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Abstract

Context Increasing agricultural production shapes
the flow of ecosystem services (ES), including pro-
visioning services that support the livelihoods and
nutrition of people in tropical developing countries.
Although our broad understanding of the social-eco-
logical consequences of agricultural intensification
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is growing, how it impacts provisioning ES is still
unknown.

Objectives We examined the household use of pro-
visioning ES across a gradient of increasing agricul-
tural production in seven tropical countries (Bangla-
desh, Burkina Faso, Cameroon, Ethiopia, Indonesia,
Nicaragua and Zambia). We answered two overarch-
ing questions: (1) does the use of provisioning ES dif-
fer along gradients of agriculture production ranging
from zones of subsistence to moderate and to high
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agriculture production? and (2) are there synergies
and/or trade-offs within and among groups of ES
within these zones?

Methods Using structured surveys, we asked 1900
households about their assets, livestock, crops, and
collection of forest products. These questions allowed
us to assess the number of provisioning ES house-
holds used, and whether the ES used are functionally
substitutable (i.e., used similarly for nutrition, mate-
rial, and energy). Finally, we explored synergies and
trade-offs among household use of provisioning ES.
Results  As agricultural production increased, provi-
sioning ES declined both in total number and in dif-
ferent functional groups used. We found more severe
decreases in ES for relatively poorer households.
Within the functional groups of ES, synergistic rela-
tionships were more often found than trade-offs in
all zones, including significant synergies among live-
stock products (dairy, eggs, meat) and fruits.
Conclusions Considering landscape context pro-
vides opportunities to enhance synergies among pro-
visioning services for households, supporting resil-
ient food systems and human well-being.

Keywords Agricultural production zones -
Agricultural intensification - Ecosystem
services - Synergies and trade-offs - Landscape
multifunctionality - Social-ecological systems

Introduction

By 2050 feeding the world’s projected nine billion
people may require the addition of 2.7-4.9 Mha of
agricultural land per year and will result in additional
pressures on forests (Godfray et al. 2010, Godfray
and Garnett 2014; Lambin and Meyfroidt 2011).
Globally, agriculture remains the largest single driver
of deforestation (Curtis et al. 2018; DeFries et al.
2010). In tropical regions, land for new agriculture is
often derived from forests and other areas of natural
vegetation, including old-growth forests, woodlands,
and semi-arid environments (Gibbs et al. 2010; Laur-
ance et al. 2014). Agricultural expansion and inten-
sification of existing farmland are pervasive features
of our current food security narrative and food sys-
tems, that have homogenised global diets and reduced
the role of diverse ecosystems, including forests and
trees, in maintaining dietary diversity and nutrition
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(Bahar et al. 2020; Gergel et al. 2020; HLPE 2017;
Ickowitz et al. 2022; Rasolofoson et al. 2018). Con-
comitantly, our food systems have compromised the
multi-functionality of landscapes through the conver-
sion of natural ecosystems to mainly monoculture
agriculture (Clark et al. 2014; DeFries et al. 2015;
Duriaux-Chavarria et al. 2021; Johns and Eyzaguirre
2006; Khoury et al. 2014; Mastrangelo et al. 2014).

Agricultural expansion and intensification have
substantial implications for ecosystem services (ES)
(i.e., the benefits people derive from nature) at both
local and global scales (Tilman 1999; Power 2010;
Adams 2014; Rasmussen et al. 2018; Baudron et al.
2021). Due to agricultural change, strong evidence
exists on synergies and trade-offs within the broad
ecosystem services categories, i.e., between provi-
sioning services—such as food production—and a
range of regulating and supporting services such as
water purification, nutrient cycling and carbon stor-
age globally (Foley et al. 2005; Ayala et al. 2016).
Studies on trade-offs and synergies among distinct
provisioning services groups that contribute dif-
ferently to livelihood, nutrition and well-being lag
(Berry et al. 2020; Reed et al. 2017). Provisioning ES
meet the diverse needs for calories, nutrition, mate-
rial, and energy of many millions of people to achieve
their well-being, in particular in the developing trop-
ics (MA 2005; Clark et al. 2014; Dhyani and Dhyani
2016; Adams et al. 2018; Ahammad et al. 2019a;
Fedele et al. 2021; Karimi and Raymond 2022). Dif-
ferent provisioning ES groups have distinct contribu-
tions, e.g., legumes, vegetables, and meat, on dietary
and nutrition, whereas construction timber and fuel
wood are for material needs. On the other hand, some
ES groups support maintaining substitutive functions,
e.g., plant and animal proteins (Allen et al. 2014;
Weerasekara et al. 2020). Food, material and energy
needs are affected by changes in the diversity of pro-
visioning ES groups associated with the agricultural
changes in the tropics.

