts of tree-based foods to micronutrient adequacy. As
tree-based foods have different nutritional values, the contribu-
tions of on-farm trees to people’s micronutrient adequacy are
likely to vary by species (Table S6). For example, in the dry sea-
son, on-farm food trees can increase women'’s folate adequacy
by 15%-20% (Figure 1). In this season, while we observe the
largest effect size for the household group that uses on-farm
trees only for food, there is minimal effect change with addi-
tional uses of on-farm trees for income and/or fuel, suggesting
that direct consumption of folate-rich tree foods (e.g., mangos,
bananas, and guavas) is responsible for this increased micronu-
trient intake (Table S7). In our study areas, folate is a particularly
limited micronutrient with an average adequacy rate of 64% in
the dry season and 47 % in the wet season across all household
groups. This dry season pattern also holds for vitamin A and
zinc; women in household groups that include on-farm food
trees show higher adequacy levels for both micronutrients
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Table 1. Summary statistics for control and outcome variables for each household grouping based on on-farm tree function

Types of on-farm trees: None/other  Food Food + fuel  Food + fuel + income  Food + income  Fuel + income
N 43 83 116 126 35 57
Covariates
Tree cover (% in 1-km radius) 8 (15) 16 (13) 17 (14) 27 (15) 28 (13) 3 (4)
MPI living standards (range 0-1) 0.69 (0.18) 0.57 (0.20) 0.58 (0.18) 0.55 (0.20) 0.46 (0.20) 0.54 (0.20)
Education level (% none, % primary, 7,70, 23 4,71,25 3,75, 22 1,76, 23 0, 67, 33 4,81,15
% secondary]
Household size 4.63 (2.05) 5.23(1.82) 5.68 (2.35) 6.77 (3.53) 6.09 (2.15) 5.79 (1.92)
Farm size (acres)
Dry season 0.67 (0.5) 117 (1.02)  1.39(1.23) 1.71 (1.08) 1.73 (0.91) 1.19(1.08)
Wet season 0.59 (0.50) 0.93 (0.76) 1.27 (1.11) 1.15(0.71) 1.30 (1.04) 0.98 (0.82)
Crop count
Dry season 3.09 (1.21) 3.20 (1.13)  4.16 (1.99) 4.75 (2.04) 4.40 (1.94) 4.04 (1.16)
Wet season 3.88 (1.89) 3.66 (1.73)  4.78 (1.93) 4.85 (1.87) 4.89 (1.95) 4.75 (1.91)
Livestock (TLU)
Dry season 0.02 (0.05) 0.13(0.37) 0.12(0.17) 0.17 (0.26) 0.12 (0.31) 0.06 (0.10)
Wet season 0.02 (0.05) 0.10 (0.24)  0.12 (0.20) 0.15 (0.26) 0.15 (0.28) 0.05 (0.09)
Outcome variables
Micronutrient adequacy levels
Vitamin A
Dry season 0.84 (0.23) 0.96 (0.12)  0.95 (0.14) 0.95 (0.12) 0.94 (0.16) 0.87 (0.22)
Wet season 0.84 (0.23) 0.95(0.13) 0.95(0.13) 0.96 (0.11) 0.95 (0.12) 0.90 (0.16)
Zinc
Dry season 0.70 (0.22) 0.88 (0.16)  0.89 (0.16) 0.87 (0.18) 0.88 (0.21) 0.76 (0.22)
Wet season 0.56 (0.25) 0.71 (0.25) 0.73 (0.25) 0.74 (0.24) 0.72 (0.28) 0.62 (0.28)
Iron
Dry season 0.70 (0.28) 0.74 (0.23) 0.73 (0.23) 0.79 (0.22) 0.71 (0.24) 0.68 (0.26)
Wet season 0.66 (0.30) 0.64 (0.28) 0.61(0.26) 0.66 (0.26) 0.65 (0.28) 0.61 (0.25)
Folate
Dry season 0.54 (0.26) 0.71(0.22) 0.66 (0.24) 0.64 (0.22) 0.64 (0.22) 0.59 (0.24)
Wet season 0.38 (0.16) 0.47 (0.16)  0.47 (0.18) 0.53 (0.21) 0.53 (0.24) 0.40 (0.17)
Sources of food consumed
Cultivated (own farm)
Dry season 0.07 (0.10) 0.28 (0.19)  0.28 (0.19) 0.31(0.18) 0.38 (0.18) 0.09 (0.16)
Wet season 0.19 (0.18) 0.35(0.23) 0.33(0.22) 0.36 (0.18) 0.39 (0.21) 0.22 (0.16)
Purchased
Dry season 0.89 (0.11) 0.69 (0.20) 0.70 (0.18) 0.67 (0.18) 0.59 (0.19) 0.87 (0.18)
Wet season 0.74 (0.19) 0.62 (0.22) 0.64 (0.21) 0.62 (0.18) 0.59 (0.21) 0.75 (0.16)
Wild
Dry season 0.04 (0.07) 0.03 (0.06)  0.02 (0.05) 0.02 (0.04) 0.03 (0.05) 0.04 (0.06)
Wet season 0.07 (0.08) 0.03 (0.05)  0.03 (0.05) 0.02 (0.03) 0.02 (0.05) 0.03 (0.07)

