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A diverse diet is important to address micronutrient deficiencies and other forms
of malnutrition, one of the greatest challenges of today’s food systems. In tropical
countries, several studies have found a positive association between forest cover and
dietary diversity, although the actual mechanisms of this has yet to be identified and
quantified. Three complementary pathways may link forests to diets: a direct pathway
(e.g., consumption of forest food), an income pathway (income from forest products
used to purchase food from markets), and an agroecological pathway (forests and
trees sustaining farm production). We used piece-wise structural equation modeling to
test and quantify the relative contribution of these three pathways for households in
seven tropical landscapes in Bangladesh, Burkina Faso, Cameroon, Ethiopia, Indonesia,
Nicaragua, and Zambia. We used survey data from 1,783 households and determined
forest cover within a 2-km radius of each household. The quality of household diets
was assessed through four indicators: household dietary diversity and consumption of
fruits, vegetables, and meat, based on a 24-h recall. We found evidence of a direct
pathway in four landscapes (Bangladesh, Cameroon, Ethiopia, and Zambia), an income
pathway in none of the landscapes considered, and an agroecological pathway in
three landscapes (Bangladesh, Ethiopia, and Indonesia). We also found evidence of
improved crop and livestock production with greater forest cover in five landscapes
(Bangladesh, Burkina Faso, Cameroon, Ethiopia, and Indonesia). Conversely, we found
negative associations between forest cover and crop and livestock production in three
landscapes (Cameroon, Indonesia, and Zambia). In addition, we found evidence of forest
cover being negatively related to at least one indicator of diet quality in three landscapes
(Indonesia, Nicaragua, and Zambia) and to integration to the cash economy in three
landscapes (Cameroon, Ethiopia, and Nicaragua). This is one of the first studies to
quantify the different mechanisms linking forest cover and diet. Our work illuminates
the fact that these mechanisms can vary significantly from one site to another, calling
for site-specific interventions. Our results also suggest that the positive contributions of
forests to rural livelihoods cannot be generalized and should not be idealized.
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INTRODUCTION

cover to dietary diversity—direct, income, and agroecological—
using piece-wise structural equation modeling spanning seven
contrasting tropical landscapes with a novel combination
of household and forest cover information. Due to the
importance of these food groups for adequate nutrition and
because they are most commonly missing in households with
low dietary diversity, the linkages between forest cover and
the consumption of (1) fruit, (2) vegetable, and (3) meat
(and other animal products, excluding dairy products) were
also tested.

An estimated two billion people are currently affected by “hidden
hunger,” i.e., micronutrient deficiencies (Muthayya et al., 2013;
IFPRI, 2014; HLPE, 2017). Poor quality diet is now one of the
leading risk factors for mortality globally (Afshin et al., 2019;
Willett et al., 2019) and nutrition-related chronic diseases are
increasingly a problem in developing counties (IFPRI, 2014).
Poor diet quality contributes to both micronutrient deficiency
and chronic nutrition-related diseases. Dietary diversity is
increasingly accepted as a good measure of diet quality (Foote
et al., 2004; Steyn et al., 2006; Kennedy et al., 2010). Dietary
diversity may increase with improved market access (Sibhatu
et al., 2015). However, protein-rich and micronutrient-rich food
can be several times more expensive than staple food, particularly
in low-income countries (Headey and Masters, 2019). In such
countries, with largely rural population, dietary diversity may
thus be improved through diversity in farm production (Jones
et al., 2014; Powell et al., 2015; Jones, 2017).
Several studies have also found more diverse and nutritious
diets consumed by people living in or near areas with greater tree
cover (Dounias and Froment, 2006; Powell et al., 2011; Johnson
et al., 2013; Ickowitz et al., 2014; Baudron et al., 2017; Galway
et al., 2018; Rasolofoson et al., 2018). Three main complementary
pathways may link forest cover to dietary diversity: (1) a “direct
pathway,” (2) an “income pathway,” and (3) an “agroecological
pathway” (Figure 1). (1) Forests may contribute directly to
people’s diets through the harvest of bushmeat, wild fruits,
wild vegetables, and other forest-sourced foods (Hladik et al.,
1990; Fa et al., 2003; Vinceti et al., 2008; Nasi et al., 2011;
Termote et al., 2011; Powell et al., 2015; Rowland et al., 2017).
(2) The sale of non-timber forest products, and timber to a
lesser extent, may contribute to people’s income (Williams, 1998;
Beck and Nesmith, 2001; Kaschula et al., 2005; Pfund et al.,
2011; Angelsen et al., 2014), potentially leading to the purchase
of a diversity of food items from markets. (3) Finally, forests
and trees may support diverse crop and livestock production
through an array of ecosystem services (Reed et al., 2017) such as
maintenance of soil fertility and water regulation (Young, 1989;
Sanchez et al., 1997; Ong et al., 2000), pollination (Garibaldi
et al., 2011), pest control (Dix et al., 1995), and regulation of
micro- and regional climate (Zheng and Eltahir, 1998; Fu, 2003;
Shiferaw Sida et al., 2018). Forests may also be grazed and sustain
livestock production (Baudron et al., 2017). An additional aspect
of this agroecological pathway may come from the availability
of fuelwood from forests allowing the production of nutritious
crops, which, on average, require a long cooking time, e.g.,
pulses (Wan et al., 2011; Remans et al., 2012). The availability
of fuelwood from forests may also result in the use of more
crop residues and livestock dung as soil amendment rather than
as fuel, with positive impact in soil fertility and crop diversity
(Baudron et al., 2017).
While there is a growing body of evidence in support
of each of the above pathways, their relative importance
to each other remains poorly understood. This is the first
study to our knowledge to attempt to quantify the relative
contribution of different pathways. The objective of this study
was to test and quantify the various pathways linking forest
Frontiers in Sustainable Food Systems | www.frontiersin.org