Some studies suggest the outcomes of agricultural
change, e.g., transition from subsistence farming to
commercial agriculture, result in increased socio-eco-
nomic opportunities through income-oriented activi-
ties improving people’s economic capacity (Ickowitz
et al. 2016; Broegaard et al. 2017; Castella et al. 2013;
Castle et al. 2021). Alternatively, this process causes
externalities to social-ecological systems by lessening
the option for bio-diverse land uses and the associated
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flow of ES to Indigenous people and local communi-
ties (Mathys et al. 2023). The intensive land use with
simplification of farmed landscape alters ES’s avail-
ability and diverse functional groups required to fulfil
dietary, nutrition and material needs, among others.
However, the changes within and among provision-
ing ES supply have yet to be widely explored along
gradients in a landscape (Tadesse et al. 2014). Until
recently, monetary valuation, spatial and temporal
assessment of synergies and trade-offs of broad ES
from land uses have been common to estimate ES val-
ues in general (e.g., Costanza et al.1997; Sutton and
Costanza 2002; Nelson et al. 2009; Qiu and Turner
2013). We have a very limited understanding of how
increased agricultural production mediates the avail-
ability and diversity of provisioning ES groups to dis-
tinct user groups of socio-economic conditions along
gradients of landscape simplification and agricultural
intensification (Sunderland et al. 2017; Balzan et al.
2018; Ferreira et al. 2021). We assume that the pat-
terns of use of the types of provisioning ES differ
within the households of different wealth conditions
located alongside such gradients.

People benefit from and perceive the value of ES
differently, reflecting social differentiation regard-
ing the influence of wealth conditions, ethnicity and
locations in a landscape (Daw et al. 2011; Ahammad
et al. 2019a). Investigating how wealthy groups value
and prioritize ES differently is crucial to understand-
ing what matters to whom and interrogating dominant
narratives of agrarian changes and ES outcomes. The
provisioning services used or gathered for livelihoods
do not always represent equally demanding within the
households of different asset conditions (Lau et al.
2018). Little monetary value of specific goods, such
as wild foods gathered for direct consumption, remain
crucial for the poorer group than wealthier house-
holds and may not be an important consideration by
policymakers in decision-making. Besides, the per-
ceptions of the landscape changes in terms of forest
loss and any form of land use intensification or com-
mercialisation of crops and their impacts also matter
in different ways to the adjacent Indigenous and local
communities who experience the flow of ES differ-
ently (Ahammad et al. 2019b; Mathys et al. 2023).
The highly wealthy group in the agrarian society
may find alternative use of ES either through income
sourced from timber harvesting from plantation or
commercial crops; however, the livelihoods of the

poor are not as rewarding as the former, as the lat-
ter only receive the minimal economic return (Paum-
garten and Shackleton 2009; Andersson et al. 2018).
Assessing and disaggregating both the use of ES is a
useful tool for gaining a broader sense of what differ-
ent and diverse wealthy groups might want and what
they may have in common (Lau et al. 2018).

Exploring the nuanced ways people utilise provi-
sioning ES in a landscape undergoing various stages
of agricultural change is a research imperative in
many tropical developing countries. With this in
mind, we aimed to examine the patterns of provision-
ing ES used by households across a gradient of agri-
cultural production zones in seven developing tropi-
cal countries (Bangladesh, Burkina Faso, Cameroon,
Ethiopia, Indonesia, Nicaragua and Zambia). ES have
numerous use values to sustain human well-being,
and in our study, we considered the benefits obtained
from direct use, i.e., consumptive benefits of using
forest, agricultural and livestock-sourced products
to entail provisioning ES (Daily 1997; Pascual et al.
2010).We answered two overarching questions: (1)
does the provisioning ES use differ along the gradi-
ents of agriculture production ranging from subsist-
ence to moderate and to high agriculture production
zones (3 zones) in those countries? and (2) are there
synergies and/or trade-offs within and among groups
of ES along the gradients/zones? For the first ques-
tion, we assessed the use patterns of total provision-
ing ES and their different functional groups (such
as cereal, meat, legumes etc.) by household wealth
and zone levels within and across seven countries.
ES commonly occur in bundles (sets of services
that repeatedly appear together), and certain groups
of services are more accessible than others within a
changing agricultural landscape (Adams et al. 2018).
So in the second question, we explored the interac-
tions of functional groups of ES by identifying syn-
ergies and trade-offs of different functional groups of
ES across the three zones.

