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Abstract Understanding farmers’ perceptions of
and preferences towards agroforestry is essential to
identify systems with the greatest likelihood of
adoption to inform successful rural development
projects. In this study we offer a novel approach for
evaluating agroforestry systems from the farmer
perspective. The approach couples rapid rural apprai-
sal and normative optimisation techniques to deter-
mine favourable land-use compositions for meeting
various socio-economic and ecological goals, based
on farmers’ empirical knowledge and preferences. We
test our approach among smallholder farmers in
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Eastern Panama, obtaining data from household
interviews and using hierarchical cluster analysis to
identify farm groups with similar land-use and income
characteristics. We found that moderate differences in
farmers’ perceptions between these groups altered the
type and share of agroforestry included in the
optimised land-use portfolios that balance the achieve-
ment of 10 pre-selected socio-economic and ecolog-
ical objectives. Such differences provide valuable
information about potential acceptability of agro-
forestry within each group. For example, we found
that farmers who derive most of their farm income
from crops may be more willing to adopt silvopasture,
whereas farmers who are more economically depen-
dent on cattle may benefit from diversifying their land-
use with alley cropping. We discuss the potential of
this modelling approach for participatory land-use
planning, especially when dealing with small sample
sizes and uncertainty in datasets.

Keywords Alley cropping - Hierarchical cluster

analysis - Land allocation - Participatory rural
appraisal - Robust optimisation - Silvopasture

Introduction

Agroforestry has clear potential to enhance ecosystem
services within agricultural landscapes of tropical
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regions (Jose 2009). However, like any agricultural
innovation, farmers will only integrate trees into their
farming systems if they perceive agroforestry to align
with their objectives and available resources (Pannell
et al. 2006). Farmers’ attitudes towards agroforestry
will therefore play a key role for adoption (Frey et al.
2012; Meijer et al. 2014). Understanding how farmers
perceive the advantages and drawbacks of different
agroforestry systems will help to identify systems that
best meet farmers’ needs, and to target extension
activities accordingly.

Previous research into farmers’ knowledge and
perceptions of agroforestry has typically relied on
qualitative methods (e.g. Calle et al. 2009; Frey et al.
2012; Garen et al. 2009; Hand and Tyndall 2018).
Quantitative studies are less common and have been
mostly limited to temperate regions (Laroche et al.
2018; Shrestha et al. 2004). Quantitative data, how-
ever, are often needed for land-use modelling
approaches. These models can help analyse trade-offs
between various objectives achieved by different
farming and agroforestry systems, providing a pow-
erful decision support tool for researchers, policy-
makers and land managers (Kaim et al. 2018; Le Gal
et al. 2011). Farm level models can also serve as a
discussion aid to support co-learning between
researchers and farmers (Le Gal et al. 2013; Voinov
and Bousquet 2010).

Our study combines positive and normative
approaches to investigate farmers’ perceptions of
agroforestry and conventional land-use systems
(Fig. 1). We obtain quantitative data from farmer
interviews using a rapid rural appraisal technique in
which farmers evaluated the ability of six land-uses to
achieve 10 pre-defined socio-economic and ecological
objectives. In the first (empiric) analysis stage we aim
to understand potential differences in how distinct
groups of farmers perceive agroforestry. We use
hierarchical cluster analysis to group farms with
similar land-use and income strategies. It is known
that farm and household characteristics can influence
farmers’ attitudes towards agricultural innovations
(Meijer et al. 2014; Pannell et al. 2006). Therefore, we
are interested to compare the perceptions of each
farmer group to check for potential differences in how
they rated agroforestry relative to the conventional
land-use systems.

Empiric ratings, however, may not be enough to
understand farmers’ potential land-use decisions when
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striving to meet multiple household goals under
uncertainty. These ratings can identify the best land-
use for achieving a single objective, but identifying the
best mix of land-uses to achieve multiple objectives is
more difficult, especially if accounting for farmers’
uncertainty about the ability of each land-use to
achieve each objective. This uncertainty is important,
given that in regions where agroforestry is not
widespread, farmers may vary considerably in their
knowledge and familiarity of the systems. Therefore,
empiric ratings alone may be insufficient to assess
agroforestry’s potential to help meet the multiple
needs and constraints of heterogeneous farmer groups.