MATERIALS AND METHODS
Household Survey Data From Seven Study
Sites
We use previously published and publicly available household
survey data from the Agrarian Change Project implemented by
the Center for International Forest Research (CIFOR)1 . This
dataset was collected through a standardized questionnaire that
addressed household composition, dietary diversity, crop and
livestock management, and income. Seven tropical landscapes
spanning three continents were selected for the study: (1) the
Bosawas Biosphere Reserve in Nicaragua, (2) Cassou District in
Burkina Faso, (3) Nguti District in Cameroon, (4) Arsi Negele
in Ethiopia, (5) Nyimba District in Zambia, (6) Chittagong Hill
Tracts Region in Bangladesh, and (7) Kapuas Hulu Region in
Indonesia (Figure 2). While we will refer to these locations by
their respective country names in the rest of the paper, it should
be noted they are not representative of national-level conditions.
Although each landscape is very different in some respects (e.g.,
differing forest types, levels of biodiversity, agricultural practices,
market influence, and forest dependency; Table 1), the main
characteristic comparable across all seven landscapes is that
they exemplify clear gradients of agricultural expansion and
intensification across the forest transition (Deakin et al., 2016;
Sunderland et al., 2017). In this regard, they are representative of
similar sites throughout the tropics exhibiting rapid rural change.
The data were collected between December 2014 and
August 2016 from 275 farming households in Bangladesh,
281 in Burkina Faso, 242 in Cameroon, 219 in Ethiopia,
239 in Indonesia, 253 in Nicaragua, and 274 in Zambia,
for a total of 1783 households (see survey questionnaire in
Supplementary Material). In each landscape, households were
selected using a stratified random sampling scheme across a
gradient of forest-agricultural intensification (see Sunderland
et al., 2017). As such, approximately a third of households
were distributed in each of three zones: relatively high tree
cover/low level of agricultural intensification; relatively low
tree cover/high agricultural intensification; and intermediate
tree cover/agricultural intensification. While differences between
zones were not the focus of this analysis, it is possible that
this stratified sampling introduced confounding social, cultural,
or economic factors our analysis was not completely able to
control for (such as differences in diet between social–ecological
1 https://data.cifor.org/dataset.xhtml?persistentId=doi:10.17528/CIFOR/DATA.
00101
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FIGURE 1 | Conceptual diagram representing the three main pathways linking forest cover to dietary diversity.

FIGURE 2 | Location of the seven study landscapes. For the global context, forest cover shown here is derived from the commercially available MDA US dataset
produced from Landsat 8. However, for our analysis, we conducted site-specific forest cover mapping to ensure locally accurate results.

systems of different ethnic groups) (see Sunderland et al., 2017
for more description).
The survey data contained information on presence or
absence of a home garden, total area farmed (as estimated by
the head of the household, and referred to as “farm area” in
the rest of the paper), numbers of different livestock species,
ownership of various assets, main sources of income, and
consumption or not of 11 food groups in the household
during the 24 h that preceded the survey: (1) cereals, grains,
and cereal products; (2) roots and tubers; (3) pulses and
nuts; (4) vegetables; (5) meat and animal products; (6) fruits;
(7) milk and milk products; (8) oils and fats; (9) sugar,
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sugar products, and honey; (10) spices and condiments; and
(11) snacks and processed foods. These 11 food groups
were used to construct dietary diversity scores following the
Food and Agriculture Organization of the United Nations’
Household Dietary Diversity Score (HDDS; Kennedy et al.,
2010), modified to match food groups used in another
research project (the Sentinel Landscapes Project, https://www1.
cifor.org/sentinel-landscapes/home.html). The 24-h household
dietary diversity score is referred to as “dietary diversity”
in the rest of the paper, and the consumption of fruits,
vegetables, and meat and other animal products, excluding dairy
products, in the 24-h preceding the interview are referred to
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Currently strong traditional
food culture but moving
fast toward greater market
integration and western
foodstuffs

as “fruit consumption,” “vegetable consumption,” and “meat
consumption,” respectively.

Remote Sensing
Contemporary forest cover surrounding all households included
in the household survey data was characterized with Landsat
imagery (30-m resolution) using the best available imagery from
years closest to the dates of household surveys within each
country gathered from the United States Geological Survey’s
GLOVIS earth explorer tool (http://glovis.usgs.gov/). Images
contained varying amounts of cloud cover and atmospheric
haze, which presented challenges for identifying forest cover.
Dry season imagery was selected to help minimize cloud cover
and to help distinguish agricultural land from other vegetation
types, except in Burkina Faso where tree canopies were most
visible during the wet season. Selected years resulted in 2010
for Indonesia; 2013 for Burkina Faso, Ethiopia, and Zambia;
2014 for Bangladesh; and 2015 for Cameroon and Nicaragua.
Images were classified into three basic classes: forest, nonforest, and no data (consisting of clouds, water bodies, and
cloud shadows) using ENVI software (Exelis Visual Information
Solutions, Boulder, Colorado). We used a combination of image
thresholding (based on vegetation indices such as the Normalized
Burn Ratio, Tasseled Cap Transformations, and Disturbance
Index, Healey et al., 2005) and Maximum Likelihood-based
classifications, as well as Support Vector Machine (SVM)
classifiers, as appropriate, to best capture forest/non-forest at
sites. Because image availability due to excessive cloud cover
made image analysis most challenging at the Indonesia sites,
we adapted published forest cover maps (from Hansen et al.,
2013) that became available near the end of the project. Thus,
rather than create our own forest cover maps in Indonesia,
we used forest cover (as defined by Hansen et al., 2013) and
further conducted a supervised classification within the forested
areas to distinguish several types of plantations (rubber and
oil palm) that we then reclassified as agriculture. Classification
accuracy was assessed with a combination of field verification and
high-resolution imagery (e.g., RapidEye, Google Earth) which
aimed to use a minimum of 100–200 verification points at
each site, as available. The proportion of forest within a 2-km
radius of each household (termed “forest cover” here) was then
determined using R package raster. A 2-km buffer approximated
the average travel distance to forests at most sites, as determined
in scoping exercises and key informant interviews conducted
at all sites.