Material and methods
Approach for study site selection
Each of the seven countries possesses tropical for-

ests under varying levels of pressure from agricul-
tural production, often through both intensification
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and expansion (Deakin et al. 2016; Sunderland et al.
2017; Figs. 1, 2). We carefully selected the study
sites in each country according to the following cri-
teria: market-oriented crop production, farming types,
extent of forest cover, population density, proxim-
ity to major towns, and infrastructural development
(Sunderland et al. 2017; Figs. 1, 2; Table 1). Within
each country, three zones were identified reflecting a

gradient of increasing agricultural production from
lower production with subsistence farming (zone 1),
to intermediate agricultural production (zone 2), and
finally to higher production with greater connection
to markets (zone 3) (Fig. 2; Appendix 1) (Sunder-
land et al. 2017; Table 1). A scoping survey was con-
ducted during 2014-2015 in each of the study loca-
tions to validate those criteria with the consultation of
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Fig. 1 Study locations in seven tropical countries, each of
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Fig. 2 Within each of the seven study countries, three contrasting zones of increasing agricultural production were studied. Detailed

criteria for these zones are explained further in Table 1
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Table 1 Criteria used to guide general selection of agricul-
tural production zones within each country. Surveys of approx-
imately 100 randomly selected households within each of the

three zones in each country were conducted from 2015—2017,
for a total of 1900 household surveys

Criteria Zones of agricultural production

Lower (zone 1) Intermediate (zone 2) Higher (zone 3)
Market oriented crop production Rare Occasional Common
Presence of subsistence farming High Medium Low
Proximity to forest (e.g., protected areas) Near Far Distant
Population density Sparse Medium Dense
Proximity to major towns Distant Far Near
Levels of infrastructure development Low Moderate High

government and non-government personnel and local
communities to delineate and describe each zone
(Deakin et al. 2016).

In Bangladesh, twelve villages across three sub-
districts of two districts (Rangamati and Bandarban)
in the Chittagong Hill Tracts region of Bangladesh
were selected (Fig. 1) (Ahammad and Stacey 2016).
The land cover follows a transition from largely swid-
den farming and natural forests in the remote villages
of the landscape to mixed agroforests with understo-
rey crops, monocultures of fruit, timber and other
trees in the intermediate zone (Ahammad et al. 2021).
More settled agricultural land uses with cash crops
(mainly ground nuts, potato, vegetables and tobacco),
monoculture trees with mainly teak (Tectona grandis)
and Gamar (Gmelina arborea) as well as home gar-
dens is evident along the highest agricultural produc-
tion zone.

In Burkina Faso, nine villages across 3 districts
(Bakata, Cassou and Gao) in Ziro Province of central
Burkina Faso were selected (Fig. 1). The landscape
is a typical Sahelian managed agroforestry parkland
dominated by trees species such as shea (Vitellaria
paradoxa), baobab (Adansonia digitata) and néré
(Parkia biglobosa) (Foli and Abdoulaye 2016). Land-
use transitions range from exploitation of forest prod-
ucts, fuelwood, and agro-pastoralism to cereal and
cotton monoculture along the agricultural production
gradient.

In Cameroon, four focal villages in the Nguti dis-
trict were selected (Fig. 1). Natural vegetation in
the region is comprised of Atlantic Biafra forest and
is rich in biodiversity. Primary land use consists of
subsistence swidden fallow agriculture, producing
mainly cocoyams, plantains, cassava and bananas for

subsistence, and oil palm, coffee, and cocoa as cash
crops (Asaha and Deakin 2016).

The Ethiopia study site covered three pairs of
villages corresponding to three zones of increas-
ing distance to the state-owned Munessa Forest and
decreasing distance to the urban center of Arsi Negele
(Fig. 1). Tree cover and crop diversity decreased with
increasing distance to the forest, but otherwise the
zones were similar in all other social and ecological
variables. The farms are generally small (i.e., less
than 3 ha) and rely on crop and livestock production,
with wheat (Triticum aestivum), maize (Zea mays),
potato (Solanum tuberosum), cattle (Bos indicus)
and sheep (Ovis aries) as the most important species
(Baudron et al. 2019).

In Indonesia, eight villages across three sub-dis-
tricts in Kapuas Hulu Regency, West Kalimantan
(Fig. 1) (Leonald and Rowland 2016). The landscape
ranged from remote forest dependent communities,
primarily engaged in swidden agriculture, collec-
tion of commercial NTFPs and artisanal gold mining
through to oil palm growing communities consisting
of contract-smallholders, independent smallhold-
ers and waged plantation labourers. Rubber (Hevea
brasiliensis), grown in mixed-agroforestry gardens,
often combined with fruit and nut trees, is a common
transitionary crop between swidden, with rice, and oil
palm (Elaeis guineensis).

The Nicaragua site included six villages at differ-
ent distances from the Saslaya National park within
the Bosawas Biosphere Reserve (Fig. 1). The agri-
cultural production includes maize (Zea mays), rice
(Oryza sativa), beans (Phasseolus vulgaris), coffee
(Coffea arabica), cacao (Theobroma cacao) and cat-
tle (Bos indicus; Bos taurus) production. The different
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farm size (from less than 1 ha to over 100 ha) cre-
ates a dynamic agricultural labour market, and other
forms of non-agricultural labour are also common,
especially near the main roads.

