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Clément Rigal Abstract

Email: clement.rigal@cirad.fr 1. Selection of shade tree species for agroforestry systems must take the complex-

Handling Editor: Charles Watkins ity of these systems into account. Tree species selection should maximize the
provision of ecosystem services while minimizing disservices. Selected species
must be adapted to local agroecological conditions and cater to farmers' needs,
while considering their preferences and constraints.

2. The ShadeTreeAdvice methodology was developed to support said selection
process using farmers' local ecological knowledge. It provides the steps to rap-
idly identify tree species and evaluate their impacts on a range of locally impor-
tant ecosystem services. Results are uploaded to a decision support tool to tailor
tree species recommendations to individual farmers' needs (www.shadetreea
dvice.org). During the 5 year timeframe between 2016 and 2020, eight studies
following this methodology were conducted in various coffee and cocoa grow-
ing regions across Africa, Asia and Central America.

3. This article looks back at these studies to synthesize their findings and evalu-
ate the methodology. We identified similarities in the use of tree species across
different study areas, notably regarding leguminous and fruit tree species. We
showed that the method was efficient to evaluate tree species' impacts on soil
and climate regulation, crop production, and economic benefits. It was less ef-
ficient for evaluating impacts related to incidence of pests and diseases, often
associated with knowledge gaps. The method also successfully allowed inves-
tigating the links between LEK and socio-economic groups or environmental
factors.

4. Furthermore, we suggest a series of improvements in the methodology for fu-
ture studies. These improvements include (i) broadening the scope of studies
beyond tree species provision of ecosystem services to include tree species im-

pact on farming practices; (ii) allowing the comparison of tree performances in
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provided the original work is properly cited.
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1 | INTRODUCTION

Multiple government, private sector and NGO driven initiatives
promoting agroforestry practices in coffee and cocoa farming sys-
tems are emerging in tropical countries. These initiatives rely on a
growing body of technical and science-based evidence showing that
shade trees in farming systems can provide multiple benefits and
contribute to sustainable agricultural models. These benefits may
include enhanced income diversification and economic resilience
(Jassogne et al., 2012; Jezeer et al., 2018), improved soil protection
and nutrient cycling (Nijmeijer et al., 2019; Tully & Lawrence, 2012),
and higher carbon sequestration and resilience to climate change
(Guillemot et al., 2018; Nijmeijer et al., 2019). These benefits and
the overall success of agroforestry systems are however contin-
gent upon the selection of suitable shade tree species. Tree species
must be adapted to local agro-ecological conditions, provide a pos-
itive balance between their impacts on ecosystem services (ES) and
disservices (ED), fit farmers' preferences and cater to their needs
(German et al., 2006). Selecting unsuitable shade tree species could
on the other hand lead to higher incidence of certain pests and dis-
eases (Bukomeko et al., 2018) or to increased competition with the
main crops (Abdulai et al., 2018), resulting in loss of productivity fol-
lowed by the removal of shade trees. Likewise, farmers will often
remove or replace shade trees whose impacts mismatch their needs,
for instance shade trees providing environmental benefits but little
to no economic incentive (Nath et al., 2016). Shade tree species se-
lection is thus a pivotal step in designing and promoting successful
and long lasting agroforestry systems.

Most research and initiatives for shade tree promotion in farming
systems have so far focused on a limited number of well-documented
tree species (Hastings et al., 2020). These few tree species, albeit
often successfully grown in small-scale pilot projects, cannot fit all
the various social and ecological conditions needed for scaling up
agroforestry practices beyond initial project sites, and thus did not
lead to widespread dissemination of promoted agroforestry systems
(Coe et al., 2014). In response, a growing number of studies started
advocating the use of participatory methods and increased reliance
on farmers' local ecological knowledge (LEK). LEK refers to a body of
knowledge, practice and belief held by stakeholders, gained through
personal observations and interactions with their local ecosystem
(Charnley et al., 2007; Olsson & Folke, 2001). One reason behind
the increased reliance on LEK is its complementarity with existing
databases and academic knowledge, allowing researchers to screen

agroforestry systems versus in full sun; (i) providing a clear pathway for vali-

dation of the results; (iv) using tree species' functional traits to generalize the

agroforestry, decision support tool, ecosystem services, farming practices, local ecological
knowledge, shade tree species, trade-offs

through large pools of native tree species to identify locally suitable
ones (Smith Dumont et al., 2019; Uprety et al., 2012). In addition,
the use of participatory methods results in higher levels of engage-
ments from local stakeholders, better fits between agroforestry sys-
tem designs and farmers' needs, and therefore increased adoption
rates (Smith Dumont et al., 2019). Therefore, the use of participatory
methods and reliance on LEK to develop locally adapted tree spe-
cies recommendations is gaining popularity in conservation studies
(Charnley et al., 2007; de Albuquerque et al., 2009), forest resto-
ration studies (Chechina & Hamann, 2015; Fremout et al., 2021) and
agroforestry studies (Smith Dumont et al., 2014, 2018). Furthermore,
a few digital tools based on LEK have emerged to guide tree species
selection (Fremout et al., 2022; Reubens et al., 2011). Yet, LEK stud-
ies to guide tree species selection often lack comparability and face
methodological challenges to collect LEK (Barber & Jackson, 2015;
Thomas et al., 2007), analyse it (Charnley et al., 2007; Gosling &
Reith, 2020) and link it to farming practices and all the way to prac-
tical recommendations (Uprety et al., 2012; Valencia et al., 2015).
There is therefore the need to develop and test robust methodolo-
gies to document farmers' LEK with a view to recommending shade
tree species tailored to local needs.

Methodologies based on qualitative approaches are well
adapted to investigate in-depth knowledge, especially when this
knowledge is held only by a few stakeholders, and to map complex
interaction networks. Tools such as the Agroecological Knowledge
Toolkit (AKT) are specifically designed to generate causal diagrams
(Sinclair & Walker, 1998), useful to disentangle the complex net-
work of interactions within agroforestry systems. Participatory
mapping (Tusznio et al., 2020) and narrative field walks (Jerneck
& Olsson, 2013; Suérez et al., 2012) are other increasingly popular
methods to document farmers' qualitative knowledge. The result-
ing in-depth understanding can in turn provide knowledge un-
known to the academic sphere, such as the classification of shade
tree species into “fresh” and “hot” categories documented by
Cerdan et al. (2012). It can help identifying and designing farming
practices to solve complex issues, such as that of pest regulation
(Liebig et al., 2016). This is especially the case in areas where farm-
ers benefit from long standing farming systems and the associated
traditional ecological knowledge (Cerdan et al., 2012; Charnley
et al.,, 2007). As opposed to areas in rapid mutations, such as
coffee areas found in southeast Asia (Nguyen et al., 2020; Rigal
et al., 2018) where local ecological knowledge is rapidly evolv-
ing based on farmers' recent experiences, and cannot be called
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traditional knowledge (Charnley et al., 2007). Finally, qualitative
approaches also allow the identification of constraints to the dis-
semination of results and adoption of practices, such as the lack of
access to germplasm (Smith Dumont et al., 2019).