Values are presented as the mean value with the standard deviation in parentheses unless otherwise noted. Temporally independent variables
(collected at one point in time) are merged across seasons. Tree cover is measured as the percentage within a 1-km radius around each household
(Note S1). For each household grouping, percentages of food consumed from each source add up to 100% in each season.

than women in the fuel + income household group. For zinc, the
average dry season adequacy level across all respondents is
83%. Therefore, a 17% increase in micronutrient adequacy in
the dry season (as modeled for food and food + fuel household
groups) would result in sufficient micronutrient intake for those
women (i.e., an adequacy level >100%). In the case of vitamin A,
these relatively modest increases could still make the difference

between whether or not someone met their daily nutrient
requirement, as the average intakes, though inadequate, were
already quite high, with an average adequacy level of 93% in
both seasons.

Notably, we found no differences in dietary quality between
households without on-farm trees and households with only
fuel and/or income trees. Vitamin A in the wet season is the
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Figure 1. Associations between different on-farm tree uses and women’s micronutrient adequacy for the dry and wet seasons
Model results are presented as coefficient estimates with 95% confidence intervals. All effect sizes represent the change from the “no/other” tree use group
(control) to a group defined by one or more uses of on-farm trees. ***p < 0.001, **p < 0.01, *p < 0.05, +p < 0.10.

exception to this with increases in micronutrient adequacy seen
for all households that maintain on-farm trees for any productive
function. These results suggest that improvements in vitamin A
adequacy could be due to trees in agricultural production sys-
tems rather than the consumption of tree-based foods specif-
ically. Across household groups, we observed higher consump-
tion of dark green leafy vegetables (such as pumpkin leaves)
from farms in the wet season than in the dry season. On-farm
trees have been shown to increase ground vegetation/under-
growth by providing shade and improving soil quality through
increased residual moisture and reduced erosion.>’*® We can
posit that on-farm trees in our study areas can indirectly support
greater abundance of green leafy vegetables, thereby providing
wild sources of vitamin A in the otherwise “lean” pre-harvest
season.

Finally, we note that the maintenance of on-farm trees for any
purpose seems to have no effect on iron adequacy, with the
exception of using trees for a combination of food, fuel, and in-
come in the dry season. This could be due to the relatively low
iron content of commonly consumed tree-based foods across
seasons (e.g., bananas, mangos, guavas, and avocados). It
also speaks to households’ potential reliance on purchased
foods for iron intake (e.g., legumes and animal-source foods),
although we observe that, on average, women had relatively
low levels of iron adequacy (61%-79%) across all household
groupings and seasons (Table 1).

4 One Earth 8, 101165, February 21, 2025

On-farm trees are associated with how households
source their food

Reinforcing our hypothesis that direct consumption from on-
farm trees contributes to dietary quality, we find that households
that have on-farm food trees consume more food from their own
cultivation (food from trees and annual crops) than households
without food trees, with income trees having little to no effect
on household consumption of purchased foods (Figure 2). For
example, in the dry season, households with on-farm food trees,
on average, consume 18% more from their own farms and pur-
chase 19% less food from the market. This pattern holds across
all household groupings, except for households that use on-farm
trees only for fuel and income. Use of on-farm trees for food
seems to have a clear positive association with the consumption
of cultivated foods overall and a negative association with the
consumption of purchased foods. This also hints at a link be-
tween on-farm food trees and overall agricultural productivity,
as households with food trees appear to be better able to meet
their consumption needs through subsistence farming.