In Zambia, 3 villages located in the Nyimba Dis-
trict of Zambian’s Eastern Province were selected
(Fig. 1). The landscape is dominated by miombo
woodlands, where trees of genera Brachystegia, Iso-
berlinia and Julbernardia dominate. Land-use tran-
sitions range from widespread encroachment on the
forests, harvesting of forest products e.g., fuelwood
(charcoal and fuelwood), forests foods such as mush-
rooms to the growing of maize (Zea mays) and cot-
ton (Gossypium spp) (Gumbo et al. 2016). Maize is
widely grown and some years with government sub-
sidies while cash crops such as cotton and tobacco
(Nicotiana tabacum) are grown through private sector
support. The level of agricultural production varies
by source and costs of key inputs.

Data collection

Household surveys were conducted to collect qualita-
tive and quantitative data in the three zones of each
country. Between 2015 and 2017, in each of the three
zones across the seven study countries, approximately
100 households (total 1900) were randomly sampled
and surveyed (Sunderland et al. 2017). Random sam-
pling was achieved using a list of households from
local censuses or election records. Where census data
was not available, households were identified using
aerial photographs. The survey questions centred on
the variety of ways people benefitted from landscapes
in different zones/sites, including forest- and tree-
based land uses (Deakin et al. 2016; Sunderland et al.
2017). We asked structured questions to the respond-
ents on their household assets used for domestic,
production and transportation purposes, livestock
ownership, crop production and the gathering of for-
est products, all in the local languages of each site, as
relevant.

Related to provisioning ES uses, the three main
questions included in the surveys were: 1) which for-
est products have your household collected in the last
12 months? Here, participants selected from a list of
forest products developed through a scoping study for
each country (Deakin et al. 2016); 2) how many live-
stock of different species are currently owned by your
household? Participants were provided with a list of
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20 different livestock species relevant to the local con-
ditions of each country and were asked to identify the
ones relevant to their household; and 3) which crops
were grown on the farm’s fields in the last 12 months.
Either the head of the household, or a respondent over
18 years old was interviewed from each household.
In our surveys, the households reported the presence/
absence of crops (yes/no), livestock ownership (num-
ber), products used, and forest products gathered (yes/
no) in the last 12 months.

The households surveyed reported using a total of
207 provisioning ES (i.e., 165 crop species, 26 live-
stock species and 16 forest products) across the three
zones in the seven countries. These ES represented 18
different functional groups (i.e., beverage and spices,
legumes, cereals, oilseed, eggs, etc.—see details in
Online Appendix 2) following the broader functional
group categories of Food and Agriculture Organi-
zation (FAO 2010). For example, crops used by a
household fell into the following functional groups:
beverages and spices; legumes; cereals; oilseed;
sugar; fruit and nuts; vegetables; tubers etc. Livestock
used by households included dairy, meat, eggs and/
or draught services. The uses of forest/tree products
in households were categorised into fuelwood; water
(gathered from a forested area); forage; fibre and
dyes; ornamental plants and animals; medicines; and
shade and construction materials. Due to the rarity of
sugar crops, forage, as well as shade and construction
materials—each of which were reported frequently in
only one or two countries—we excluded these groups
from further analysis, leaving 18 different groups of
provisioning ecosystem services (see supplementary
information).

Data analysis
Construction of household wealth indices

To characterise the surveyed households, we con-
structed wealth indices based on the asset owner-
ship of individual households. Following studies that
measured wealth indices (Rutstein 2008; Smits and
Steendijk 2015), we considered three broad asset cat-
egories: domestic, productive and non-productive,
and transport assets in wealth construction of the
surveyed households. Domestic assets included the
dwelling characteristics of the households, includ-
ing household access to electricity, toilet conditions,
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bed frame, house wall and roof construction materi-
als, and water sources, among others. Productive
assets included the type of farming tools available
for cultivation and harvesting, such as axe, matchet,
hand hoe and livestock availability. Non-productive
assets included, e.g., television and radio. Transport
assets included the household’s transport for their
day-to-day movements, such as bicycle and motorcy-
cle. Altogether, we considered over 70 asset variables
covering the two dimensions in the surveys across the
seven countries. The households reported any asset as
‘present’ or “absent’ in their house or any particular
category of the asset they used with several options.
To construct wealth indices, we first considered
asset variables that showed at least 5% and not more
than 95% variations within the households surveyed
in each country (Hjelm et al. 2017). After initial
screening in an individual country, we obtained a
minimum of 30 to a maximum of 43 asset variables
(depending on the country) that complied with the
abovementioned rule. Second, we coded asset vari-
ables as binary variables, with ‘1’ for presence ‘0’ for
absence. Assets with more than two category levels
were coded as separate binary variables. For instance,
if a household reported using a latrine and a flushing
toilet, we coded two separate binary asset variables.
Third, we ran a principal component analysis (PCA)
applied to binary asset variables in each country sepa-
rately (Filmer and Pritchett 2001; Vyas and Kumara-
nayake 2006). PCA is used to reduce the dimension-
ality of the dataset and identifies linear combinations
of the variables (’principal components’, PCs) that
maximize the variance in the dataset. For each coun-
try, we derived quintiles from PC1 to allocate a
wealth index—ranging from 1 to 5, 1 being the ‘poor-
est quintile’ and 5 the ‘wealthiest quintile’ (hence-
forth referred as wealth groups) (Online Appendix 3).