Quantitative approaches in ethnobotany offer another way to
study LEK. Numerous indices have been developed to evaluate
species attributes from local knowledge such as species' cultural
importance or usefulness. Such indices are well suited for quan-
titative comparisons between species using statistical tools, and
identification of species with high potential for recommendations
(de Albuquerque et al., 2009). For instance, Suarez et al. (2012) de-
rived quantitative indices on tree species' usefulness, scarcity and
importance for wildlife from interviews to help select tree species
for reforestation in Mexico. Fremout et al. (2021) used local knowl-
edge to quantify tree species' usefulness (cultural importance index)
and threat status (salience index) for reforestation in the Andes.
Brandt et al. (2013) calculated the same indices to evaluate tree spe-
cies in agroforestry systems in Bolivia. These quantitative methods
prove to be especially efficient when the investigated knowledge is
shared among large groups of respondents, allowing for statistical
approaches, but become of limited use when only few respondents
hold the knowledge. Furthermore, these methods are powerful in
describing attributes or performances, but not in explaining or inves-
tigating causal relationships in complex biotic networks. Qualitative
and quantitative approaches thus provide complementary results
and can benefit from being combined.

The ShadeTreeAdvice methodology was developed and intended
as a standardized methodology to document farmers' knowledge on
shade tree species and their provision of ecosystem services (van der
Wolf et al., 2016). It partakes in a quantitative approach through the
development of alternative indices for tree species' performances. In
this methodology, the documentation of farmer's knowledge takes
place through rankings of tree species they are most familiar with.
Rankings are then converted into scores representing the perfor-
mances of each shade tree species and allowing their comparisons
(Turner et al., 2020; Turner & Firth, 2012). The methodology was
first developed and tested in East Africa (Gram et al., 2017) before
being replicated and adapted in West Africa, Southeast Asia and
Central America. Importantly, the methodology goes all the way to
practical recommendations through an online decision-support tool
(www.shadetreeadvice.org). Results are uploaded to the online tool
and translated into applicable information for farmers and extension
agents, guiding the selection of shade tree species tailored to local
contexts and individual's preferences. In recent years, several enti-
ties spanning development agencies, local governments and private
companies expressed their interest in the tool to support the design
of local agroforestry programs (personal communications), confirm-
ing the relevance of the methodology and of the associated online
tool.

The ShadeTreeAdvice methodology was applied in eight studies
between 2016 and 2020, both in coffee and cocoa growing regions,
and results were uploaded online. The article presents these eight
ShadeTreeAdvice studies and synthesizes their findings, by nature

context-specific, to draw general lessons about farmers' LEK and use
of shade tree species. More specifically, this article (i) explores the
similarities in shade tree species use and performances across study
areas; (ii) investigates the importance of ES as drivers of agroforestry
practices and identifies knowledge gaps associated to important ES;
(iii) links LEK to socio-economic and environmental factors. Based
on this synthesis, the article then points out the strengths and lim-
itations of the current ShadeTreeAdvice methodology and suggests
methodological improvements to deepen and broaden the research
scope of future studies. Lastly, feedback from users of the decision-
support tool are briefly presented along with avenues to improve the
tool and expand its use.

2 | MATERIALS AND METHODS
2.1 | Presentation of ShadeTreeAdvice

The methodology was standardized by van der Wolf et al. (2016)
with the following steps: (1) selection of the study area and farm-
ing systems; (2) identification of the most important ecosystem
services for local farmers through participatory methods; (3)
listing of local shade tree species through free listing by farm-
ers and farm inventories; (4) stakeholder interviews and ranking
of shade tree species for provision of locally important ES; (5)
analysis of ranking data with Bradley-Terry analysis to estimate
performances of tree species; (6) comparison of results with exist-
ing scientific knowledge. This methodology revolves around two
central concepts: the emphasis given to local solutions to solve
local challenges (steps 1 to 3) and the search for the right balance
between efficiency of data collection and robustness/usefulness
of results (steps 4 to 6).

Local ecological knowledge gathered with the ShadeTreeAdvice
methodology feeds into a decision-support tool available at www.
shadetreeadvice.org. The list of studies is displayed on a map and
linked with the corresponding articles. In the tool tab, users can se-
lect their area, their crop and a set of ES that they consider a priority
for their farming system. The tool combines the scores of shade tree
species for the selected ES, and displays their rankings in a chart.
This allows the user to screen through the list of shade tree species
and identify those with high potential to meet specific needs.

2.2 | ShadeTreeAdyvice studies

The present article reviews the results from studies conducted
between 2016 and 2020 that follow the ShadeTreeAdvice meth-
odology (Table 1). There were eight studies, spreading across
three continents—four studies were carried out in Africa, three in
Southeast Asia and one in Central America—and spanning three per-
ennial crops—six studies related to Arabica coffee (Coffea arabica),
one to Robusta coffee (Coffea canephora var. robusta) and one to
cocoa (Theobroma cacao).
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TABLE 1 list of the 8 studies conducted using the ShadeTreeAdvice methodology between 2016 and 2020

No. of farmers No. of tree

Country Main crop interviewed species ranked
Ghana Cocoa 110 27
Uganda (a) Arabica coffee 301 20
Laos Arabica coffee 83 29
China Arabica coffee 124 30
Uganda (b) Robusta coffee 300 27
Tanzania Arabica coffee 263 22
Nicaragua Arabica coffee 65 29
Vietnam Arabica coffee 118 25

In these studies, the ShadeTreeAdvice methodology was not
only used to gather knowledge on shade tree species and feed the
decision support tool, but also to investigate site-specific research
questions related to LEK and the use of shade tree species in local
agroforestry systems. In particular, most studies investigated the
link between shade tree performances and environmental factors
(Table 1). In Ghana and Central Uganda, the authors compared the
performances of shade tree species in areas of low and of high
precipitation, and highlighted nuances in farmer selection and
management of shade trees according to precipitation (Bukomeko
et al., 2019; Graefe et al., 2017). On Mount Elgon in Uganda and
on Mount Kilimanjaro in Tanzania, the authors investigated farm-
ers' priorities and shade tree preferences across elevations (Gram
etal., 2017; Wagner et al., 2019). And in the Bolaven Plateau in Laos,
Lépine (2018) compared farmers' knowledge and priorities in areas
of high and low soil fertility.

The methodology was also used to explore the link between
LEK and farming practices or socio-economic factors (Table 1). In
Nicaragua, Carpente (2020) investigated farmers' preferences and
use of shade trees inside coffee plots versus on plot edges, and
compared perceptions of tree species between gender. On Mount
Kilimanjaro, Wagner et al. (2019) compared farmers' priorities and
knowledge on trees with the actual tree species composition of their
farm, with farmers' affiliation to farmer groups and between gender.
In Vietnam, Nguyen et al. (2020) investigated farmers' tree species
preferences according to gender, ethnicity, their distance to road and
access to market. And in Yunnan Province in China, Rigal et al. (2018)
researched the emergence and evolution of LEK on shade trees
alongside the emergence of large-scale agroforestry landscapes and
compared perceptions of tree species between gender, ethnicity.