In the wet season, the decision to use on-farm trees for food
provision only or food and fuelwood provision is associated
with increased household consumption of cultivated foods
from trees and annual crops. Critically, in this season, the use
of on-farm trees for income does not have any effect on the
amount of food that households are purchasing. This could be
due to (1) limited productivity of on-farm trees in the wet season
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Figure 2. Associations between different on-farm tree uses and household food sourcing patterns
Model results are presented as coefficient estimates with 95% confidence intervals. All effect sizes represent the change from the “no/other” tree uses group
(control) to a group defined by one or more uses of on-farm trees. **p < 0.001, **p < 0.01, *p < 0.05, +p < 0.10.

or (2) the decision to use the income from on-farm trees for non-
food purchases, such as school fees or medical expenses. Ac-
cording to our field survey (see the methods section), the most
common income tree species include mango (Mangifera indica),
banana (Musa paradisiaca), eucalyptus (Eucalyptus maidenii),
and guava (Psidium guajava) (Table S1). All of these species
were also recorded as some of the most common food and/or
fuelwood trees, indicating that households did not usually culti-
vate on-farm trees exclusively for income purposes. This is likely
why we do not see any effect of income trees on food consump-
tion, contrary to other studies in different LMIC contexts that
examine the effects of income from tree crop systems (e.g., oil
palm and rubber) on diets and food security.*™"

It also appears that households that use on-farm trees for any
material purpose rely marginally less on wild foods in the wet
season than households with no or “non-productive” trees on
farm (the “no/other” tree use group). This period, also known
as the pre-harvest lean season, is a time where smallholder
households have less purchasing power due to reduced agricul-
tural income. Our interviews with farmers suggest that forests
and fallows remain a source of food, fuelwood, and income for
households (Table S2). Therefore, households with simplified
production systems (no trees or only non-productive trees on
farms) might be more reliant on uncultivated landscapes to sup-
plement their food consumption via collecting wild foods, such
as mushrooms, green leafy vegetables, fruits, and insects, which
are more abundant in the wet season. Such foods, even though
consumed in limited quantities (Table 1), can be important sour-

ces of nutrients for households, especially in periods of low agri-
cultural production.

DISCUSSION

An integrated approach to improving dietary quality via
on-farm trees

Despite mounting evidence showing that on-farm trees can
contribute to improved food and nutrition security,*” there is a
lack of targeted investments to leverage these linkages.* By
teasing apart the mechanisms by which different uses of on-
farm trees can affect household food consumption, our analysis
can support initiatives optimizing on-farm tree systems for better
nutrition. In terms of improving zinc, vitamin A, and folate intake,
the larger trends in our findings reflect how cultivating on-farm
trees for income or fuel is less effective than using trees for
food that can be consumed directly. Our results underscore
the importance of maintaining on-farm trees that provide food,
which can benefit women’s micronutrient adequacy in both dry
and wet seasons. A reasonable application of these results
would be to singularly encourage the cultivation of on-farm trees
for household subsistence. However, while our findings indeed
prove the efficacy of the “direct food provision” pathway in
improving micronutrient intake as compared to the “income
pathway,” they also show that the benefits of on-farm food trees
to dietary quality are not diminished by using on-farm trees for
additional purposes, such as income and/or fuelwood, which
can provide supplementary livelihood benefits.

One Earth 8, 101165, February 21, 2025 5
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Our results call into question the capacity of household diets
to benefit from on-farm trees through increased income to pur-
chase foods (via tree-based products) or cook foods (via
increased supplies of fuelwood). While a household can choose
to source food from their own on-farm trees, their ability to
source foods of similar micronutrient value from the market is
dependent on larger, underlying structural aspects of the
enabling economic, social, and political environment. Accord-
ingly, nutrition-oriented initiatives must address tree-diet link-
ages at the farm, regional, and national scales with the objective
of making nutritious foods accessible to households through
monetary and non-monetary means. Intervention areas include
(1) supporting on-farm tree production by providing small-
holders with optimal multipurpose species while reducing po-
tential negative tree-crop trade-offs (such as lower yields), (2)
increasing the availability and accessibility of nutrient-rich
foods in local markets, and (3) re-orienting policy incentives to
support the production and consumption of nutritious, tree-
based foods.