Analysis of provisioning ES

Three statistical approaches were used, including a
generalised mixed-effects models, generalised lin-
ear model and Pearson’s correlations. For the first
question, we conducted mixed-effects modelling to
estimate wealth and zone level variations in the use
of total provisioning ES and their functional groups
richness across the seven countries (wealth and zone
as fixed effects and country as a random effect) (Nak-
agawa and Schielzeth 2013; Mouchet et al. 2014).

The household data collected concerning the num-
ber of crops, forest products and livestock used were
the basis for further analysis of the provisioning ES
richness, functional group richness and interactions
across the households at the wealth, zone and country
level. Then we fitted individual country models sepa-
rately, using the generalised linear model to examine
the variations of ES use and their functional groups
across wealth and the three agricultural produc-
tion zones. In addition, we used Shannon’s evenness
index to calculate the evenness showing the degree
of equality or even distribution of the individual ES
used within each group within the households across
the zones (Raudsepp-Hearne et al. 2010). Higher val-
ues of this index are related to a more even abundance
of ecosystem services (i.e., equally or evenly dis-
tributed) used by households (Karimi and Raymond
2022). Finally, for the second question, we analysed
the relationship between functional groups of ecosys-
tem services to examine their co-occurrence across
the agricultural production gradients using Pearson’s
correlations. Mixed models were analyzed using the
package Ime4 and generalised linear model using the
R Stats package in the R statistical programme envi-
ronment (Bates et al. 2015). We used the cocor pack-
age in R to determine whether the correlations varied
significantly across the zones. For wealth construc-
tion we used “FactoMineR”, and “factoextra” R pack-
ages in the PCA analysis.

Results

Patterns of ES use by households along agricultural
production gradients

Three key patterns emerged in examining households’
ecosystem services across the three zones. First, our
analysis found a pattern of decline in the use of pro-
visioning ES from the low (zone 1) to intermediate
(zone 2) and high (zone 3) agricultural production
zones across most of the countries (Fig. 3). The total
ES use significantly declined from zone 1 to zones 2
and 3 (P<0.001), as estimated in the model across
seven countries (Fig. 4). Across the zones, there is a
significantly low level of ES use in zone 3 (the high
production zone). The cross-country analysis also
corresponds to the individual country models that
showed a significantly lower ES used by households

@ Springer
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in zone 3 (P<0.001) than in zones 1 and 2 across all
countries except for Cameroon (Fig. 4). In Cameroon,
the household use of the richness of ES was higher in
zone 2 (P <0.001) than the zones 1 and 3. Household
use of total provisioning ES surveyed was higher in
Bangladesh, Burkina Faso, Ethiopia and Nicaragua
(Fig. 3). Households reported a higher mean func-
tional group richness in Bangladesh, Burkina Faso
and Cameroon.

Second, the diversity of ES, i.e., functional groups,
declined along the transition from low to high with
more market-oriented agriculture. The analysis of the
mean functional group of ES (i.e., the number of ES
groupings in Fig. 4) showed higher in zone 1 and 3
compared to zone 2 (P <0.05). Across all seven coun-
tries, the model estimates show a significantly greater
number of functional groups of ecosystem services
reported by households in zone 1 (P<0.05) and 3
(P<0.05) than in zone 2 (Fig. 4). In individual coun-
try models, a significantly higher number of ES func-
tional groups were associated with zone 1 (P <0.001)
compared to zone 3 for all countries except Ethiopia
(Fig. 4). In Cameroon and Nicaragua, the number of
functional groups used in zone 1 was significantly
higher (P <0.05) than in zones 2 and 3. Conversely,
in Burkina Faso, households reported significantly
higher functional richness in zones 1 and 2 than in
zone 3 (P <0.05).

Third, the number of ES used by households (i.e.,
ES richness) was significantly higher within the
wealthy households of the three top wealth quintiles

compared to the lower two (P<0.001) across all
countries (Fig. 4). No significant difference was found
within the lower two wealth quintiles (between quin-
tiles 1 and 2) and top two wealth quintiles (between
quintiles 4 and 5). The analysis at the individual
country level also showed a higher ES use by the
top two wealth quintiles compared to the lower two.
However, we observed country-specific variations in
the use of ES in Cameroon, where the lower wealth
quintile had the lowest use of ES (P<0.01). In Indo-
nesia, no significant difference was observed between
different wealth quintiles.