In the second stage of the analysis we therefore
move to a mechanistic, multi-objective modelling
approach, to investigate if agroforestry, as part of a
diversified land-use portfolio, might help to reduce
trade-offs between farm-level goals. Based on the
land-use perceptions of each group of farmers we
derive theoretically optimal land-use compositions
that balance the achievement of the pre-defined socio-
economic and ecological objectives under uncertainty.
This allows us to look beyond farmers’ existing land-
use decisions to investigate the likelihood of different
farmer groups to adopt agroforestry.

Testing this approach in a forest frontier region of
Eastern Panama, our research questions are:

e How do farmers with different land-use and
income strategies perceive agroforestry relative
to existing land-use systems?

e Will the type and share of agroforestry selected in
an optimised land-use portfolio differ between
farms with different land-use and income
strategies?

By exploring these questions we aim to show how
the coupled rapid rural appraisal and optimisation
approach may help tailor policy recommendations to
different groups of farmers, and to demonstrate its
potential for informing group discussions in partici-
patory planning processes.
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Fig. 1 Overview of research approach

Methods

Data collection

Study area and sampling method

We test our modelling approach with farmers in Torti,
a township with around 1600 inhabitants (INEC 2010)

on the Pan-American Highway, around 125 km east of
Panama City. The natural vegetation of the area is

classed as humid tropical forest, with 1910 mm annual
rainfall and a dry season from January to March
(ETESA 2018). Large-scale forest clearing began five
decades ago, when colonists from Panama’s western
provinces began to settle in the region. Pasture for
cattle grazing now comprises 64% of the land-use of
the wider Torti region, with 17% forest cover, 8%
cropland and 8% fallow land (INEC 2011).

We targeted farmers using a mixed sampling
method: going door-to-door in Torti and its
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surrounding villages, approaching landholders at a
local cattle auction, and asking interviewees to suggest
other farmers. The interview had two parts. First we
used a semi-structured questionnaire and participatory
resource mapping (where farmers drew a map of their
farm), to identify the current land-use composition of
each farm and obtain household data. We used this
data to identify groups of similar farmers via a cluster
analysis. In the second part of the interview we
quantified farmer opinion of different land-uses. We
used this data to compare the perceptions of the
different farm groups and to derive the optimised land-
use portfolios for each group. The interviews took
40 min to 3 h to complete and were conducted in
Spanish in April-May 2018.

Selected land-uses and indicators and their rapid
appraisal

Our study quantifies farmers’ perceptions of six land-
uses (Table 1) against 10 socio-economic and ecolog-
ical indicators (Table 2). Pasture, cropland, teak
plantation and natural forest represent the most
common land covers in the study area. In contrast,
alley cropping and silvopasture (with a tree density
of &~ 200 trees per hectare) are not commonly prac-
ticed in Torti: these two agroforestry systems repre-
sent innovative land-use systems for the region.

The 10 indicators against which farmers evaluated
each land-use were identified from previous studies in
Panama and Latin America (Table 2). They reflect
different goals that farmers may consider when

deciding what to produce on their farm, as well as
potential benefits and drawbacks of agroforestry.
Borrowing techniques from rapid rural appraisal
(Riley and Fielding 2001), we used ranking and
scoring to quantify farmers’ judgement of each land-
use against each indicator. Before starting the evalu-
ation task we described the land-uses with visual aids,
discussing each system with the farmer to ensure a
common understanding. Next we recorded farmers’
general preferences by asking interviewees to rank the
six land-uses from the one they like best to the one
they like least (they did so by arranging six cards
depicting each land-use in order of their preference).
Farmers then evaluated the land-uses against the
remaining indicators in two steps. First they ranked the
land-uses (by arranging the cards) from best to worst
for achieving a given indicator. They then scored the
performance of each land-use for that indicator on a
scale of 0-10. From these individual scores, y;;x, of
each farmer, &, for each land-use, [, and indicator, i, we
computed the mean score, ¥, », for the farm types, f,
identified in the cluster analysis (described next).