In the rest of the article, results specific to shade tree species and
their provision of ES will only be drawn from the six ShadeTreeAdvice
studies focusing on Arabica coffee. This will ease comparison be-
tween study sites with similar farming systems. General experiences
regarding the methodology, its use and limitations will be drawn
from the eight ShadeTreeAdvice studies, including the two studies
on Robusta coffee and cocoa.

Factors of LEK analysis Reference

Graefe et al. (2017)
Gram et al. (2017)
Lépine (2018)

Rigal et al. (2018)

Precipitation
Elevation, gender
Gender, soil type

Ethnicity, gender, farming system age
and diversity

Bukomeko et al. (2019)
Wagner et al. (2019)

Precipitation

Affiliation to farmer groups,
elevation, gender, farming system
composition

Carpente (2020)
Nguyen et al. (2020)

Gender, tree position in farm

Ethnicity, gender, distance to road

2.3 | Shade tree species and their perceived
performances

The list of tree species documented across the six ShadeTreeAdvice
studies on Arabica coffee was compiled to identify those most com-
monly used in coffee agroforestry systems in the study areas. Trees
were categorized by species, families and classified as either “fruit
trees”, “trees for other products (timber, firewood and fodder)” or
“trees for provision of ecosystem services”, according to their main
benefit as defined by farmers. Best performing trees were identified
in all study sites based on their scores for three categories of ES
listed below, and compared to draw general conclusions between
tree species or families, tree attributes and farmers' perceptions.
The three categories of ES selected for this analysis were ES related
to soil regulation (the category of ES ranked in most studies), a sec-
ond focus on ES related to coffee production (the main economic pil-
lar of coffee farming systems), and a third focus on fruit production

(a provisioning service especially important for smallholder farmers).

2.4 | Ecosystem services and knowledge gaps

The list of ES identified as locally important by farmers and docu-
mented across the six ShadeTreeAdvice studies on Arabica coffee
was compiled. ES were classified into services related to coffee pro-
duction (coffee yield and quality), microclimate regulation (protec-
tion from cold and heat), soil regulation (soil fertility, soil moisture,
root competition, litter provision, erosion control), weed control,
pests and diseases control, tree products for income generation
and/or self-consumption (timber, fuelwood, and fodder on the one
hand, fruit as a separate category) and enhancement of biodiversity.
In four studies, shade tree species were also ranked for their attrib-
utes (suitability of shade provision, tree growth rate and tree adap-
tation to local growing conditions) and for their impacts on farming
practices (need and ease of pruning, impact on fertilizers needs for
coffee/cocoa). ES, tree attributes and farming practices included in
most studies across the six studies on Arabica coffee were identified
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as both locally most relevant to farmers and easily ranked by them.
The services, attributes and practices with few rankings were identi-
fied as less relevant to farmers, while those pointed out by authors
as difficult to rank by farmers were linked to knowledge gaps.
Knowledge gaps were also identified through pairwise compar-
isons of tree species' scores. Indeed, ES where tree species' scores
are most distinct from one another and where standard errors are the
smallest reflect high consistency in farmers' rankings. Whereas ES
where scores are similar and standard errors are the highest reflected
disagreements among farmer rankings, therefore hinting at knowl-
edge gaps. For each study site and ES, the percentage of significantly
different scores were calculated using pairwise comparisons of tree
species' scores with the Wald test. These percentages were averaged
across the new classification of ES listed above, providing an indicator

of depth and consistency of farmers' perceptions of tree species.

2.5 | Linking LEK to socio-economic groups and
environmental factors

All studies investigated specific aspects of the relationship between
farmers' priorities, their perceptions and/or their farming practices
between various socio-economic groups and along environmental
gradients. To do so, authors attempted various types of compari-
sons and correlations between locally important ES, tree species
rankings and farm compositions between groups of farmers and
under contrasted environmental conditions. We listed these at-
tempts and compared their outcomes, to review the potential for
the ShadeTreeAdvice methodology to investigate sources and driv-
ers of farmers' LEK through a quantitative approach. Furthermore,
we detail the methods used by authors to select their respondents

and discuss the impacts of their sampling methods.

2.6 | Improvements in ShadeTreeAdvice

Since the inception of the ShadeTreeAdvice methodology in 2016 (van der
Wolf et al., 2016) researchers and practitioners have identified its streng-
hts and been confronted with its limitations. They tested improvements
through trials and errors, notably to help investigating sources and drivers
of LEK, to test robust methods of validation of the results, or to further
convert the results into practical recommendations to farmers. Based on
their feedback, we review the limitations and suggest a series of improve-
ments in the ShadeTreeAdvice methodology to better guide practitioners
in future studies. Furthermore, we discuss feedback received from users of
the decision-support tool and suggest avenues to improve it and contrib-
ute to its better integration in the design of agroforestry programs.

3 | RESULTS AND DISCUSSION

Studies following the ShadeTreeAdvice methodology are by defi-
nition grounded in a local context, reflecting the fact that farming

systems, shade tree species and LEK are all context specific. In
particular, LEK is specific to a set of environmental conditions,
local practices and perceptions, and should not be taken out of
its context (Charnley et al., 2007; Tebboth et al., 2020; Tusznio
et al., 2020). Keeping in mind the challenges inherent to a review
of studies grounded in local contexts and the limits of LEK com-
parison, we highlight in this section general findings in line with the
common comprehension of tropical agroforestry systems and with
studies pertaining to LEK and tree species, thus demonstrating the

relevancy and reliability of the ShadeTreeAdvice approach.

3.1 | Shade tree species and their perceived
performances

Ecological conditions, partial use of indigenous tree species,
socio-economic factors, and access to market all lead to a huge
variety in tree species used between different study sites (a total
of 135 different species in the six studies on Coffea arabica). This
makes comparisons on species level challenging, as only eight tree
species are present in more than two study sites. One approach
consists in comparing at family levels instead. When comparing
the five highest ranked tree species for soil regulatory services be-
tween the studies, Fabaceae and Moraceae were identified as the
most common families found in five different countries (Figure 1).
Fabaceae is a large, diverse and widely distributed family. It is not
only the most common family for the highest ranked tree species
for soil regulatory services but, with 23 different species (17% of
all species), it is also the most common family in the rankings of all
studies. Albizia schimperiana and Leucaena leucocephala, the high-
est ranked tree species for soil regulatory services in Tanzania and

Vietnam belong to this family. The prevalence of tree species from

FIGURE 1 Shade tree families ranked in the top five for soil
regulation services in the different rankings
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the Fabaceae family is a feature frequently observed in smallholder
coffee farming systems (Hundera, 2016; Tscharntke et al., 2011),
explained by their ability to form atmospheric nitrogen-fixing sym-
biotic relationships with rhizobia bacteria and contribute to soil
fertility. Their leaves, usually being compound, also provide light
shade conditions suitable for coffee. Two other tree species were
noticeable. Bischofia javanica, which belongs to the diverse fam-
ily Phyllanthaceae, was the highest ranked tree species in China
and Laos for improving soil fertility. The crown of B. javanica is
denser but was perceived as beneficial to soil fertility due to
high amounts of leaf litter and increased nutrient cycling (Rigal
et al., 2019). Cordia africana (family Boraginaceae) was the highest
ranked tree species for improving soil fertility in Uganda and is
known for providing good mulch.