Further analysis also shows no significant differ-
ences in ES use by functional groups across wealth
categories. The evenness index of the specific ecosys-
tem services within the functional groups showed a
high abundance and equality in zone 2 compared to
zones 1 and 3 (Fig. 5). However, no significant differ-
ences in the relative abundance of ES were observed
between the three zones.

Synergies and trade-offs among groups of ES across
the agricultural production zones

Our analysis of the interactions of ES shows their
synergies or trade-offs across the agricultural pro-
duction zones and wealth groups in each country
(Fig. 6). The correlation analysis showed 61 signifi-
cant (with Bonferroni corrected P <0.001) pairs of
ecosystem services interactions (of 153 possible)
across zones. The significant pairs of ecosystem

Fig. 5 ES evenness shows BF
the abundance or distribu-
tion of ES reported by
households along gradient ZAM fAM FA
of increasing agricultural
production across countries « BGD
of Burkina Faso (BFA), £ 0.801 AM -
Bangladesh (BGD), Cam- £ NIC AR
L S [{OWY ¢V E— ad
eroon (CAM), Ethiopia % NG
(ETH), Indonesia (IND), =
Nicaragua (NIC) and Zam- 0 ®IND
bia (ZAM) () B(LD
(2] 4
L 0.75 ETH
IND €TH
BGI
Zor;e 1 Zor;e 2 Zor;e 3
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Quintile 1 * Quintile 2
g

Fig. 6 Pairwise correlation coefficients between pairs of the
functional groups of ES within each zone, wealth level and
country. All the correlation coefficients of the pairs of ES are
significant at P<0.001. The size of the circles indicates the

services are shown in colour in Fig. 6. Most cor-
relations were positive across each zone of the sur-
veyed countries. In zone 3 and 2, 59 and 53 pairs
of positive correlations (synergies) (out of total 66
and 62 pairs respectively) were recorded whereas
50 positively correlated pairs of ecosystem services
functional groups in zone 1 (out of total 63). More
negatively correlated (trade-offs) pairs of ecosystem
services groups were found in zone 1 (13) than zone
2 (9 pairs) and 3 (7 pairs). Both a high number (12)
and strength of correlations (>0.50) among pairs
for meat, dairy, eggs, vegetables, tubers, cereals,
draught and fibres functional groups was observed.
Further analysis shows that wealthier households
(quintiles 3-5) experience more synergies (45-46
ES pairs) than poorer households (quintiles 1 and 2)
which saw 30-32 pairs of synergies. At the coun-
try level, a higher number of synergistic ES pairs
were found in the households of Zambia (47) and
Bangladesh (45), whereas Burkina Faso (26) was
the lowest.

@ Springer

correlation coefficients (blue for positive and red for nega-
tively correlated pairs). Countries refer to Burkina Faso (BFA),
Bangladesh (BGD), Cameroon (CAM), Ethiopia (ETH), Indo-
nesia (IND), Nicaragua (NIC) and Zambia (ZAM)

Discussion

Does ES use by household differ with increasing
agricultural production?

The first finding was a pattern of decreasing rich-
ness of provisioning ES reported by households in
tandem with increasing agricultural production in all
but one country. This pattern concurs with other stud-
ies linking changes in tropical land use towards more
intensive agricultural production associated with the
simplification of diets (Ickowitz et al. 2014; Ritzema
et al. 2019; Gergel et al. 2020). The higher numbers
of ES used by people in the low and moderate pro-
duction zone (zone 1 and 2) suggest resources from
a combination of forest and agricultural land pro-
vide a greater variety of wild foods and fuels, culti-
vated crops, and livestock. In contrast, the declining
numbers of ES in the high production zone (zone
3) linked to households relying more on simplified
land uses composed of monocultures along with
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markets for cash crops for meeting dietary needs was
in agreement with previous studies (Waha et al. 2018;
Ahammad et al. 2021). Intensive land use may drive
increased yields and market integration may provide
an opportunity for improved diets (as reported else-
where Ickowitz et al. 2019; Ogutu et al. 2020). How-
ever, household ES richness (for provisioning ES) in
high production zones remains low due to the lower
diversity of crops on farms, and lower availability of
forest and livestock products, or alternatives to these
products. The quantity of provisioning ES used by
local households and more distant consumers may be
higher in zone 3 than in zones 1 and 2. The nuances
of provisioning ES observed across zones of agricul-
tural production suggest failing to account for those
services—beyond just cultivated fields—may have
implications for household dietary diversity, nutri-
tion, health and overall well-being.