Empiric analysis to identify farm types
and corresponding land-use perceptions

During the interviews we asked farmers to identify all
land-uses on their farm and with the help of the farm
map quantify the area (in hectares) of each. We also
asked farmers about their management practices (e.g.
whether they use fertiliser and pesticides) and house-
hold characteristics (e.g. size of the household, sources
of on-farm income). Based on this interview data we

Table 1 Description of the six land-use options, /, that farmers evaluated

Land-use Description Source

Cropland Annual or (non-woody) perennial crops, grown as a monoculture or mix of crops on the same area Schuchmann
or rotated over time (2011)

Pasture Traditional pasture with 1.5-2 cows per hectare INEC (2011)

Alley Lines of teak grown every six meters, with rows of maize in between. Trees are grown for timber; Paul et al. (2017)

cropping shading prevents crop growth after 5 years

Silvopasture Traditional pasture with a tree density of around 200 trees per hectare and stocking rate of one Montagnini et al.
cow per hectare. Trees are either planted or regenerate naturally (in which case they are (2013)
guarded)

Plantation Teak plantation, trees planted with 3 x 3 m spacing, harvested after 20 years Paul et al. (2017)

Forest Natural forest, can be used to collect firewood and fruits, but not for commercial timber INEC (2011)

production
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Table 2 The 10 indicators, 7, against which farmers evaluated the six land-uses

i Name Description

Source

1 Long-term
income

Profit over 20 years

2 Labour
demand?®

3 Meeting
household
needs

4 Economic
stability

5  Liquidity

to cash when needed

6  Investment
costs®

7  Management®
complexity

8  Protecting
water supply freshwater

9  Protecting soil
resources

10  General
preferences

Man days (per hectare) needed to manage the land-use

The extent to which economic returns of the land-use withstand the effects of
extreme weather, pests and diseases and price fluctuations

Up-front costs of establishing the land-use

The need for special equipment, machinery, skills and knowledge

The extent to which the land-use can improve the availability and quality of

The extent to which the land-use maintains long-term soil productivity

Farmers’ preferences for each land-use option (proxy for cultural values)

Connelly and Shapiro
(2006) and Coomes
et al. (2008)

Tschakert et al. (2007)

The extent to which the land-use meets household needs for food and materials Fischer and Vasseur

(2002) and Tschakert
et al. (2007)
Connelly and Shapiro

(2006) and Coomes
et al. (2008)

Regular cash income, including how easily the farmer can convert an investment Coomes et al. (2008) and

Holmes et al. (2017)

Calle et al. (2009) and
Connelly and Shapiro
(2006)

Calle et al. (2009) and
Connelly and Shapiro
(2006)

Garen et al. (2009) and
Metzel and Montagnini
(2014)

Calle et al. (2009) and
Garen et al. (2009)

Knoke et al. (2014) and
Tsonkova et al. (2014)

‘Protecting water supply’ and ‘protecting soil resources’ are considered ecological indicators, the rest are socio-economic

“Indicators where lower values are more desirable (“less is better”)—for all other indicators “more is better”

used hierarchical cluster analysis to identify groups of
similar farms. We chose this analysis as an objective
way to divide farmers into groups that may be relevant
for political decision-makers. The cluster analysis
included 12 variables related to farm size and own-
ership, current land-use and management practices,
labour availability and income structure (Table 3).
Sources of on-farm income included crops, cattle,
timber and other processed products (e.g. honey from
sugarcane). We used standardised values (z-scores)
for each variable and squared Euclidean distance as
the similarity measure. We chose Ward’s method
because of its tendency to generate homogeneous
clusters that are relatively equal in size (Hair et al.
2014); this clustering algorithm is commonly used
when identifying farm typologies (e.g. Kobrich et al.
2003; Nainggolan et al. 2013). Following Hair et al.
(2014) we assessed the percentage changes in within-

cluster heterogeneity via the agglomeration schedule,
which suggested a three-cluster solution. This also
allowed for a meaningful interpretation when com-
paring the characteristics of each cluster; we therefore
decided to retain the three-cluster solution and refer to
the clusters as farm types.

Based on the individual land-use scores, Yy,
obtained in the farmer interviews, we computed the
mean Score, y; ¢, for the first nine indicators for the
three identified farm types, f, where K is the total
number of farmers in each group:

K,
. 1 & .
)’i,l.f—fsz:l:)’i,l,k f0r1_172737"'a97 (1)
for f =1,2,3..