Farm level: Identifying optimal on-farm tree species and
reducing tree-crop trade-offs
Our results show how on-farm trees can contribute to people’s
diets across seasons. While we find use of on-farm trees for
food to be the greatest contributor to micronutrient adequacy,
we note that the households using on-farm trees for food, fuel,
and income are the only group to experience gains in micronu-
trient adequacy across all four micronutrients (in the dry season)
(Figure 1). Optimizing a portfolio of indigenous and exotic tree
species with staggered harvest periods is a strategy to ensure
year-round availability of micronutrient-rich foods on farms.'®
This is especially crucial in rural areas with limited access to
trading networks; healthier, perishable foods (i.e., fruits, vegeta-
bles, and dairy) suffer from seasonal fluctuations in prices and
availability in local markets.** Our field survey revealed that
households commonly managed a mix of indigenous (e.g.,
Strychnos spinosa, Annona senegalensis, Uapaca kirkiana) and
exotic species (e.g., M. indica, P. guajava, and Persea ameri-
cana) that fruit at different times of the year, which can buffer
households against market shocks (Table S1). Such trees also
play a role in climate resilience; with their deep and extensive
root systems, trees can better endure extreme climatic events
than annual crops. As evidenced from research in other parts
of Africa, forests and trees can supplement food consumption
in times of climatic stress.”®“° In particular, cultivation of indige-
nous fruit and nut trees can be a strategy for providing small-
holders with seedlings of species adapted to both the local agro-
climate and farmers’ consumption preferences.® This could
also serve to diversify on-farm tree systems, as we note that
most of the common species cultivated for food, income, and
fuelwood by our surveyed households are exotic (Table S1). In
Malawi, breeding programs for indigenous fruit trees have re-
sulted in accelerated fruit production, substantially reducing
the time lag between planting and harvest of indigenous fruits
such as baobab (Adansonia digitata), safou (Dacryodes edulis),
and wild loquat (Uapaca kirkiana).*”

While such innovations can incentivize wider adoption
of indigenous on-farm trees, extension services must also
encourage maintenance practices to reduce negative trade-
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offs between trees and annual crops. Trees planted in agricul-
tural plots may both support and hinder crop growth. For
example, field studies in Ethiopia and Rwanda found that trees
in fields had a negative effect on maize yields, but this impact
was mitigated by agronomic measures to suppress competition
from weed and tree roots or pruning/leaf litter recycling.*®*° At a
larger scale, however, tree cover in agricultural landscapes is
positively associated with crop productivity, with one meta-anal-
ysis from sub-Saharan Africa finding average yields of staple
crops to be higher in agroforestry systems compared to yields
in treeless systems.* Indeed, research in other African contexts
finds that mechanisms operating at the landscape scale can, to
some extent, enhance and override local negative effects of indi-
vidual on-farm trees on crop yield.?°

Our results indicate that nutritional benefits of on-farm trees
are maintained in multipurpose systems, i.e., from on-farm
trees that provide food, and/or income, and/or fuel. Indeed,
the most commonly cultivated tree species recorded in our field
survey were reportedly used for multiple purposes; for example,
mango (M. indica) was cited as the most common food, income,
and fuelwood tree (Table S2). Such multifunctional species can
be critical for not only supplying households with nutritious food
but providing supplementary benefits in the form of income and
fuelwood. The latter can be a critical resource for household
heating and cooking, as 90% of Malawi’s overall energy de-
mand is met with biomass fuels (wood, charcoal, twigs, and
leaves).’’ The near-universal dependence on fuelwood for
cooking means that, if the household is not sourcing fuelwood
from their on-farm trees, then they are likely purchasing it at
the market or collecting it from surrounding landscapes. Main-
taining on-farm trees as sources of both food and fuelwood can
(1) reduce the need to spend income on fuelwood and/or (2)
reduce the impact of biomass harvesting from the local land-
scape, a primary cause of deforestation and ecosystem degra-
dation in Malawi.®? Until alternative, more efficient energy sour-
ces are made available, sustainable fuelwood production from
multipurpose on-farm trees can be a strategy for smallholders
to co-address dietary and household energy needs.