Rankings of tree species were quite similar within study sites for
services related to soil regulation as discussed above, coffee produc-
tion (yield, quality, and life expectancy of coffee trees), and the tree
attribute “providing good quality shade”. If a tree species was ranked
in the top five for one of these services or tree attributes, it was very
often also ranked high for the two others. In Tanzania and Uganda, this
was the case for four of the five tree species, and in Laos, Vietnam
and Nicaragua, for two. The highest ranked species was also the same
for all selected ES in Tanzania (A. schimperiana), Uganda (C. africana),
and Vietnam (L. leucocephala). These tree species were also frequently
highly ranked for other ES not directly linked with coffee production.
This raised the question of whether these tree species are exceptional
in providing several beneficial services or if their high ranking is due
to biases in farmers' perceptions. The ShadeTreeAdvice methodology
could not always help clarify this point. Further comparison with exist-
ing academic knowledge when possible, or comparison of perceptions
between groups of farmers potentially less prone to biases, could help
clarify this point in future studies.

Fruit trees were frequently ranked in the studies, not surprisingly
considering that farmers ranked fruit provision as an important ES in
four out of six ShadeTreeAdvice studies (Table 2). When categorized
under the most important benefit they provide (trees for fruits, trees
for other products or trees for ecosystem services), between 20%
and 68% of the ranked species in every study sites belonged to the
fruit tree category, with 44 different species overall (and 33% of all
species) (Figure 2). The four shade tree species most common across
studies were all fruit trees, confirming their importance and show-
ing that they are more widely spread across the world compared to
other tree species. Psidium guajava and Mangifera indica were ranked
in all six studies. Persea americana and Artocarpus heterophyllus were
also widespread and ranked in five studies, with Persea americana
only absent in China and A. heterophyllus only absent in Nicaragua.
Several Citrus spp. were included in the rankings making this genus
the most common, even though none was ranked in Uganda or
China. This genus was followed by Musa, Psidium, Persea, Ficus and
Mangifera, all ranked on all three continents.

Some differences between countries can be observed. Vietnam
had a much higher proportion of fruit trees than other countries (68%).
High levels of chemical inputs and overall good access to market

TABLE 2 Number of times the ecosystem services, shade tree attributes, and farming practices were used for ranking tree species in the studies on Arabica coffee. (*) indicates reports of

knowledge gaps and difficulties of analysis by authors. (!) indicates that authors excluded an ES from analysis due to knowledge gaps. The last column presents the mean percentage across the

six studies (+ standard error) of pairs of tree species with significantly different scores

Pairwise

Nicaragua Tanzania Uganda Vietnam Total comparison

Laos

China

Rankings

73% +8%
79% +9%

18
11

2(

Soil regulation

Ecosystem services

77% +11%
76% +12%

76% +4%

Microclimate regulation

1()

Coffee production

Tree products (timber, fuelwood, fodder)

80% +12%

59% +2%

Tree products (fruits)

Weed control

87% +7%

Pest and disease control

77% +8%

Biodiversity

D o I I |

D B o B B o |

Shade provision

Shade tree attribute

Growth rate

Adapted to local conditions

Shade tree pruning

Farming practice

Fertilizer input
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FIGURE 2 Proportion of trees
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explain why farmers in Vietnam prioritize the production of fruits over
ecosystem services. Another contributing factor is favourable gov-
ernment policies. With economic benefits being the most important
driver for the majority of farmers in this region, some farmers plan to
replace coffee with fruit trees when fruits are more profitable than
coffee. Other tree products (timber, firewood, and fodder) were not a
priority in China, Vietnam and Laos (Table 2). The proportion of these
tree species was below 30% in these countries, while it was above
30% for Nicaragua, Uganda and Tanzania. This shows the influence
of farmers' priorities and socio-economic conditions on the selection
of tree species. The history of farming systems is another important
factor. One scenario is the transition from monocrop to agroforestry
system with farmers actively deciding which tree species to plant.
This selection can also be influenced by promotions, for example the
“Lao Upland Development Project” promoted local legume trees for
shade (Lépine, 2018), which might contribute to the high proportion
of trees solely for ecosystem services. Another setting is the transition
from formerly forested land. Here, farmers decide on which trees to
remove. In this scenario, it could happen that more tree species pro-
viding ecosystem services remain on the farm, which might have been
the case for Uganda. This setting is also common in farming systems
where trees can regenerate naturally. The choice becomes then more
opportunistic in nature, compared to farming systems where pur-
poseful planting of seedlings is the norm. For the latter, the choice of
trees is more directly linked with the benefits and ecosystem services
sought by the farmer. This was especially the case in Uganda.

3.2 | Ecosystem services and knowledge gaps

The number rankings for tree products, whether food, timber
and other non-timber tree products, highlights the importance of

4%
0,
15% 20%
28% || 37.9%
46.7%
35% Major ES
30% provided
Ecosystem
services
20.7% Tree products
except fruits
Fruits
0,
33.3% 68%
50% 50%
41.4%
20%
Uganda Tanzania China Vietnam Laos

provisioning services (Table 2). It emphasizes the importance of eco-
nomic benefits in farmers' priorities, sometimes over environmen-
tal benefits (Chechina & Hamann, 2015; German et al., 2006), and
calls for widening the methodology beyond sole environmental ser-
vices to better capture and reflect farmers' needs (Nath et al., 2016;
Tusznio et al., 2020). More generally, the diversity of rankings con-
sidered locally important by farmers corroborates a holistic vision of
their farming systems and supports their preferences for multipur-
pose tree species (Mekoya et al., 2008).

Ecosystem services related to soil regulation were the most
common in the six LEK studies on Arabica coffee, with a total of 18
rankings (Table 2). Yet, only one study specifically mentioned com-
petition from root systems. Most indicators related to litter and soil
erosion, therefore visible indicators, hinting at a knowledge gap on
belowground impacts and root distribution (Reubens et al., 2011).
ES related to coffee production, which encompassed coffee yield,
coffee quality and life expectancy of coffee trees, were only ranked
a total of 8 times despite their major importance for coffee farmers.
This low number of rankings can partly be explained by difficulties to
rank the impacts of shade trees on coffee quality (Rigal et al., 2018)
and could indicate a knowledge gap in coffee producing regions,
where farmers either do not drink coffee or are not economically in-
centivized to produce high quality coffee. The impact of shade trees
on pests and diseases is of particular importance as it was reported
as a major concern in all study areas. However, rankings could not
be conducted in China and Nicaragua, due to knowledge gaps. Only
two rankings were reported in Uganda, and they highlighted the dif-
ficulty of conducting rankings for these regulatory services due to
challenges in the analysis.