We also computed the standard error of the mean,
SEM;, ;, where SD is the standard deviation:
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Table 3 Variables included in the cluster analysis

Name Description

Farm area

Percent owned
Percent pasture
Percent crops
Percent plantation
Main income cattle
Main income crops

Intensification

Total area managed by the farmer (ha)

Share of the farm area owned by the farmer (%)

Share of the farm area allocated to pasture (%)

Share of the farm area allocated to crops (%)

Share of the farm area allocated to plantation (%)

1 if > 50% of on-farm income comes from cattle, O otherwise
1 if > 50% of on-farm income comes from crops, 0 otherwise

Degree of land-use intensification: summed score of four bivariate variables (where 1 = yes, 0 = no):

irrigated, mechanised, uses pesticides, uses fertiliser

Land-use diversification
On-farm income
diversification

Percent on-farm workers
Percent household income

Shannon diversity index of farm land-uses (Eq. S1 in supplementary material)

Shannon diversity index of on-farm income sources (Eq. S2 in supplementary material)

Number of household members who work on the farm as a share of all household members (%)

Share of total household income generated by the farm, derived from ordinal responses: none = 0%, a
small amount = 25%, half = 50%, most = 75% and entire income = 100%

from farm
llf
SEM; 5 = fori=1,2,3,...,9;
VK (2)
forf=1,2,3

Following Knoke et al. (2014), we measured
farmers’ general preferences (the tenth indicator) as
the number of times farmers from each farm type
selected a given land-use as their first or second
choice:

Vioay = (#tbest + ftsecond best), (3)

The standard error of this estimate (SEMo,s) was
computed within each farm type as follows (for clarity
the subscript f, denoting farm type, has been omitted):

o= Ya Yo
YV M (4)
SEMyo; =n-+/p;- (1 —pi)/n

where 7 is the total number of ‘best’ and ‘second best’
choices across all land-uses for each farm type, and p;
is the relative frequency of ‘best’ and ‘second best’
choices for a given land-use within that farm type.

Normative analysis to explore the potential
of agroforestry to meet farmers’ objectives

We couple the farm perception data of each farm type

with a normative model to investigate the role of
agroforestry in theoretical land-use portfolios that
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minimise trade-offs between farm-level goals. These
optimised land-use portfolios represent a hypothetical
farm comprising various shares of the six land-uses.
We use the optimisation method developed by Knoke
et al. (2015, 2016) for land allocation problems in
tropical landscapes. The model is formulated as a
Min—-Max (Chebyshev) problem (Romero 2001) that
considers multiple objectives. In our study the 10
indicators serve as objectives, which are weighted
equally in the optimisation. For each indicator we set a
target level and the model selects the mix of land-uses
that minimises the largest (worst) shortfall between
the target and achieved level across all indicators. This
results in a compromise solution that balances the
achievement of all indicators. High performance in
one indicator does not compensate for poor perfor-
mance in another; the model instead always seeks to
improve the contribution of the worst performing
indicator (Romero 2001).

A strength of the modelling approach is its ability to
integrate uncertainty in land-use decisions. Here
uncertainty describes our lack of knowledge about
how much a land-use will actually contribute to a
given objective now and in the future. The model
captures this uncertainty through so-called “uncer-
tainty scenarios”, which describe potential fluctua-
tions in the performance of each land-use against each
indicator. The model searches for a land-use allocation
that improves the minimum performance across all
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Estimate the ability of each land-
use to achieve each objective
Vi,sand SEM; .

l

Generate uncertainty scenarios to
account for potential variation in
the ability of each land-use to
achieve each objective

l

Determine the relative
underperformance (D;,) of a
hypothetical land-use portfolio
under each uncertainty scenario

l

Select the land-use allocation that
minimises 8, the worst under-
performance across all objectives

l

Optimal land-use composition:
area shares of each land-use g,

Fig. 2 Overview of the optimisation procedure

uncertainty scenarios and indicators, thereby guaran-
teeing a minimum performance level for each indica-
tor even in worst-case situations. This is a form of
robust decision-making, which is recommended when
facing high levels of uncertainty (Walker et al. 2013).
Essentially, our model simulates a risk averse deci-
sion-maker who seeks to minimise potential losses or
poor performance of any indicator in worst cases
(Knoke et al. 2015). Considering uncertainty promotes
diversified land-use portfolios even when optimising

Input data
Land-use scores derived
from farmer interviews

Uncertainty model
Accounts for worst-case
deviations in land-use scores

Decision criteria

Distance between achieved
and target level of a given
objective (underperformance)

Objective function
Minimise the maximum
distance

Output data
Hypothetical land-use
portfolio

for a single objective, because diversification provides
insurance against poor performance of a single land-
use for achieving that objective.