Strong reliance on wilds
foods and agroforestry
systems

Well-developed
agroforestry systems and
strong market integration

Very strong cultural
attachment to forest
foods. Considerable rural
to urban transfer of forest
foods for sale in urban
centers

Diet transition already
taken place across the
landscape. Heavy
emphasis on processed
foods and marketed
products

Site with least reliance
on wild foods due to
loss of availability and
strong market access

Cattle, pigs, chickens, Goats, chickens, pigs,
cattle and ducks
horses
Chickens

Cattle, sheep, goats,
horses, donkeys, and
chickens
Fast moving shift into
greater market integration

Indicators of Farm Production and Wealth
For each farming household, livestock numbers reported in the
survey were converted into Tropical Livestock Units (TLU).
Following the method of Jahnke (1982), sheep and goats were
assumed to be equivalent to 0.1 TLU; donkeys, 0.5 TLU; and all
types of cattle, 0.7 TLU.
In addition, each farm was qualified as integrated to the cash
economy or not based on their reported sources of income.
If the household reported wage labor, salary, a trade, or any
form of business, they were classified as market integrated,
while other households were classified as not market integrated.

Diets and culture

300–800
700–900
29
8.1
Maize, sunflower,
groundnut, soybean,
cotton, sweet potato
150–580
2,500–3,500
25.7
14
Maize, rice, beans,
banana, plantain,
cacao, coffee
25–500
3530
27
7.7
Rice, palm oil, rubber,
vegetables
2,050–2,214
1,075
15
142
Wheat, maize, potato,
enset, bean, barley, teff,
sorghum

1,600
2,864
26
47
Maize, cassava, cocoyam,
cocoa, yam, oil palm,
groundnut, coffee,
plantain, banana, rubber
Goats, pigs, sheep,
chickens

Mixture of gallery forest,
Tropical wet
evergreen/semi-evergreen tree savannah, shrub
savannah and grass
and deciduous forest
savannah
Elevation (m.a.s.l.)
300–1,000
300
Precipitation (mm)
2,540
800–1,000
Average temperature (◦ C) 23
27.6
Population density
120
35
Main crop
Rice, maize, fruits,
Sorghum, maize, yam,
vegetables, tobacco,
sweet potatoes, cotton,
sesame, rice
sugarcane, cotton, teak
plantation
Main livestock
Cattle, pigs, chickens
Cattle, sheep, goats,
poultry

Tropical forest

Humid broadleaf
evergreen forest
Dry afromontane Forest
Atlantic Biafran forest

Mopane woodland, scrub
woodland, Zambezian
miombo woodland

Pathways From Forests to Diets

Natural vegetation

Cassou District
(Burkina Faso)
Chittagong Hill Tracts
Region (Bangladesh)

TABLE 1 | Description of the seven study landscapes.

Nguti District
(Cameroon)

Arsi Negele (Ethiopia)

Kapuas Hulu Region
(Indonesia)

Bosawas Biosphere Nyimba District
Reserve (Nicaragua) (Zambia)

Baudron et al.
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Approximately 45% of households were classified as market
integrated by this method.

Piece-Wise Structural Equation Modeling
To test and quantify the various pathways linking forest and
dietary diversity, fruit, vegetable, and meat consumptions,
structural equation models were used. Structural equation
modeling has been used extensively in psychology, and
increasingly in natural science. Structural equation modeling
can be defined as “the use of two or more structural [causeeffect] equations to model multivariate relationships” (Grace,
2006). As such, structural equation models are generally
represented as more or less complex networks of relationships.
Structural equation modeling is related to regression, principal
components analysis, and path analysis (McCune and Grace,
2002). However, a major difference is that structural equation
modeling provides a means to evaluate the structure of the
model (pattern of relationships among variables) as well as
the model parameters using observed data (McCune and
Grace, 2002). By model structure, we mean the correlations,
direct, and indirect relationships among variables. Therefore,
structural equation modeling can be used to test construct
models (i.e., hypothesized models) and quantify relationships
between model components (Grace, 2006). Although not used
in this study, structural equation modeling also allows for
the inclusion of unobserved (latent) variables as theoretical
variables reflected by several indirect observed (manifest)
variables (Grace et al., 2010).
A construct model was developed to test the three pathways
linking forest cover to dietary diversity (Figure 3). Dietary
diversity was hypothesized to be influenced by (1) forest cover
(e.g., Ickowitz et al., 2014), representing the direct pathway
described in the introduction; by (2) farm production (e.g., Jones,
2017), proxied by farm area, presence/absence of a home garden,
and livestock ownership; and by (3) improved market access
(e.g., Sibhatu et al., 2015), proxied by integration to the cash
economy. Relationships between forest cover and farm area,
between forest cover and presence/absence of a home garden,
and between forest cover and livestock ownership were included
to represent different ways in which forests can support farm
production (e.g., Reed et al., 2017), i.e., different dimensions of
the agroecological pathway described in the introduction. As
crop residues and weeds often represent a major part of the
diet of livestock in tropical countries (e.g., Baudron et al., 2014),
a relationship between farm area and livestock ownership was
included. Similarly, manure produced by livestock being often
concentrated in home gardens (e.g., Baudron et al., 2017), a
relationship between livestock ownership and presence/absence
of a home garden was also included. In addition, a relationship
between farm area and presence/absence of a home garden
was included to test possible correlation between these two
dimensions of crop production. Finally, a relationship between
forest cover and integration to the cash economy was included
to represent the possible sale of forest product (e.g., Angelsen
et al., 2014), i.e., income pathway described in the introduction,
and relationships between farm area, presence/absence of a
home garden, livestock ownership, and integration to the cash