Policy level: Stimulating supply and demand of
nutritious, tree-based foods
Recent research has highlighted the relative importance of mar-
kets in supporting the dietary quality of farming households in
LMIC contexts.*® Indeed, some empirical studies find positive
associations between market access and dietary diversity in
Malawi, with increased consumption of purchased foods
leading to better nutrition outcomes.”*">° However, our findings
reveal that increases in the proportion of consumed cultivated
foods (including tree foods) and decreases in the proportion of
consumed purchased foods mirror improvements in micronu-
trient adequacy (Figure 1). This pattern could indicate that
households may not always be able to source nutritious food
at the market. Our observed trends therefore challenge the pol-
icy assumption that increased purchasing power de facto trans-
lates into better diets for smallholders. Future research on tree-
diet linkages would benefit from market analyses to disentangle
these mechanisms.

At the macro level, there is also a need to reorient policy incen-
tives that currently support the production of calorie-rich staples
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to instead encourage the production and consumption of nutri-
tious tree-based foods. While more than 70% of Malawians
live under the international $1.9/day poverty line,®” 96% of Mala-
wians cannot afford to purchase a healthy diet on a daily basis.®
Despite having limited purchasing power, the farmers we inter-
viewed indicated a high reliance on food purchases, citing
climate change and deforestation as primary reasons why they
cannot source the resources they need from their farms or the
wider landscape (Table S2). Due to strong dependence on agri-
culture for livelihoods, these same factors that drive market
reliance paradoxically also hinder farmers’ income-earning po-
tential and, consequently, market participation. Our interviewed
farmers described how climatic variations (i.e., irregular rainfall,
floods, and extreme temperatures) reduced their agricultural
production, while deforestation reduced the availability of
marketable forest products, such as fruits, mushrooms, and tim-
ber (Table S2). Therefore, there is a need for policies that can
simultaneously (1) address climate change and deforestation
and (2) increase farmers’ economic and ecological resilience
by diversifying means of agriculture-based income.
Multipurpose on-farm trees can provide perennial sources of
food, income, and fuelwood, simultaneously providing house-
holds with a reliable means of market participation while also
ensuring non-monetary avenues to improving dietary quality
across seasons. However, the Malawian Government has adop-
ted a contrasting approach, addressing low agricultural earnings
through maize and input subsidies that encourage agricultural
simplification. The Farm Input Subsidy Program, enacted in
2005, was engineered to boost surplus maize harvests, and
therefore food availability, on farms and in markets.®® Evidence
suggests that these subsidies effectively increased maize pro-
duction,® but household-level program evaluations find no ef-
fect on participant dietary diversity.°® An analysis of changes in
Malawians’ food consumption from 2004-2011 found that maize
seed subsidies led to a decline in real maize prices relative to
other, more nutritious food products, such as pulses and green
leafy vegetables.®’ They partially attributed an observed decline
iniron and vitamin A consumption to these relative price changes
and recommended coupling poverty alleviation measures with
economic incentives that increase affordability of pulses, fruits,
and vegetables relative to calorie-rich staples. While such sub-
sidy policies have been effective in increasing calorie consump-
tion, the current state of malnutrition in Malawi highlights a need
to better leverage agricultural strategies to tackle micronutrient
deficiencies. Our findings here suggest that multipurpose on-
farm trees can be an effective solution. Strategies that expand
existing social protection systems to include investment in on-
farm tree systems via subsidized tree seedlings and enhanced
silvicultural training could help ensure household access to
nutrient-rich foods both on farms and in markets. Further
research is needed to evaluate which factors influence the adop-
tion or retention of certain on-farm tree species for different uses,
focusing on important dimensions such as whether the biophys-
ical conditions favor specific species, household access to agro-
forestry extension services and knowledge about specific spe-
cies, and household participation in cash transfer programs
enabling purchase of seedlings.®®°® Without data in these do-
mains, it is difficult to estimate what makes farmers pursue on-
farm tree retention and use and, thus, design tailored policy pro-
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grams promoting on-farm trees. A study that looks more broadly
at why households adopt certain on-farm trees and then, in turn,
examines the effect of maintaining those trees on dietary quality
would be a promising direction for future investigation.