In our study we use the mean land-use scores, )7,-7, £
derived from the interviews to estimate the ability of
each land-use, /, to achieve each indicator, i, from the
perspective of each farm type, f. To account for
potential variation in these scores (and therefore in
land-use performance) the model computes unwanted
deviations within the uncertainty scenarios, by either

@ Springer
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«Fig. 3 Mean scores (y;,,) of the three best performing land-
uses, /, for each indicator, i, as rated by each farm type, f, where
0 =low and 10 = high. Asterisks denote indicators where a
lower score is desirable. Values for general preferences (V)
are the percent of farmers who chose a given land-use as best or
second best. Striped bars represent identical scores between two
land-uses (both land-uses share third place). Error bars represent
the SEM,',]J‘

adding or subtracting' multiples, fy, of the SEM; ;s to
or from the mean scores (Eq. S3 in the supplementary
methods). Therefore our measure of uncertainty is
based on variability of farmer opinion within each
farm type.

We ran the optimisation separately for each farm
type using the land-use scores and SEM specific to
each. The model calculates the distance, D; ,, between
the target (best possible) performance level and level
achieved by a hypothetical farm portfolio for each
indicator in each uncertainty scenario, u. These dis-
tances represent underperformance. The model then
selects the land-use composition (mix of the six land-
uses) that minimises the largest distance (worst
underperformance, f3) across all uncertainty scenarios.
The optimised land-use portfolios therefore represent
the land-use mix that minimises the worst underper-
formance of any indicator. We describe the optimisa-
tion procedure in detail in the supplementary material
with an accompanying optimisation sheet (Excel file),
while the main steps are summarised in Fig. 2. We
also refer the reader to Knoke et al. (2020) for further
details of the modelling approach.

For the main analysis we included all indicators and
land-uses in the model and ran the optimisation for
each farm type for fy = 0, 0.5, 1, ... 3. The factor fy
influences the size of the unwanted deviations of land-
use scores within the uncertainty scenarios, and thus
dictates the level of uncertainty included in the model:
fu =0 ignores uncertainty and fy = 3 represents a
high level of uncertainty (Knoke et al. 2016). Hence,
optimised land-use portfolios at lower fy; values are
derived for less cautious decision-makers and the

' For “more is better” indicators the model computes an
unwanted deviation by subtracting a multiple of the standard
error from the mean score (y,“,f —fu x SEM;5), while it adds a
multiple to the mean score for “less is better” indicators

();,-71’f- +fU X SEM,'JJ').

portfolios at higher fyy for more cautious decision-
makers.

We also tested different model setups as sensitivity
analyses. First we excluded the two agroforestry
options from the optimisation to check the plausibility
of the optimised land-use portfolios (Fig. 5). We also
reran the optimisation using a relative SEM for all
land-use scores (Eq. S3), to better understand the
effect of uneven sample sizes. Lastly, we optimised
each indicator individually to help understand poten-
tial drivers and barriers to agroforestry adoption
(Fig. S1).

Results
Farm types identified through the cluster analysis

We interviewed 35 farmers who managed a total area
of 2681 ha; farm size ranged from five to 271 ha
(mean 77 ha). All farms had similar access to markets.
Based on the cluster analysis we divided our sample
into three farm types with different land-use and
income characteristics: ‘Crop-based farms’, ‘Diversi-
fied cattle farms’ and ‘Non-diversified cattle farms’
(Table 4).

Crop-based farms is the largest cluster, comprising
17 farms. Crops provide at least half of farm income
for all but one of these farms. Farms in this cluster
comprise more crops (mean share 45%) and less
pasture (mean share of 37%) than the other farm types;
land-use is also more diversified (mean Shannon index
of 0.8). The diversified cattle farms are typically
dominated by pasture (mean share of 83%) and derive
most, but not all, of their on-farm income from cattle.
In contrast, non-diversified cattle farms obtain 100%
of their on-farm income from cattle; on-farm income is
therefore less diversified than for the other farm types.
These farms comprise a high percentage of pasture
(mean share 91%) and are less intensified than the
other farm types. A higher proportion of household
members (on average 87%) also work on the farm.