Frontiers in Sustainable Food Systems | www.frontiersin.org

FIGURE 3 | Construct models used to test and quantify the pathways from
Figure 1 using piece-wise structural equation modeling. FRST: percentage of
forest in a 2-km radius surrounding each household, DD24: household dietary
diversity score recorded over the past 24 h, FARM: farm size (ha), HMGD:
presence/absence of a home garden, LIVT: livestock ownership (TLU), CASH:
integration to the cash economy (yes/no). See text for detailed description of
the interactions included in this model. The same model was used with the
other dietary measures: consumption of fruits in the past 24 h (yes/no),
consumption of vegetables in the past 24 h, and consumption of meat and
other animal product (excluding milk and milk products) in the past 24 h.

economy, to represent the possible sale of farm products. A
continuous variable was used for livestock ownership in the
models representing Burkina Faso and Ethiopia, but a binary
variable (presence/absence) for the models representing the
five other landscapes, as a large fraction of households in
these sites did not own any livestock. The same model was
used for fruit consumption, vegetable consumption, and meat
consumption, giving a total of 28 models (four per country).
Global goodness of fit of the models was assessed by tests
of directional separation. We ensured through these tests that
all interactions were included, e.g., with Fisher’s C of 0 and
P-value of 1.
Structural equation modeling assumes that all variables are
derived from a normal distribution, while dietary diversity can
be assumed to follow a Poisson distribution, and fruit, vegetable,
and meat consumption, presence/absence of a home garden,
integration to the cash economy, and livestock ownership in
five of the seven countries can be assumed to follow a binomial
distribution. In response, piece-wise structural equation
modeling is recommended, whereby paths are estimated
in individual models and then pieced together to
construct
the
causal
model
(www.jonlefcheck.net/
2014/07/06/piecewise-structural-equation-modeling-inecological-research). This was performed using the R
package piecewiseSEM.
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RESULTS AND DISCUSSION

about 80% of households or more consumed meat in the
24 h that preceded the interview (the percentage was 47.3%
in Ethiopia).

Forest and non-forest were distinguished with quite high
accuracy, with a few clear exceptions, as simplified land cover
classifications with few classes (such as the ones we used)
tend to be quite accurate. Overall accuracies exceeded 90–
95% at most sites and at a few locations approached or
surpassed only 80%. In Indonesia, the rubber and oil palm
plantations were accurately discriminated from other forest cover
to 93% accuracy. Locations with lower overall map accuracy
were evident, as follows. In Bangladesh, teak plantations could
not be discriminated from surrounding forests as they were
spectrally similar and mostly quite small (<1 ha). In addition,
this landscape also encompassed narrow, small linear nonforest features that were not well captured using 30-m imagery.
Dry tropical forests, such as in Burkina Faso, achieved overall
accuracy of only 86% largely driven by errors of omission
whereby scattered trees as well as small forest patches with
very sparse canopy cover were not detected by the 30-m
Landsat imagery.
All piece-wise structural models fitted the observed data well,
with a Fisher’s C-value of 0 and a P-value of 1.

Forest and the Direct Pathway to Diet
Quality
The results of this piece-wise structural equation modeling
identified a direct relationship or pathway between forest
cover and dietary diversity in two landscapes: Bangladesh and
Ethiopia (Figure 4 and Table 3). This appeared to be linked,
at least in part, to meat consumption in Bangladesh, and
meat and fruit consumption in Ethiopia (Table 3). In addition,
forest was found to support fruit consumption in Cameroon
and meat consumption in Zambia (although no association
between forest cover and dietary diversity was found for these
landscapes; Table 3). No link between forest cover and vegetable
consumption was found in any of the landscapes investigated
(Table 3). This lack of relationship could be in part due to the
high percentage of households that had consumed vegetables
during the 24 h preceding the interview (Table 2).
Forest cover was positively associated with fruit consumption
in Cameroon and Ethiopia. It was the only statistically significant
predictor of fruit consumption in Cameroon and the predictor
with the largest value in Ethiopia, thus underscoring the
importance of forest access in these two landscapes (Table 3).
Wild fruits are important food items in the diet of many rural
communities around the world. These wild fruits are partly
harvested not only from forests but also from trees retained on
farmland (Campbell, 1987; Herzog et al., 1994; Kalenga Saka
and Msonthi, 1994). Similar to wild fruits, wild vegetables are
also often harvested from the farmland, as part of a “hidden
harvest” (Scoones et al., 1992; Powell et al., 2015). Therefore, part
of the positive associations found between farm area and fruit
consumption in Cameroon (Table 3) and between farm area and
vegetable consumption in Burkina Faso and Nicaragua (Table 3)
may be explained by wild fruits and wild vegetables harvested
from the farmland, not only from cultivated sources. Part of the
positive association between farm area and meat consumption in
Indonesia and Nicaragua may also be explained by wild animals
that are often hunted from the farmland and not exclusively
from forests (e.g., Smith, 2005). Similarly, the positive association
found between livestock ownership and fruit consumption in
Bangladesh and Nicaragua may be explained by collection of wild
fruits during herding.
Forest cover was positively associated with meat consumption
in three out of the seven landscapes considered (Bangladesh,
Ethiopia, and Zambia; Table 3). Forest cover was the only
statistically significant predictor of meat consumption in
Bangladesh and Zambia, and the predictor with the largest value
in Ethiopia, pointing to the importance of bushmeat and wild
fish in many of the sites considered (Table 3). Nasi et al. (2011)
estimated the total quantity of bushmeat extracted annually from
tropical forests of Africa and South America to six million tons.
Many of the African countries considered in their assessment
do not produce enough non-bushmeat animal products to meet
the requirements of their growing populations (Fa et al., 2003).