METHODS

Research ethics

We conducted this study within the framework of the
FORESTDIET project, funded by the European Research Council
(ERC) under the European Union’s Horizon 2020 Research and
Innovation Program. The ERC and the Research Ethics Commit-
tee for Science and Health at the University of Copenhagen
(hosting institution) approved this project.

Data collection

We collected data from 460 households in two distinct study
areas in Malawi, located in the north (Nkhata Bay district) and
in the south (Mulanje district). Household survey sites in both
areas were selected to represent varying degrees of tree cover
on customary land and within varied distances to a forest reserve
(Figure S1). Surveys were carried out both in the dry season
(October 2021) and wet season (March 2022), allowing us to ac-
count for seasonal differences in food intake. Households were
systematically sampled on the basis of village size, and women
with children between the ages of 2 and 5 years were interviewed
as the primary respondents. The underlying assumption for our
analysis is that women’s food consumption patterns reflect
those of the household at large, as in Malawi women are tradi-
tionally responsible for the sourcing, preparation, and provision-
ing of food for the household. For example, women’s dietary di-
versity has been shown to closely parallel household dietary
diversity in low- and middle-income contexts, indicating that
women are reliable representatives of household dietary qual-
ity.°* In both seasons, we gathered information on respondent
characteristics as well as socioeconomic, land use, and forest
use data at the household level (Note S1). The first-round dry
season survey was conducted with 515 households; in the wet
season, we returned to 460 households. Our analysis was there-
fore based on the combined sample of 460 households for which
we have data across dry and wet seasons.®®

On-farm tree data

In the household survey, respondents were asked to identify
whether they had on-farm trees, and if so, self-report the species
(including both wild and cultivated). Following the precedent set
by Miller et al.,>° we defined trees as woody perennials (>2 m)
with elongated stems that can support leaves and branches,
including bananas due to their similar productive functions and
management as fruit trees. Only responses that corresponded
to our scientific definition of a tree were recorded. Respondents
were then asked to list how they used their on-farm trees (e.g.,
for food, commercial purposes, fuelwood, medicine, shade,
etc.), and responses were assigned to a list of corresponding,
pre-determined categories or “other.” For the analysis, house-
holds were grouped based on whether/how they use their on-
farm trees. Groupings were determined by assessing the
three most common uses reported in our household survey:
food provision, income (marketable products), and fuelwood.
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Mutually exclusive categories were therefore determined by the
single or multiple material contributions of on-farm trees: food,
food + income, food + fuelwood, food + income + fuelwood,
income + fuelwood, no trees/other trees. This last category,
used as a control, encompasses households that only used the
trees on/around their farmland for non-productive purposes
(e.g., shade, windbreak, etc.). We acknowledge that non-pro-
ductive trees can contribute to improved crop yields by
providing ecosystem services (e.g., microclimate regulation,
erosion control, and enhanced pollination services) and thus
may indirectly support household dietary quality.*®

In the dry season, a field survey was conducted with a sub-
sample of 60 households, employing a mix of forestry and ethno-
botanical techniques to measure the on-farm tree prevalence,
diversity, and uses of specific on-farm tree species (correspond-
ing to the same categories as the principal household survey, n =
460). Three field plots (average size, 0.44 acres) were selected
randomly for measurement from each sampled household
(afield plot was defined as a demarcated zone under cultivation,
often delineated by a field border or footpath). All trees with a
diameter at breast height >10 cm were counted and identified
with the help of a local taxonomist in order to calculate on-
farm tree density (trees per acre) and species diversity (per
acre). Specimens were collected if the species could not be
identified on site. A member of the household was then asked
to identify whether and how each species was used by the
household. These data on species-specific tree uses, while not
included in our statistical analysis due to the lower sample
size, provides useful insights for the interpretation of our results
(Table S1). To gain a historical perspective of how food sourcing
patterns have changed over time, field survey respondents were
also asked open-ended questions pertaining to their reasoning
behind changes in how they use (1) forests and trees in the land-
scape and (2) local markets (Table S2).