Pairwise comparisons of tree species' scores using Wald tests
provided another pathway to confirm the above knowledge gaps. The
lower this percentage, the more inconsistencies in farmers' rankings
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TABLE 3 characterization of respondents in the 8 studies conducted between 2016 and 2020

Farm size and dependency on

coffee/cocoa

Source of farmers'

contact

Reference

Land tenure

Market integration

Social factors

Country

Graefe et al. (2017)

Cooperative,

Ghana

certification, other

Gram et al. (2017)
Lépine (2018)

Gender Smallholder farmers (<2 ha)

Uganda (a)

Direct links to specialty market Long term lease from government

Smallholder farmers, 72% of income

Gender

Cooperative

Laos

from coffee

Rigal et al. (2018)

Long term lease from government

Smallholder farmers (<2 ha), workers Direct links with national and

Gender, ethnic

Certification,

China

international agribusinesses

from large coffee farms, farm

managers

minority

extension workers

Bukomeko et al. (2019)
Wagner et al. (2019)

Uganda (b)

Smallholder farmers (<1 ha)

Gender, involvement

NGO, other

Tanzania

with NGO

Poorly connected to roads and Tumultuous history of land Carpente (2020)

Farmers (<5 ha), with >65% of land

Gender, age

NGO

Nicaragua

distribution and appropriation

markets

dedicated to coffee

Nguyen et al. (2020)

Medium/well connected to roads

Smallholder farmers (<2 ha), with

Gender, ethnic

Extension workers

Vietnam

and markets

65% dedicated to coffee

minorities

and perceptions of tree species impacts. Even within the ecosystem
services related to soil regulation, differences can be observed. An
overall similar perception among farmers and high agreement on the
higher performances of some shade tree species over others was in-
dicated for mulch provision (an average of 77%+9% of all pairwise
comparisons of tree species scores were significantly distinct [four
rankings]). This was also indicated for erosion control (average of
69%+5% [four rankings]), while there was less agreement among
farmers for root competition (only 62% [one ranking]), confirming
that visible ES were easier to rank, while belowground ES were more
often associated to knowledge gaps. The same analysis conducted on
regulation of pests and diseases provides another example of the way
pairwise comparison can support the identification or confirmation
of knowledge gaps. The rankings related to pest and disease regula-
tion brought the least information on shade tree species impact, with
an average of only 59% + 2% of all pairwise comparisons being signifi-
cantly distinct (two rankings). Therefore, this result supports the fact
that there is a knowledge gap on the impact of shade tree species
on pests and diseases regulation, and that further research in these
complex biotic networks is needed to fill these gaps and complement
LEK (Liebig et al., 2016; Mistry & Berardi, 2016).

3.3 | Linking LEK to socio-economic groups and
environmental factors

In order to ensure the reliability of LEK and of subsequent rec-
ommendations from the online tool, priority should be given to
gathering knowledge from local experts rather than from a pool of re-
spondents representative of the study area (Davis & Wagner, 2003;
Ruddle & Davis, 2013). These local experts should be agroforesters
with first-hand experience of ES provision by shade trees. The richer
the respondents' experience, the more comprehensive the results
(Cerdan et al., 2012). Most ShadeTreeAdvice studies relied on ex-
isting databases of cooperatives, NGO programs, and certification
schemes to identify smallholder farmers with agroforestry systems,
considered local experts (Table 3). Extension workers provided an
alternative source of contact information to identify local experts.
One consequence is that interviewed farmers are often better
linked to market and international projects than average farmers
in the study area. This could have an influence on the LEK as well
since these farmers could be influenced by tree species promo-
tion or the knowledge of the extension service. Most studies then
used random sampling techniques to extract a sample of farmers
from within these databases of local experts, or used semi-random
techniques to include representatives of major socio-economic and
demographic groups in their sample, often with a specific focus on
gender (Table 3). Characterizing cultural, socio-economic, and de-
mographic groups is important since LEK is known to be associated
with criteria such as gender (Ayantunde et al., 2008), age or migra-
tion (Mathez-Stiefel et al., 2012), and ethnicity (Yuan et al., 2014). It
can also be associated with farming practices, as shown by Cerdan
et al. (2012) who pointed out a deeper understanding of trees'
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impacts from organic farmers than conventional farmers. Not only
LEK but also preferences and priorities are related to respondents,
as Tebboth et al. (2020) pointed out with their study on invasive spe-
cies and the fact that ES can simultaneously be considered benefi-
cial by some stakeholders and detrimental by others. Farmers with
land tenure issues and low access to market will also exhibit different
priorities than farmers in less vulnerable states (Nath et al., 2016).
Characterizing these factors and understanding the differences in
perceptions and priorities associated with them helps to tailor rec-
ommendations to answer farmers' specific needs. To carry out this
analysis under the ShadeTreeAdvice methodology, researchers can
run separate Bradley-Terry or Plackett-Luce analyses on subgroups
and compare the resulting tree species' scores, or directly add co-
variables into the mathematical model (Turner et al., 2020; Turner
& Firth, 2012). This depth of analysis corroborates the use of the
ShadeTreeAdvice methodology to document LEK, and can help re-
searchers validate their results and recommendations.

Following this method, ShadeTreeadvice studies highlighted
the many differences in perceptions and priorities between socio-
economic groups. For instance, ethnicity was related to differences
in perceptions and preferences in China (Rigal et al., 2018): farmers
from mountainous ethnicities were more eager to select indigenous
tree species than farmers from lowland ethnicities, even though they
perceived higher belowground competition from these tree species
than farmers from lowland ethnicities did. In Tanzania, women per-
ceived Musa spp as more beneficial for soil fertility while men pre-
ferred Rauvalfia caffra for the same ES (Wagner et al., 2019) while, in
Nicaragua, women had more difficulties than men to rank tree species
for soil fertility (Carpente, 2020). In Vietnam, proximity to roads was
the most important factor influencing the overall preference of shade
tree species: farmers in close proximity to roads and hence market ac-
cess mostly selected fruit tree species, while farmers in more remote
areas preferred timber and N-fixing tree species (Nguyen et al., 2020).
On the other hand, ShadeTreeAdvice studies rarely discussed land
tenure status and farmers' linkage to market and extension services
(Table 3). Researchers using ShadeTreeAdvice should carefully doc-
ument these aspects in future studies, and better characterize the
social, economic, and cultural context prior to selecting their pool of
local experts. The pool of local experts does not need to be perfectly
representative of the community. Gathering reliable and accurate LEK
is the first priority of the methodology. Yet, the gathered LEK must
result in tailored recommendations for wealthier farmers as well as
more vulnerable or marginalized farmers.

Differences in priorities and perceptions were also related to
agroecological conditions. For instance on Mount Elgon in Uganda,
farmers at high elevation gave higher priority to mulch provision
and erosion control while farmers at low elevation gave higher pri-
ority to microclimate regulation (Gram et al., 2017). In Laos, differ-
ences in species preferences were associated with soil fertility, with
the N-fixing Erythrina ovalifolia better ranked in more fertile areas
(Lépine, 2018).