General Characteristics of the Seven
Landscapes Studied
The seven landscapes were found to be characterized by varying
levels of forest cover, with Bangladesh having the highest average
proportion of forest surrounding (2 km radius) the studied
farming households (88.1%) and Ethiopia having the lowest
(12.0%) (Table 2). The variability in forest cover—measured by
standard deviations in Table 2—was the greatest in Indonesia
and the lowest in Burkina Faso.
The largest farms were found in Nicaragua (average of 10.97
ha) and the smallest ones were found in Ethiopia (average of
1.01 ha). About ¾ or more of the farms were cultivating a
home garden in Cameroon, Ethiopia, Indonesia, and Nicaragua.
The lowest proportion of farms cultivating a home garden was
found in Zambia (11.3%). The largest livestock herds were
found in Burkina Faso (average of 6.18 TLU) and the smallest
ones were found in Indonesia (average of 0.75 TLU). The
majority of households were considered integrated to the cash
economy in Bangladesh and Indonesia. The lowest proportion
of households considered integrated to the market was found in
Ethiopia (15.1%).
The highest dietary diversity was recorded in Nicaragua
(average score of 8.74) and lowest in Burkina Faso (average
score of 6.14). The largest variability in dietary diversity
was found in Zambia and the lowest was found in
Indonesia. The majority of households consumed fruits
in the 24 h that preceded the interview in Burkina Faso,
Ethiopia, Nicaragua, and Zambia. Fruit consumption was
the lowest in Bangladesh and Cameroon (around 40% in
both landscapes). More than 90% of households consumed
vegetables in the 24 h that preceded the interview in Bangladesh,
Ethiopia, Indonesia, and Zambia. The lowest proportion of
households consuming vegetables (but still high) was found
in Nicaragua (76.6%). In all the landscapes except Ethiopia,
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TABLE 2 | General characteristics of the 1,783 farms in the seven study landscapes analyzed in this study (% and mean ± standard deviation).
Bangladesh

Burkina Faso

Cameroon

Ethiopia

Indonesia

Nicaragua

Zambia

Proportion of forest in the 2-km
radius surrounding the farm (%)

88.1 ± 5.0

22.8 ± 4.0

78.3 ± 8.2

12.0 ± 13.1

27.4 ± 30.4

30.2 ± 11.1

19.4 ± 9.8

Farm size (ha)

2.35 ± 2.62

5.81 ± 3.93

4.97 ± 3.93

1.01 ± 0.63

6.84 ± 12.22

10.97 ± 23.03

2.08 ± 2.79

54.9

62.3

74.4

71.7

82

77.1

11.3

2.42 ± 4.02

6.18 ± 8.31

0.10 ± 0.35

2.85 ± 2.24

0.75 ± 6.66

3.16 ± 9.84

3.08 ± 4.74

67.6

29.9

39.7

15.1

83.7

17.8

44.5

8.07 ± 1.48

6.14 ± 1.53

6.75 ± 1.68

7.75 ± 1.99

8.04 ± 1.44

8.74 ± 1.94

8.31 ± 2.46

Fruit consumption in the last
24 h (%)

39.8

52

39.5

54.4

47.8

65.1

56.7

Vegetable consumption in the
last 24 h (%)

99.7

81.1

84.9

99.1

98.4

76.6

94.2

Meat consumption in the last
24 h (%)

91.2

84.7

89.3

47.3

91.6

79.1

79.6

Presence of a home garden (%)
Livestock ownership (TLU)
Integration to the cash
economy (%)
24-h household dietary diversity
score

Indeed, in large parts of tropical Africa, livestock production is
limited by diseases such as trypanosomiasis (Kristjanson et al.,
1999). Bushmeat and wild fish thus represent a critical source of
quality proteins and readily available micronutrients to millions
in and around tropical forests. In Northeastern Madagascar, it
was established that the loss of bushmeat in local diets would
increase the incidence of anemia in children by 30% (Golden
et al., 2011).
Securing access to forest food where it is of critical importance
to local diets may be challenged when these forests are protected
(Pimbert and Pretty, 2013), which is the case in Cameroon,
Indonesia, and Zambia in particular. Forest protection, and
enforcement of stricter conservation legislations, can limit access
to critical resources that contribute to diets and there is
often a trade-off between biodiversity conservation and dietary
diversity (Hutton et al., 2005; Sylvester et al., 2016). The issue
is particularly sensitive for bushmeat, as bushmeat harvesting
for subsistence generally coexists with—often very lucrative—
bushmeat trades and may affect endangered species (Maxwell
et al., 2016). Commercial hunting for meat is seldom sustainable
(Robinson and Bennett, 2004; Maxwell et al., 2016), but see
Cowlishaw et al. (2005).
In addition to the positive associations between forest cover
and diet quality reported above, negative associations were also
uncovered. Forest cover was found to be negatively related
to dietary diversity and fruit consumption in Zambia, and to
fruit consumption in Indonesia (Figure 4 and Table 3). In some
circumstances, forest people may be vulnerable to seasonal gaps
in some or all food groups, if wild food availability or access
fluctuates seasonally (De Souza, 2006; Gabriele and Schettino,
2007). There may also be cultural differences and different dietary
habits between populations living in the more forested and in
the less forested parts of the same study site. Cultural differences
may explain why we see positive relationships with forests in
some sites and negative or neutral ones in others. For example,
the communities in the Nicaragua site were non-Indigenous
and lack the knowledge and tradition of wild food use (fruits,
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vegetables, bushmeat, etc.) seen in Indigenous populations of
central America (Sylvester et al., 2016), helping to explain the
lack of significant relationship between forest cover and any of
the indicators of diet quality found in the Nicaragua site. The fact
that forest cover covaried with ethnicity in some sites may also
help to explain some of the weak and variable relationships seen
(cultural variation in diet can be very large and could account
for a lot of variation in our dietary variables). For example, in
the Indonesian site, the communities with most forest cover were
largely Dayak while the less forested communities were a mix of
ethnic groups, including many immigrants from Java who have
very different dietary traditions to the Dayak (Dove, 1999).