Food source and dietary data

The household survey (n = 460) was combined with a 24-h die-
tary recall to gather detailed, quantitative data on women’s
food intake the previous day, including the quantity and source
of all items consumed. The amount of each food item was re-
corded in local units using serving size aids (bowls, plates, and
cups). For each round of fieldwork, the dietary recall survey
was conducted on two non-consecutive days within a 7-day
period. We conducted the follow-up dietary recall survey with
an attrition rate of 3% (n = 16 of 515) and 2% (n = 9 of 460) in
the dry and wet seasons, respectively.

All food consumption data were converted from local units into
grams using weighted equivalents of single food items and rec-
ipes recorded during the fieldwork. Using corresponding food
composition tables, we estimated the dietary intake of four crit-
ical micronutrients: zinc, vitamin A, iron, and folate (Note S1). The
multiple source method®® was used to calculate the individual
estimated usual intake (EUI) of target micronutrients during dry
and wet seasons. We then compared the EUI against the WHO
recommended nutrient intake values for each micronutrient,®”
adjusting for each respondent’s age, breastfeeding, and preg-
nancy status (Table S3). The resulting nutritional adequacy ratios
(NAR) values (spanning from 0%-100%) compares any respon-
dent’s usual intake of a micronutrient to what the WHO deems as
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“adequate” intake. The NAR values for each micronutrient of in-
terest were therefore our primary outcome variables to assess
the degree to which respondents achieved their recommended
intakes of key micronutrients in different seasons. For example,
women from households with only food trees on their farmland
had an average vitamin A NAR of 0.96 in the dry season (Table 1),
meaning they almost meet the adequacy threshold of 1. By
contrast, women without on-farm trees had an average vitamin
A NAR of 0.84 in the dry season (Table 1), indicating less
adequate intakes of vitamin A in this season across respondents.

The sources for all food items recorded in the 24-h dietary
recall (including recipe ingredients when applicable) were group-
ed into three general categories: cultivated, purchased, and wild.
We co-developed definitions for each source category during
the trial phase of the survey. “Cultivated” encompassed all
food (from on-farm trees and fields) that was planted and
managed by the household. “Purchased” encompassed any
food that was obtained via monetary exchange (from the market,
vendor, neighbor, etc.). “Wild” accounted for all foods that
“grow on their own” (from the forest, bush, rivers, farmland,
etc.), following the local definition of wild (Note S1). For each
respondent, the percentage of food items from each source
was calculated from an aggregate dataset spanning two recall
surveys in each season. Therefore, the source data for each
respondent are recorded as proportions and not real amounts.
The reason for this is because when the respondent reported
having consumed a meal (e.g., pumpkin leaves with tomato
and onion), we would ask where they sourced each ingredient.
However, we could not reliably disaggregate the recipe to deter-
mine the amount of each ingredient consumed per source. As
most recipes recorded had documented nutrition information
(or close proxies) in food composition tables, it was, however,
possible to estimate the amount of nutrients consumed from
these data (Note S1).

Statistical analysis

We explored links between on-farm tree use, food source, and
micronutrient adequacy to tease apart the pathways by which
on-farm trees affect dietary quality. Using linear models, we
tested the effect of each on-farm tree grouping on micronutrient
adequacy and food sources in both the dry and wet seasons
(Figures 1 and 2), controlling for percentage of tree cover around
the household, study region, household size, education level,
living standards (using the multidimensional poverty index
[MPI]),%® crop count (last growing season), farm size (acres culti-
vated in the last growing season), and livestock holdings
(measured in tropical livestock units [TLUs])®° (for covariate se-
lection, see Note S1). In the models testing for the effect on
food source, we also controlled for the respondent’s estimated
usual caloric intake (kcal). All models were based on our dataset
with 460 households, with the detailed field surveys (n = 60)
serving to improve model interpretation. We ran models to
compare the effects of on-farm tree groupings on micronutrient
adequacy (4 outcome variables) and percentage of food intake
by source (3 outcome variables) for both dry and wet season
data (full model outputs can be found in Tables S4 and S5).
The effect sizes represent the difference by which the outcome
for each household grouping deviates from the control (house-
holds with “no/other tree uses” on farms). To aid in the
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interpretation of our results, we conducted an additional series of
models testing the effect of tree species ownership (for the most
commonly cultivated species reported in our household survey)
on micronutrient adequacy (Table S7).
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