This quantitative methodology proved suitable to study differences
in perceptions among groups of farmers. Yet, its accuracy diminishes

when running analyses on subgroups with few individuals and rank-
ings. This could explain the difficulty to detect differences between
men's and women's perceptions and preferences (Lunelli et al., 2016;
Sari et al., 2020), especially considering the difficulty of having gender-
balanced pools of interviewees. Only two studies relying on the
ShadeTreeAdvice methodology detected differences (Carpente, 2020;
Rigal et al., 2018). In future studies, the addition of a last ranking dedi-
cated to overall preferences (section 3.4.3) should help highlight differ-
ences in gender priorities (Meemken et al., 2017). New mathematical
models to identify clusters of respondents based on their rankings
could also prove fruitful in this regard (Biernacki & Jacques, 2013).

Lastly, while analysing the differences in priorities and perceptions,
attention must be paid to potential collective biases from respondents.
Quantitative approaches allow the comparison of LEK between dif-
ferent groups of farmers and can help identify biases and knowledge
gaps during the validation process (Rigal et al., 2018). However, this
approach is limited and must be complemented with qualitative state-
ments from farmers to identify the sources of their LEK in an attempt
to identify potential biases. This was particularly evidenced in China
and Laos, where it was shown that promotion campaigns of shade tree
species had a strong impact on farmers' preferences and perceptions.
In China, farmers had a positive bias for the nine shade tree species
promoted by local governments despite their competitiveness with
coffee (Rigal et al., 2018). In Laos, farmers ranked E. ovalifolia much
higher than any other shade tree species for all ES, partly as a result
of past programs promoting that species and of its current widespread
use (Lépine, 2018). This difficulty to identify collective biases calls for
improved methodological steps to validate the results.

3.4 | Improvements

The ShadeTreeAdvice methodology successfully allowed the collec-
tion and analysis of farmers' perceptions of over 160 tree species
and eight categories of ES in the eight study areas (Table 1). These
studies therefore demonstrated the relevance and efficiency of this
methodology in documenting LEK to recommend shade tree species.
Yet, this review also shows the need to further improve the methodol-
ogy. The methodology would particularly benefit from clear steps to
gather more comprehensive LEK and validate the results. According
to researchers and extension services, it would also be beneficial to
convert tree species' scores into sharper recommendations for farmers
on the ShadeTreeAdvice online tool. Here, we suggest a series of four
methodological modifications directly applicable in future studies and

discuss the need for future improvements to the online tool.

3.4.1 | Comparing the tree performances against
performances in the absence of shade trees

The scores resulting from the ShadeTreeAdvice methodology allow
the comparison of tree species' performances, to assess which spe-
cies provide the most of a targeted ES and which provide the least. In
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the context of an agroforestry system, the ShadeTreeAdvice tool can
therefore help identify the best-suited shade tree species. However,
it does not offer a comparison point with a monoculture system
without shade trees. In the context of conversion from monoculture
to agroforestry, it cannot help assessing whether or not this conver-
sion will be beneficial for a set of targeted ES. In other words, the
scores do not inform farmers whether coffee or cocoa agroforestry
systems will perform better or worse than in the absence of shade
trees, equivalent to a monoculture scenario.

This point can be illustrated by shade tree species' impact on
coffee production on Mount Elgon, Uganda. Based on recent eco-
physiological models (Rahn et al., 2018), shade is known to be bene-
ficial for yield at low elevations in this mountainous region. We can
therefore infer that coffee yield would be higher under C. africana,
the tree species with the highest scores for coffee yield, than in
monoculture systems. But would it still be higher under Terminalia
ivorensis or P. americana (two species with low to medium scores
for coffee yield) than in monoculture systems? Current information
from ShadeTreeAdvice studies does not give users information in
this regard.

A simple change in step 3 of the ShadeTreeAdvice method-
ology can yield this information in future studies. In past studies,
interviewees selected and ranked up to 10 cards representing tree
species with which they were familiar. In future studies, we suggest
that interviewees select an additional card representing the ab-
sence of shade trees. Ranking exercises can proceed with this new
set of cards. In this new configuration, the Bradley-Terry (Turner &
Firth, 2012) or Plackett-Luce (Turner et al., 2020) analysis will attri-
bute scores and standard deviations to the absence of shade tree,
reflecting the performances of a monoculture scenario for the cho-
sen set of ES. In this new configuration, monoculture (equivalent to
the absence of shade trees) can serve as a reference: tree species
ranking higher than monoculture systems provide services, whereas
tree species ranking lower than monoculture systems provide dis-
services (Figure 3). This change would benefit not only the end users
with more precise information; it would also add a reference point
to ease the comparison between tree species' scores and scientific
studies on shade tree provision of ES. Therefore easing the valida-

tion of the results.

3.4.2 | Going beyond ecosystem services with
farming practices

One of the underlying assumptions behind the rankings of
shade tree species for locally important ES is that ES are the
main drivers for shade tree species selection. Yet, they are not
the sole drivers of shade tree species selection. Bukomeko
et al. (2019), highlighted the fact that the ES selected in their
study did not always match farmers' needs. Wagner et al. (2019)
also emphasized the importance of taking into account the his-
tory of farming systems as well as more decision-making cri-

teria to understand farmer choices and on-farm tree diversity.

In both studies, the set of prioritized ES only partly explained
on-farm tree diversity. We therefore suggest widening the rank-
ings to any objective deemed relevant by local farmers, and in
particular to the impact of shade trees on farming practices.
For instance, intercropping coffee with fruit trees requires ad-
ditional management of fertilizer and pesticide inputs, prun-
ing, and harvesting, which raises the issue of labor availability
during harvest seasons. Fast growing tree species like L. leu-
cocephala decrease the labor needed for field weeding, but
require regular pruning and thinning to control shade and the
many offsprings. These management factors influence farmers'
selection of fruit trees or other tree species they intercrop with
coffee, and should therefore be included in the tree selection
tool alongside the tree species provision of ES.

Two studies on the need for fertilizers in Vietnam and ease of
pruning in Nicaragua have already started investigating the impact
of shade tree species on farming practices. These studies show that
the ShadeTreeAdvice methodology is well suited to score shade
tree species not only for their provision of locally important ES but
also for their impact on farming practices. Only step 2 of the meth-
odology needs to be adapted to accommodate this change. While
identifying locally important ES, researchers should also identify
the locally important farming practices impacted by shade trees.
Importantly, researchers should pay attention that the identification
of locally relevant ES and farming practices covering the priorities
of all farmers in the study area, including vulnerable and margin-
alized ones. The rest of the methodology remains unchanged. We
therefore advocate for future studies to better balance tree rank-
ings on the provision of ES and their impacts on farming practices, in
order to better reflect the needs of farmers and their main decision-
making criteria. This is especially important in intensive farming re-
gions such as in Southeast Asia, where short-term economic benefits
and labor availability are key constraints, and often influence tree
species selection more than their impact on soil fertility or micro-
climate regulation.