Forest, Integration to the Cash Economy,
and the Income Pathway to Diet Quality
A positive association between integration to the cash economy
and diet quality was found in three landscapes: Burkina Faso,
Ethiopia, and Zambia. Integration to the cash economy was
positively related to vegetable and meat consumptions in Burkina
Faso, to fruit consumption in Ethiopia, and to dietary diversity
and fruit consumption in Zambia (Table 3). These results concur
with past findings that highlight the fact that improved market
access tends to be associated with improved dietary diversity
(Jones, 2017).
However, a positive association between forest cover and
integration to the cash economy as well as a positive association
between integration to the cash economy and diet quality—
i.e., evidence of an income pathway—was not found in any of
the landscapes studied. A positive association between forest
cover and integration to the cash economy was found in
Indonesia—where high-value forest products such as resin (e.g.,
“gaharu”) and swiflet nests are harvested and traded (Leonald and
Rowland, 2016)—but no association between integration to the
cash economy and dietary quality was found in this landscape
(Tables 3, 4).
A negative association between forest cover and integration
to the cash economy was found in three landscapes: Cameroon,

7
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FIGURE 4 | Piece-wise structural equation models linking the percentage of forest in a 2-km radius surrounding each household (FRST) to its household dietary
diversity score recorded over the past 24 h (DD24) for Bangladesh (BAN), Burkina Faso (BUR), Cameroon (CAM), Ethiopia (ETH), Indonesia (IND), Nicaragua (NIC), and
Zambia (ZAM). Only relationships that are statistically significant (P < 0.1) are represented with their coefficient in the networks. FARM: farm size (ha), HMGD:
presence/absence of a home garden, LIVT: livestock ownership (TLU or presence/absence), CASH: integration or not to the cash economy.

Ethiopia, and Nicaragua (Table 4). Forested areas of the tropics
tend to be remote rural areas, which are often characterized by
poverty (Bird et al., 2011). Income-earning opportunities tend to
be limited, and markets distant (Angelsen and Wunder, 2003).

and meat consumptions in Nicaragua and with improved fruit
consumption in Bangladesh (Figure 4 and Table 3).
We found evidence of an agroecological pathway—positive
associations between forest and agricultural production (farm,
home garden, or livestock), combined with a positive association
between agricultural production and diet quality—in three
landscapes: Bangladesh, Ethiopia, and Indonesia. This was
characterized by positive associations between forest cover and
livestock ownership, and between livestock ownership and fruit
consumption in Bangladesh; positive associations between forest
cover and presence of a home garden, and between presence of a
home garden and meat consumption in Ethiopia; and by positive
associations between forest cover and farm area, and between
farm area and meat consumption in Indonesia.
Though generally not combined with positive relationships
with diet quality, evidence of positive association between forest
cover and crop and livestock production was found in five

Forest, Crop and Livestock Production,
and the Agroecological Pathway
Our results suggest that agricultural production supports
diet quality in five out of the seven countries studied.
Farm area was positively associated with dietary diversity
and fruit and vegetable consumptions in Burkina Faso, with
vegetable and meat consumptions in Nicaragua, and with
meat consumption in Indonesia. Home gardens were positively
associated with dietary diversity and meat consumption in
Indonesia, with fruit consumption in Burkina Faso, and with
meat consumption in Ethiopia. Finally, livestock ownership was
positively associated with improved dietary diversity and fruit
Frontiers in Sustainable Food Systems | www.frontiersin.org
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Pred

Bangladesh
Est

Std

Burkina Faso
P-val

Est

Std

Cameroon

P-val

Est

Std

Ethiopia

Indonesia

P-val

Est

Std

P-val

Est

Std

Nicaragua
P-val

Est

Std

Zambia
P-val

Est

Std
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TABLE 3 | Estimates and their confidence intervals and associated P-values for the predictors of household dietary diversity scores (DD24), fruit consumption (FT24), vegetable consumption (VG24), and meat (and
other animal product excluding dairy) consumption (MT24) for Bangladesh (BAN), Burkina Faso (BUR), Cameroon (CAM), Ethiopia (ETH), Indonesia (IND), Nicaragua (NIC), and Zambia (ZAM).