Alley cropping and silvopasture (as defined in
Table 1) were not present on any of the interviewed
farms. Therefore, the perceptions and opinions
expressed by farmers towards these agroforestry
systems represent the views of “non-adopters”. A
respective 76 and 45% of interviewees reported
having indirect experience with silvopasture and alley
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Table 4 Comparison of the
three farm types based on

variables included in the
cluster analysis (see
Table 3)

Values represent the mean
for each farm type £ SEM.
Superscript denotes
significant differences

(p < 0.05) based on one-
way ANOVA with
Fischer’s least significant

Crop-based  Diversified cattle Non-diversified cattle
Number of farms 17 10 8
Farm area (ha) 81.7 £ 103 819 +19.5 59.1 + 10.8
Percent owned 859 £80 904 & 8.7 100 £ 0
Percent pasture 36.7° £ 6.0 83.0° + 5.0 90.8* +£ 2.9
Percent crops 451°+75 47°+13 09" £ 0.5
Percent plantation 02+£0.2 04 +£0.2 0£0
Main income cattle 0.1°+03 1.0°%0 1.0° £ 0
Main income crops 07°+01 00°+0 0.0+ 0
Intensification 26°+02 22*4+02 1.3° 402
Land-use diversification 0.8° + 0.07 0.5 + 0.07 0.3* + 0.08
On-farm income diversification 0.5+ 0.05 0.6 + 0.02 0*+0
Percent on-farm workers 457" £ 6.8 37.1°+53 86.5° + 7.0
Percent household income from farm 77.9 £+ 6.7 82.5+£53 88.0 = 4.7

difference (LSD) test used
for post hoc comparisons

cropping systems similar to those included in our
study, for example when visiting farms of relatives in
other regions. A fifth (21%) of farmers, however,
reported no experience with either system. Therefore
their assessment was based on their general experience
as farmers in Torti and our descriptions of the
agroforestry systems during the farmer interviews.

Farmers’ perceptions of land-uses

Figure 3 displays the land-use scores (y;,,) of the
three highest rated land-uses, [/, for each indicator, i,
for the three farm types, f. For many indicators the
rankings were similar across farm types. All farm
types rated pasture as the best option for maintaining

(a) crop-based

100% 100%
£ g% 80%
(O]

2 60% 60%

©

2 40% 40%

Z  20% 20%
0% 0%

0.00 0.50 1.00 1.50 2.00 2.50 3.00 0.00 0.50

(b) Diversified cattle

liquidity, followed by silvopasture and cropland
(Fig. 3). Each farm type also rated forests as the best
choice for reducing labour demand, establishment
costs and management complexity and for protecting
soil and water resources. Finally, each group selected
cropland, pasture and silvopasture as the best options
for meeting household needs, and expressed strong
general preferences for the two cattle-based land-uses
(with crop-based farms expressing the highest prefer-
ence for silvopasture).

For some indicators the rankings diverged between
farm types. Each group rated a different land-use as
the most stable against environmental and economic
shocks: diversified cattle farms selected teak planta-
tion, crop-based farms silvopasture and non-diversi-
fied cattle farms forest. Crop-based and diversified

(c) Non-diversified cattle
100%

80%
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40%
20%

0%

1.50 2.00 2.50 3.0 0.00 050 1.00 1.50 2.00 2.50 3.00

Uncertainty level (fu)

Cropland Pasture

Fig. 4 Optimised farm composition (share of land allocated to

each land-use) for balancing the achievement of the 10
indicators under increasing uncertainty, fy, based on the
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Fig. 5 Right columns: Optimised farm composition (share of
land allocated to each land-use) for each farm-type for balancing
the achievement of the 10 indicators under high uncertainty
(fu = 2.5) when excluding silvopasture and alley cropping from

cattle farmers rated teak plantation as the most
profitable land-use, whereas non-diversified cattle
farms selected alley cropping. Compared to the other
farm types, the non-diversified cattle farmers per-
ceived pasture and silvopasture to be less labour
intensive, which could reflect that these farmers
tended to run less intensified cattle operations with
lower stocking rates. Interestingly, the crop-based
farmers rated silvopasture and alley cropping more
favourably for investment costs than the other farm
types. This group also ranked silvopasture within the
three least complex land-uses. This suggests that crop-
based farmers may perceive establishment costs and
management complexity to pose less of a barrier to
agroforestry adoption.