The second finding that emerged from our study
was that people located in zones with lower agricul-
tural production used more diverse ES (functional
groups), indicating that options for substitution of
ecosystem services to meet food, fuel and economic
needs are more widely available when agricultural
production is low. Forests (i.e., old growth forests),
secondary forests, fallow land and seasonal agricul-
tural crop lands provide diverse food sources within
low production zone, which declines with intensive
and monoculture agriculture land use systems (Gray
et al. 2015; Mathys et al. 2023). Our finding matters
because the greater the diversity of food items or food
groups consumed in adequate quantity, the better
the nutritional quality of the diet, the more positive
the impact on health and well-being (Kennedy et al.
2007; Arimond et al. 2010). The declining richness of
functional groups of ecosystem services across agri-
cultural production zones indicates that households
have fewer options when/if their food system sustains
a shock (Hicks and Cinner 2014). Interestingly mini-
mal difference of ES groups use between intermedi-
ate and high agricultural production zones indicate a
further progression of intensive agriculture in a land-
scape scale across all countries. Furthermore, our
finding suggests that specific social-ecological con-
texts and the level of intensification within a coun-
try may impact the ability of people to benefit from
ecosystems.

The abundance of ES did not significantly dif-
fer along the gradient of increasing agricultural

production as people use relatively equal numbers
of each functional group to meet their diverse provi-
sioning needs. Higher abundance in ES use is only
observed in the intermediate production zone com-
pared to lower and higher production zones. Rela-
tively better access to market and agroforestry sys-
tems with diverse land uses, including horticulture,
positively mediates the abundance of ecosystem ser-
vices in the intermediate zone (Baudron et al. 2019;
Ahammad et al. 2021; Castle et al. 2021). This abun-
dance also means people have relatively more options
for maintaining these functional groups, contributing
towards their ability to maintain stable access in the
face of social, economic and ecological stressors.
Although our findings draw upon pooled data across
countries, specific social and environmental stress-
ors might uniquely affect the stability of food sys-
tems within a country or a particular household. For
instance, the expansion of farmlands for maize and
wheat crop production in Ethiopia caused declining
community-owned forests and grassland that food-
insecure households used for various provisioning
ES, including food, fuel wood and livestock grazing.
In the case of Nicaragua, throughout the twentieth
century, political instability, internal displacement
induced migration, and natural disasters affected
agriculture commodity production (cacao, cotton,
banana) and possession of land ownership by small-
and medium-sized landholders to sustain their food
security. In Bangladesh, the transition from swidden
farming to monoculture crop and tree-based land use
has not increased food production but declined pro-
visioning services, including water availability. Care
should be taken to address these fine-scale vulner-
abilities to economic and ecological stressors within
specific agricultural contexts to inform locally appro-
priate policies.

ES use remains disproportional within households
of different wealth conditions, reflecting the redistri-
bution effects and inequitable use of resources due to
agricultural changes. Higher levels of ES use within
wealthy families indicate that the increased agricul-
ture production has not benefited the lower socio-
economic groups. Although agricultural changes
increased household economic capacity reported
in other studies, we found overall declines in an
equitable distribution of ES. Lower wealthy house-
holds have limited access to natural capital, par-
ticularly landholding, to receive direct economic
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benefits through agroforests and commercial agri-
culture production. Our study warrants taking into
account wealth distribution in households in land use
planning given the agrarian change in a landscape.
The land tenure and ownership arrangement must
enable indigenous people and local community to
realise the full potential of ecosystem benefits from
the surrounding landscapes. Although no differences
were found within diverse functional groups of ES
across wealth classes, given the land use intensifi-
cation, there are enough reasons for changing ES
demand and desires by local people from land uses.

Do synergies and trade-offs among ES change across
the gradients?

By exploring synergies and trade-offs in provision-
ing ES in different agricultural production zones, the
third finding revealed that many households could
benefit from co-production or positive relationships
among ES, produced from their land or by gathering
from local forests. Synergies were common among
groups of ES across the three agricultural produc-
tion zones. The familiar narrative within the ES lit-
eratures that provisioning ecosystem services are
found in trade-off relationships with regulating ser-
vices and more synergies between different regulating
and between different cultural services (Howe et al.
2014; Lee and Lautenbach 2016). Our study, for the
first time to our knowledge, explored the household-
level synergies and trade-offs within the category of
provisioning ES sourced from forest, agriculture, and
livestock to determine if differences existed according
to household wealth and along an agricultural inten-
sification gradient. Various functional groups of pro-
visioning ES were primarily positively correlated (as
opposed to negatively correlated), suggesting many
opportunities to foster synergies among ecosystem
services at the household level. However, relation-
ships among multiple ecosystem services vary spa-
tially as some locations concentrate on concordant
ecosystem services, whereas others may be prone to
trade-offs (Qiu and Turner 2013). A deeper examina-
tion of the quantities of forest products (rather than
the presence/absence shown here) is warranted to
reveal deeper relationships among ecosystem ser-
vices. The significantly higher synergies of ecosys-
tem services in intermediate (moderate intensification
zone 2) indicate people’s greater reliance on forest
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and agroforests in this zone than in the high produc-
tion zone.