P-val

DD24
FRST

3.23

1.65

0.05

0.07

0.17

0.68

0.43

0.33

0.19

1.11

0.19

0.00

0.00

0.08

0.97

−0.32

0.20

0.10

−1.07

0.24

0.00

CASH

0.00

0.05

0.97

0.01

0.05

0.89

0.08

0.05

0.12

0.01

0.07

0.84

0.07

0.06

0.28

−0.06

0.06

0.34

0.10

0.04

0.02

FARM

0.00

0.01

0.76

0.01

0.01

0.07

0.00

0.01

0.58

0.05

0.04

0.20

0.00

0.00

0.30

0.00

0.00

0.65

0.01

0.01

0.25

HMGD

0.01

0.05

0.82

0.07

0.05

0.19

−0.01

0.06

0.89

0.06

0.06

0.31

0.11

0.06

0.08

0.04

0.05

0.50

0.10

0.06

0.13

LIVT

0.01

0.05

0.89

0.00

0.00

0.48

0.01

0.06

0.94

0.01

0.01

0.37

0.00

0.07

0.98

0.08

0.05

0.09

0.04

0.05

0.43

FT24
FRST

−4.35

9.74

0.66

0.86

0.91

0.35

5.34

1.68

<0.01

11.22

1.81

0.00

−1.54

0.49

0.00

1.17

1.29

0.37

−7.00

1.61

0.00

CASH

0.23

0.33

0.48

0.11

0.28

0.68

0.27

0.27

0.33

0.68

0.41

0.10

0.04

0.36

0.91

−0.64

0.34

0.06

0.80

0.28

0.00

FARM

−0.02

0.05

0.69

0.07

0.04

0.06

−0.05

0.04

0.22

0.46

0.29

0.12

0.00

0.01

0.82

0.00

0.01

0.81

0.12

0.09

0.18

HMGD

0.31

0.31

0.31

1.11

0.26

<0.01

0.13

0.31

0.68

−0.07

0.38

0.86

0.48

0.34

0.16

0.17

0.32

0.60

0.63

0.44

0.15

LIVT

0.71

0.32

0.03

0.01

0.02

0.73

−0.31

0.37

0.41

0.08

0.09

0.37

0.13

0.39

0.75

0.50

0.30

0.10

−0.09

0.30

0.76

VG24

9

FRST

0.62

1.15

0.59

−2.76

2.30

0.23

40.20

86.20

0.64

0.52

2.32

0.82

−2.96

1.33

0.03

−2.57

2.74

0.35

CASH

0.69

0.39

0.08

−0.02

0.37

0.96

−2.82

3.61

0.44

0.50

1.22

0.68

−0.39

0.38

0.30

−0.49

0.53

0.35

FARM

0.19

0.06

<0.01

0.02

0.05

0.63

−0.48

1.40

0.73

0.28

0.26

0.29

0.03

0.02

0.09

0.11

0.21

0.60

HMGD

−0.41

0.34

0.24

−0.10

0.43

0.82

18.37

3181

1.00

0.30

1.19

0.80

−0.09

0.37

0.81

0.82

1.07

0.44

0.01

0.02

0.62

−1.08

0.42

0.01

0.55

0.75

0.47

−1.05

1.21

0.39

0.34

0.33

0.30

−0.83

0.62

0.18
0.04

LIVT
MT24
FRST

31.92

16.23

0.05

0.42

1.23

0.73

−1.64

2.54

0.52

8.62

1.61

<0.01

0.96

1.12

0.39

−2.20

1.41

0.12

4.05

1.94

CASH

−0.24

0.61

0.70

0.70

0.42

0.09

0.65

0.44

0.14

−1.06

0.51

0.04

0.53

0.58

0.36

−0.71

0.38

0.07

0.46

0.32

0.15

FARM

0.02

0.10

0.87

0.08

0.05

0.16

0.08

0.07

0.24

0.42

0.30

0.17

0.18

0.10

0.06

0.04

0.02

0.07

0.15

0.13

0.24

HMGD

0.83

0.54

0.13

−2.03

0.55

<0.01

−0.12

0.48

0.80

0.84

0.40

0.04

1.29

0.49

0.01

−0.58

0.41

0.16

0.46

0.57

0.42

LIVT

0.17

0.50

0.74

−0.01

0.02

0.48

0.66

0.65

0.31

0.10

0.09

0.24

−0.73

0.63

0.25

0.55

0.34

0.10

0.55

0.34

0.11

Predictors with an associated P-value lower than 0.1 are in bold.
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<0.01
Predictors with an associated P-value lower than 0.1 are in bold.

0.93
1.60

0.18
0.81

−0.15
0.57

<0.01
0.03

1.32
−0.75

0.11
0.02

0.01
1.00

0.01
0.03

−2.55
<0.01

<0.01
0.22

1.04
3.09

1.43
0.01

0.01
2.23

0.04
0.09

−5.81
0.01

0.41
0.13

3.53
8.78

0.10
0.36

<0.01

0.05
FARM

10.13
38.71
FRST

0.05

0.88
0.07
−0.01
0.97
0.34
0.01
0.60
0.53
0.28
0.09
0.09
0.16
0.11
0.43
0.68
0.21
0.02
0.02
0.64
0.30
0.14
LIVT

LIVT

<0.01

0.90
2.23

0.75
2.14

−0.29
0.13

0.05
0.02

1.52
2.32

0.04
0.48

0.31
0.63

0.02
0.02

0.63
<0.01

0.01
0.38

1.66
5.21

0.98
0.01

0.00
2.18

0.06
0.14

9.35
0.19

0.31
0.03

0.92
1.21

0.07
0.24

10.03
22.25
FRST

FARM

0.03

−0.03

−8.54
0.40
13.06
−11.12
<0.01
2.53
9.78
0.01
0.32
0.80
0.07
3.06
−5.53
0.66
1.68
−0.74
0.53
12.30
−7.82
HMGD

FRST

FARM

<0.01

<0.01
1.65

0.05

0.51
0.40

0.28
−0.53

0.26
0.09

0.06
0.36

0.37
−0.62

−0.67
1.00

0.86
0.47

0.49
0.00

−0.08
0.26

0.57
0.11

0.45
0.51

−0.06
0.24

0.63
0.24

0.28
−0.33

−0.11
0.09

0.74
0.01

0.24
0.42

0.00
0.31

0.15

−0.18
LIVT

0.17

−0.25
HMGD

0.17

0.08

1.40
1.21

−0.10
0.16

0.09
1.80

0.02
−0.03

−3.05
<0.01

0.10
0.01

1.11
3.39

−0.02
0.33

<0.01
2.95

0.34
0.33

−9.34
0.05

0.83
0.03

1.40
−2.76

−0.01
0.13

0.94
0.78

0.02
0.03

0.06
0.39

0.00

5.73
−4.89
FRST

FARM

CASH

0.91

Std
Est
P-val
Std
Est
P-val
Std
Est
P-val
Std
Est
P-val
Std
Est
P-val
Std
Est

0.03

P-val
Std
P-val

Est

Zambia
Nicaragua
Indonesia
Ethiopia
Cameroon
Burkina Faso

Although illuminating regarding the pathways linking forest
cover to dietary diversity, this research suffered from a number
of limitations, which should be considered by future studies.
While our cross-site comparison allowed us to evaluate if
patterns occurred across countries and forest types, higher spatial
and temporal resolution of both forest cover and dietary diversity
datasets may allow us to better distinguish the pathways from
forests to diets. With the use of 30-m-resolution satellite images
(from Landsat imagery), some small forest patches were likely
undetected, particularly in the most sparsely forested landscapes.
Forest detection could be improved with the use of images of
higher resolution (Sentinel-2 images have a 10-m resolution,
RapidEye images have a 5-m resolution, and Quickbird images
have a 2.5-m resolution). Diet quality was only assessed once
in each household, missing the temporal dynamic of availability
and consumption of the different food groups. The sources of
the different food groups (forest, farm, and market) were also
not recorded, reducing the power of our analysis. The proxies