3.4.3 | Validation of results

After the collection and analysis of LEK, a thorough validation pro-
cess of the results must ensure accurate recommendations to farm-
ers (Ruddle & Davis, 2013). Researchers shall keep in mind that
LEK represents an autonomous body of knowledge and that the
validation process should not be seen as a mere validation of LEK
by scientific standards (Mistry & Berardi, 2016; Uprety et al., 2012).
Still, marked dissimilarities between LEK and academic or expert
knowledge should raise a flag passed on to end-users to present the
various points of view, in order to give them all the elements guid-
ing their decision-making process. These flags could equally reflect
differences in tree performances between studies due to differ-
ences in local conditions (Liebig et al., 2016), differences in percep-
tions due to differences in priorities among stakeholders (Tebboth
et al., 2020), collective bias in perceptions (Valencia et al., 2015)
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FIGURE 3 |llustration of scores after the addition of a card representing the absence of shade tree during rankings. The scores include
coffee monoculture as a reference point to determine whether shade tree species have a positive or negative impact on the selected

ecosystem service

as they could reflect scientific mistakes (Fremout et al., 2021) or
knowledge gaps and the need for further research on a specific topic
(Mistry & Berardi, 2016).

The ShadeTreeAdvice methodology already provides numerous
avenues for validation of the results. The first lies in the quantifica-
tion of tree performances through scores associated with standard
errors (Turner & Firth, 2012). The standard errors are indicators
of uncertainties, either highlighting knowledge shared among only
few respondents or discrepancies in perceptions among the re-
spondents. The comparison of LEK between different groups of re-
spondents is a second avenue for validation as it can help point out
disagreements and biases in perceptions (Cerdan et al., 2012; Rigal
et al., 2018). Previous ShadeTreeAdvice studies have also often con-
ducted focus group discussions at the end of the study, to present,
discuss and validate the results with communities in the study area.
Yet, the ShadeTreeAdvice methodology lacks clear guidelines to do
so.

We suggest two new methods to guide the validation of results,
based on trials and errors from previous studies. The first method
consists in checking whether the results from the ShadeTreeAdvice
methodology can link farmers' priorities with their current farming
systems. To do so, researchers check if tree species present on the
farm, and identified through on-farm inventory, display high scores
for the ES considered priorities by the farmer. The second method
consists in checking whether the recommendations from the
ShadeTreeAdvice tools are relevant in the case of a conversion from
monoculture to agroforestry. To do so, researchers include an addi-
tional ranking exercise in step 4, equivalent to farmers' overall tree
species preference if given a new monoculture plot. Researchers
then check if the preferred tree species match the tree species iden-
tified by the ShadeTreeAdvice tool given the respondents' set of pri-
orities for this new plot.

Marked differences between ShadeTreeAdvice outputs and
farmers' current practice or overall preferences would high-
light disagreements in shade tree species' scores and perceived

performances, or most likely indicate the omission of important
decision-making criteria for selecting and keeping shade tree spe-
cies. The identification of important yet omitted decision-making
criteria would require researchers to go back to step 2, and raise the
importance of going beyond sole rankings for ES as drivers of tree
species selection.

3.4.4 | Investigating functional traits

The ShadeTreeAdvice methodology enables documenting a wide
range of tree species, including species known by farmers but not
documented from field trial experiments. However, the methodol-
ogy does not enable documenting the least common tree species,
those for which farmers have little to no experience. Another limita-
tion lies in that it is hard to compare farmers' perceptions between
study sites, as only a few tree species are common between study
sites, the majority being fruit tree species. Even the scores of the
common fruit tree species cannot be easily compared between
study sites, as scores are only meaningful when compared to other
species ranked in the same study area, under similar growing condi-
tions, and in similar farming systems. This results for example in M.
indica being ranked within the top five tree species for improving
coffee production, soil fertility, and shade cover in Vietnam, while it
was ranked lower in other countries. Lastly, the scores indicate tree
species performances but they do not explain why some tree species
perform better than others.

One solution to complement the methodology and accommo-
date the above limitations could be to look at functional traits of
the different tree species. If correlations between functional traits
and provision of certain ES are drawn, functional traits could be
used as a proxy for explaining and extending the findings of fu-
ture ShadeTreeAdvice studies toward the least common shade
tree species (Funk et al., 2017; Lamond et al., 2016; Smith Dumont
et al., 2018). They could also be used as reference points to allow
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for better comparisons between study sites. For instance, it appears
that A. schimperiana, L. leucocephala, and E. ovalifolia, all belonging
to the Fabaceae Family, dominated the rankings across the studies
for improving coffee production (yield and quality), providing shade,
and improving soil fertility (improving soil moisture and providing
good quality mulch). The functional traits of this family, especially
the capacity to fix nitrogen and provide homogenous shade cover
through composite leaves, seem to be very beneficial for inclusion
in coffee agroforestry systems. It hints that other tree species from
the Fabaceae family, with similar functional traits, could have simi-
lar impacts. Furthermore, the highest ranked tree species in China
for coffee production (Phyllanthus emblica) has very small leaves
and hence might provide a similar shade cover as many species of
the Fabaceae family. Lastly, comparing the relationships between
functional traits and provision of ES derived from LEK with those
displayed in academic studies would provide a last avenue for vali-
dation of the results (Hastings et al., 2020; Hundera, 2016). Through
a finer understanding of farmers' LEK, these relationships could also
help explain discrepancies in perceptions if these arise from the new
validation process suggested in step 6. In future studies, we advise
investigating the tree functional traits and their relationship with ES
and farming practices through focus group discussions, expert in-
terviews, or by conducting a literature review during the validation
step.

In its current version, the ShadeTreeAdvice methodology al-
ready leads to the collection of qualitative knowledge during in-
terviews, when farmers are asked to comment on their rankings. It
not only allows the interviewers to ensure that interviewees have
understood the ranking exercise, but also reveals some of the links
between tree performances and tree attributes, and refines the un-
derstanding of farmers' drivers for tree selection and management
practices (Lamond et al., 2016). The methodology therefore already
results in the collection functional traits and tree attributes, how-
ever it does not currently provide room for the management of this
ecological knowledge and these comments are neither used in the
statistical analysis nor documented and displayed in the current
version of the ShadeTreeAdvice website. Given appropriate time,
researchers could combine the ShadeTreeAdvice methodology with
the AKT methodology to combine quantitative with qualitative anal-
ysis. Indeed, Smith Dumont et al. (2018) effectively combined both
approaches in Rwanda, using the AKT tool to map the interactions
between tree attributes and coffee yield, and analysing rankings of
tree attributes to identify shade tree species compatible with high
coffee productivity.