A significant number of pair-wise synergies was
found between dairy, eggs, meat, draught power,
fibres, medicine, vegetables, tubers, cereals and fruit
in the intermediate and high intensified zones across
the countries. More significant synergies between
different ES functional groups were observed in the
intermediate and high production zones, which are
characterised by cash crops and better access to mar-
kets. These zone-specific synergistic patterns of eco-
system services reflect not only what people want to
produce but also what they can gather from their sur-
roundings, which is mediated by localised land com-
position, land tenure and markets (Dade et al. 2019;
Qiu et al. 2021). Our findings concur with other stud-
ies that a complex combination of economic depend-
ence, farming structures, transformed natural capital,
and human inputs into intensive agricultural systems
drive the supply and demand of ecosystem services
(Briner et al. 2013; Yang et al. 2015). In addition, our
study specifically explored how interactions among
provisioning services, driven by different levels of
market-oriented agricultural systems, influenced peo-
ple’s reliance on particular food groups and the sub-
stitutability of many other ecosystem services. Mar-
ket-oriented agricultural systems affected the flow of
other provisioning ecosystem services, including food
and non-food commodities, across landscapes.

Finally, our study revealed both consistencies
and differences in pair-wise interactions between ES
along the gradients of increasing agricultural pro-
duction. These patterns reflect the multifunctional-
ity of agricultural landscapes and differing capaci-
ties to deliver various benefits for rural livelihoods.
Although both the number of ES and broader func-
tional groups declined in the high production zones,
particular synergies within functional groups of ES
were evident. This indicates the maintenance of some
multifunctionality to support dietary diversity and
well-being, despite increased agricultural production.
This finding supports the notion that the dynamics
of social-ecological systems are related to specific
land-use contexts which influence the variety of agro-
ecosystem management and corresponding outcomes
for ecosystem services (Raudsepp-Hearne et al. 2010;
Tamburini et al. 2020; Bennett et al. 2021; Meyfroidt
et al. 2022). Our results thus argue agricultural pro-
duction gradients as a critical basis for understanding
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the patterns of ecosystem services interactions. Each
agricultural context in the tropics, even within a same
landscape of a country, is a complex social-ecologi-
cal system with different levels of accessibility and
availability of ecosystem services. As such, future
research needs to examine whether the current flow of
provisioning ES in a given land-use context is related
to demand or production, whether these dynamics
occur internally or externally, and at what scale these
dynamics arise to understand the broad relationships
with other ecosystem services in a landscape.

Studying agricultural intensification focusing on
land use gradients is a new approach that provides an
improved understanding of the fine-scale spatial vari-
ation in provisioning ES and a more nuanced perspec-
tive of their trade-offs and synergies with increased
agricultural production. As many tropical landscapes
worldwide are subject to increasing land use inten-
sification, understanding ecosystem services along
these gradients is critical to explaining the manifesta-
tion of the changes in a landscape given the specific
land use contexts. The cross-site comparisons along a
gradient of increasing agricultural production, such as
ours, are valuable for inferring generalizable, broad-
scale patterns of ES dependence by households which
is not possible using individual case studies alone
(Fagerholm et al. 2019). Our study specifically fills
the gap of a systematic cross-site comparison which
is rare in the methodologically disjointed field of ES
research, and covers gradients of agricultural produc-
tion with different levels of land use intensification
and wealth.

Conclusion

Drawing a cross-country study, we examined patterns
in household use of provisioning ES and their inter-
actions in the face of increasing agricultural produc-
tion. Our research findings indicate that the level of
agricultural production in different land use gradients
shapes the use of provisioning ecosystem services.
Notably, the number of ES supporting livelihoods
was greater in the subsistence agriculture zone and
lower in the higher production zones of most coun-
tries. Furthermore, broader functional groups of
provisioning ES declined in the higher production
land use zones. This empirical evidence of our study
points to a decline in the availability and diversity of

ecosystem services during the agrarian transition pro-
cess, which could be similar to other tropical develop-
ing countries experiencing increased agricultural pro-
duction. The observed pattern of more ES available
within the wealthy households also reflects unequal
access of relatively poorer households to ecosystem
benefits leaving their livelihood insecure and leading
to unsustainable use of natural resources.

Provisioning ES cover a broad spectrum of liveli-
hood, food, nutrition, cultural and well-being con-
tributions to Indigenous people and local communi-
ties globally, where our study has considered a few
select categories of foods, fibre and energy-related
ES. Future ES research can develop metrics for
measuring the quantity of the different provisioning
ES used (e.g., calories consumed). Further research
should also assess social equity by looking at people’s
demand against the supply of ES to inform landscape
planning.
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