Bangladesh

Limitations of the Study

Pred

TABLE 4 | Estimates and their confidence intervals and associated P values for the predictors of integration to the cash economy (CASH), farm size (FARM), home garden presence/absence (HMGD), and livestock
ownership (LIVT) for Bangladesh, Burkina Faso, Cameroon, Ethiopia, Indonesia, Nicaragua, and Zambia, derived from the piece-wise structural equation models using household dietary diversity scores.

landscapes. Forest cover was positively related to farm area in
Ethiopia and Indonesia; to the presence of a home garden in
Bangladesh, Cameroon, and Ethiopia; and to livestock ownership
in Bangladesh, Burkina Faso, and Ethiopia (Table 4). This
positive relationship could be explained by ecosystem services
provided by forests. In particular, soil fertility maintenance,
micro-climate regulation, and pollination may be critical to crop
species found in home gardens (Islam et al., 2008; Garibaldi et al.,
2011; Baudron et al., 2017). Larger farm areas and larger livestock
herds in the more forested sites may also be explained by lower
population densities, resulting in greater availability of land for
local farmers (Dzingirai et al., 2013).
Conversely, forest cover was negatively associated with
farming in three landscapes, as reflected in smaller farm areas
in Cameroon and Zambia, and reduced livestock ownership in
Cameroon and Indonesia (Table 4). This negative association
could be the reflection of policies that encourage conventional
forms of intensification and not tree-based crop and livestock
production systems (agroforestry and silvopastralism) and other
production systems based on agroecology (Garibaldi et al.,
2019). For instance, both the Cameroon and the Indonesia
landscapes are characterized by a rapid expansion of large-scale
plantations (Asaha and Deakin, 2016; Leonald and Rowland,
2016). This negative association could also be the result of
lost opportunities to convert forests—particularly if they are
protected—to cropland and pastures (Balmford and Whitten,
2003). It could as well be the result of crop destruction and
livestock depredation by wildlife in the most forested parts of
these landscapes (Choudhury, 2004; Michalski et al., 2006; Yirga
and Bauer, 2010; Baudron et al., 2011). Forests may also act as
reservoirs of crop pests and the wildlife they host may transmit
diseases to livestock (Bengis et al., 2002; Blitzer et al., 2012). Much
more emphasis is placed on ecosystem services than ecosystem
disservices in the scientific literature. However, considering both
is crucial in the design of multifunctional landscapes that deliver
net benefits to local residents, in terms of diet quality but also
other aspects of human well-being.

0.39
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of crop and livestock production (farm area, presence or not of
a home garden, livestock ownership) were coarse: a more refined
picture could be obtained by measuring actual production and
diversity of key food groups by these different farm components.
Similarly, the use of actual income data, rather than the use of
a binary variable for integration to the cash economy, would be
more powerful to test the income pathway.
In addition to these issues of data resolution, our analysis
could have been improved with the inclusion of forest tenure and
ethnicity data. For instance, we did not account for forest tenure
in this analysis, and as such, forest cover does not necessarily
equate with accessibility of forests. As noted above, the inability to
account for ethnicity complicated interpretation of the results in
some sites where this has a strong impact on dietary habits. For
example, forest communities in the Indonesia landscape do not
normally consume pulses, while those living in less forested areas
have adopted tofu consumption, a dietary practice introduced
from elsewhere in Indonesia.

farms from critical ecosystem services (critical as smallholders
in the tropics tend to depend on ecosystem services more than
external inputs).
These results highlight the intricacies of when and where
different pathways link forests to better diet quality. In the
context of rapid dietary and landscape changes, forests may be
more important in some places than others, but we do not
yet have enough evidence to determine where forests are most
needed. Our results also suggest that the positive contributions
of forests to rural livelihoods cannot be generalized and should
not be idealized.
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While a growing number of studies have found fairly consistent
relationships between forest cover and diet quality (Ickowitz
et al., 2014; Galway et al., 2018; Rasolofoson et al., 2018),
this study highlights the diversity of pathways that may be
driving these relationships. The relative importance of each
pathway varied between each of the study sites. We found
evidence of a direct pathway to at least one of our four diet
metrics in four landscapes (Bangladesh, Cameroon, Ethiopia, and
Zambia), of an income pathway in none of the landscapes, and
of an agroecological pathway in three landscapes (Bangladesh,
Ethiopia, and Indonesia).
Although it appears to be the most important link between
forests and diets, the sustainability of the direct pathway is
threatened both by a return to more stringent conservation
policies (Hutton et al., 2005) and by unsustainable harvesting of
forest products, often fueled by demand from distant markets.
This study also found evidence of forest supporting crop and
livestock production in five landscapes, although this only led
to improved diet quality (i.e., agroecological pathway) in three
landscapes. These forest-production linkages have implications
for the question of integration or segregation of food production
and nature conservation, as encapsulated by the land sharing vs.
land sparing debate. Although several studies have demonstrated
that land sparing (i.e., segregation of food production and nature
conservation) appears to offer the best outcome for tropical
biodiversity (Phalan, 2018), this segregation is likely to represent
a threat to local food production, as it would cut off smallholder
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