All of the above improvements to the ShadeTreeAdvice method-

ology are summarized in Figure 4.
3.5 | Practical recommendations from LEK and the
decision-support tool

Most studies on LEK point out the depth of knowledge of practi-
tioners and call for better integration of their LEK into policies and

restoration programs (de Albuquerque et al., 2009). Yet, only a few
studies go all the way to practical recommendations and decision-
support tools (Fremout et al., 2021; Reubens et al., 2011; Uprety
et al., 2012). Since the inception of the ShadeTreeAdvice methodol-
ogy, results of the studies have been uploaded online to feed such a
decision-support tool and help farmers select shade tree species. A
thorough validation process of the results is a prerequisite to upload-
ing the results online (Ruddle & Davis, 2013). The tool then allows
users to select a set of ES representing farmers' needs. It combines
the scores of shade tree species for this set of ES and displays the
results in a chart. Users can use this chart as a starting point, screen-
ing through the list of tree species to select a combination of species
that provide a good balance in terms of performances for the set
of select ES. Results from the eight initial studies show that best
performing tree species depend on the set of selected ES, therefore
confirming that shade tree selection needs to be tailored to match
farmers' needs (Bukomeko et al., 2019; Meemken et al., 2017).
Tree species providing good trade-offs among ES often rank higher
than species maximizing one ES at the expense of other services,
therefore corroborating the fact that multipurpose tree species are
favoured (Cerdan et al., 2012; Mekoya et al., 2008). Lastly, it also
confirms that several tree species often provide similar trade-offs,
thus showing that there is no single best tree species, and that
recommendations should emphasize combinations of tree species
(Tscharntke et al., 2011).

In its current form, the tool is not tailored to be directly used
by end-beneficiaries of the solutions (farmers). It is better suited to
trained extension agents who can subsequently make recommenda-
tions to farmers, based on their livelihood needs. Eventually, recom-
mendations from the tool could also be used in the setup of shade
tree nurseries or in the development of a landscape strategy that
goes beyond the individual farmers to tackle challenges such as soil
conservation in a hot spot prone to erosion, or connectivity between
patches of protected areas (Lake et al., 2018; Vaast et al., 2005). In
fact, there are many potential users for such a tool. As a web-based
tool, the assumption that smallholder farmers will be the major users
might ultimately be wrong since the majority of smallholder farmers
do not have internet access. Furthermore, the information from the
tool is currently only accessible in English. Early users based in China
already identified that language and the lack of local names could be
major barriers to using the tool. User research to identify the needs,
difficulties, and barriers of the target users, and package information
into something useful is fundamental in order to design a tool that
will ultimately be beneficial for farmers. It can be based on methods
such as human-centered design and participatory experiments with
short learning loops (Kenny et al., 2021).

Current feedback from users already hint at the need for rec-
ommendations on management practices, and more specifically
in planting density and suitable level of shade. While there is no
straightforward answer, as suitable levels of shade are context spe-
cific (Rahn et al., 2018), there is potential to add recommendations
on farming practices and spatial arrangements based on LEK, such as
spacing between trees, tree thinning as they mature, or species more
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FIGURE 4 Flow chart of the improved ShadeTreeAdvice methodology. Steps defined by van der Wolf et al. (2016) are underlined in

white, edits and suggested improvements are underlined in grey

suitable as hedgerows (Charnley et al., 2007; Mariel et al., 2021). In
future versions of the ShadeTreeAdyvice tool, recommendations for
combinations of shade tree species should also be completed with
recommendations for relevant temporal designs. The temporal de-
sign should maximize the benefits along the system lifespan, hence
not only in the long run but also during the initial stages of the con-
version toward agroforestry. For example, short-cycle annual crops
or fast-growing oil palms planted alongside cocoa trees can rapidly
control competitive weeds, while other native shade tree species
are established to build up a suitable tree canopy in the longer run
(Jagoret et al., 2012). Considering that access to germplasm is an-
other common limitation to planting tree species (Smith Dumont
et al., 2019), information on seed collection and propagation could
also be added (Fremout et al., 2022). More generally, the tool could
be linked to existing tree libraries, such as the ICRAF tree library
(http://db.worldagroforestry.org/), to retrieve additional informa-
tion about tree species. Lastly, the map of ShadeTreeAdvice studies
could indicate ecological zones to help users select the environmen-
tal factors closest to their conditions whenever this choice is given.

Finally, the current version of the tool provides a snapshot of
farmers' needs and farmers' perceptions of shade tree species per-
formances at the time of the study. Considering that LEK is known
to be dynamic and that farmers' perceptions are likely to evolve
with time (Charnley et al., 2007), for instance through changes in
their farming systems and local contexts or with the introduc-
tion of new candidate species in the area (de Albuquerque, 2006),
there is a need to make the tool more dynamic. This is corrobo-
rated by the fact that farmers' needs and constraints are also likely

to evolve with time, and that new challenges are likely to appear,
especially with climate change or the spread of new pests and dis-
eases (Bukomeko et al., 2018). For these reasons, future versions of
the ShadeTreeAdvice tool should encompass a digital space where
practitioners using the tool can enter feedback. Feedback would be
accessible to subsequent users and supplement the results, based
on initial perceptions of tree performances at the time of the study,

with additional information useful to put them into perspective.

4 | CONCLUSION

The initial eight ShadeTreeAdvice studies validate the original objec-
tives of the methodology and associated tool. The methodology suc-
ceeds in providing an efficient way to gather and analyse farmers' local
ecological knowledge, and to feed the results into a decision-support
tool to make tailored recommendations of tree species that cater to
needs and constraints in agroforestry systems. This method quickly
provides reliable foundations for a diversity of tree species and their
impacts on a wide range of ES. Further studies, and in particular ag-
ronomic and botanical experiments, can afterward complement the
results and focus on filling in specific issues raised by knowledge gaps.
The eight studies also validate the suitability of the method in a di-
versity of farming systems based on perennial crops (Arabica coffee,
Robusta coffee and cocoa insofar), and in a variety of locations, social,
cultural and agroecological contexts across continents.

Based on these experiences, we advise simple changes and ad-
justments to furtherimprove the methodology, without increasing its
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overall complexity nor significantly increasing the time necessary to
conduct the study: (i) adding one element to represent coffee mono-
culture as a reference in the rankings; (ii) extending the scope of tree
impacts beyond that of ecosystem services to farming practices;
(i) using tree functional traits as an avenue to generalize results;
(iv) adding a ranking step to reflect overall tree species preferences
and farmers' priorities to validate the results. Lastly, we recommend
researchers to better document the social, economic, and cultural
aspects of the study areas prior to selecting respondents, and keep
a critical eye on the links between LEK and the socio-economic and
cultural characterization of respondents. New studies are already
underway testing these improvements, while further extending the
ShadeTreeAdvice database (www.shadetreeadvice.org).

Future avenues for improvement should focus on the decision-
support tool itself, to better reflect the dynamic nature of both
agroforestry systems and local ecological knowledge. In addition,
its design should be more user-oriented, keeping in mind that pri-
mary users are not necessarily farmers but more likely public and
private extension services, NGOs an,d tree nursery managers. With
these improvements, ShadeTreeAdvice can eventually develop into
an even more efficient method for the promotion of tailored agro-

forestry systems across locations and perennial cropping systems.
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