Compared to silvopasture, farmers tended to
express more negative opinions towards alley crop-
ping; for five indicators each farm type ranked it in the
three worst land-uses. The non-diversified cattle
farmers were most positive towards alley cropping:
scoring it higher for long-term income and the two
ecological indicators and expressing a higher general
preference. For these farmers long-term profitability
and protecting soil and water resources could be
important motivations to adopt the agroforestry sys-
tem. However, the non-diversified cattle farmers also
scored alley cropping more poorly for labour demand,
management complexity and establishment costs

Diversified cattle

Non-diversified cattle

the optimisation. Left columns: Aggregated land-use composi-
tion of farms within each farm type (recorded in the farmer
interviews)

(supplementary Table S1), highlighting potential
barriers to adoption for this group of farmers.

Our comparison of land-use scores between the
farm types is descriptive in nature. Significant differ-
ences between farm types at the 0.05 level were found
for land-use scores within the indicators labour,
investment costs and complexity, as well as for long-
term income for p < 0.06 (based on one-way ANOVA
with LSD post hoc comparisons—see Table S1). Our
focus, however, is not on the absolute difference in
land-use scores between each farm type. Instead, we
want to understand differences in (a) how farmers’
perceive the relative performance of agroforestry
compared to the other land-use options, and (b) the
variability of these perceptions (as a measure of
uncertainty or risk). These relative differences are
likely to be important drivers of modelled land-use
decisions, but cannot be captured in a single statistical
test. In the next section we show how our normative
model, which accounts for the relative performance of
all land-use options and their variability, allows us to
analyse the possible consequences of different farmer
perceptions for their simulated optimal land-use
decisions.

Pairing empiric data with the normative model

Using the perceptions and preferences of each farm
type, we determined the optimal land-use composition

@ Springer
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(a) crop-based
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Cropland Pasture

Fig. 6 Optimised farm composition (share of land allocated to
each land-use) for balancing the achievement of the 10
indicators under increasing uncertainty, fy, based on the mean
land-use scores the three farm types (;;): a crop-based farms,

to balance the achievement of the 10 socio-economic
and ecological indicators. While agroforestry was
always selected in the optimal land-use portfolio, we
found that the type and share of agroforestry included
in the portfolios differed considerably between farm
types (Fig. 4). Looking first at an uncertainty level of
fu =2 (representing the perspective of a more
cautious decision-maker), we see that both silvopas-
ture and alley cropping appear in the optimised
portfolios of the two cattle-based farm types, but only
silvopasture is present in the optimised portfolio of the
crop-based farms. The overall share of agroforestry,
however, was higher in the portfolio for the crop-based
farms (42%) than in the portfolios for the two cattle-
based farm types (21 and 33% respectively).

In all cases, the optimised portfolios are very
different to the current land-use composition, where
agroforestry is not present (Fig. 5, left bars). Exclud-
ing agroforestry from the optimisation produces land-
use portfolios dominated by pasture for the cattle-
based farm types, and by cropland at higher uncer-
tainty levels for crop-based farms, with natural forest
shares of 11-17% (Fig. 5, right bars). This is similar to
the aggregated land-use of each farm type, although
teak plantation is overrepresented in the optimised
portfolios of the cattle-based farms.

Returning now to the portfolios including agro-
forestry, the ideal composition for the crop-based
farms is quite stable across a wider range of uncer-
tainty (fy = 0 to fy = 3). In contrast, the optimised
portfolios of the two cattle-based farm types become
more diversified with increasing uncertainty (Fig. 4).
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(b) Diversified cattle

I Alley Cropping

(c) Non-diversified cattle
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b diversified cattle farms and ¢ non-diversified cattle farms,
using a relative standard error (SEM{?ff’i"e)

This reflects the relatively large SEM;; s for these farm
types. When expressed as a proportion of the mean
(Vi1y), the average SEM;;, was 0.18 and 0.19 for the
diversified and non-diversified cattle farms, compared
to 0.12 for the crop-based farms. In our model,
increasingly equal land-use shares at higher values of
fu 1s the result of a statistical averaging effect to buffer
against uncertainty (Knoke et al. 2016). Higher fy
values enlarge the unfavourable deviations in land-use
performance considered in the uncertainty scenarios
(Eq. S3), and the model selects a more diversified
land-use portfolio to protect against potential under-
achievement of a given indicator. A high SEM;,,
enhances this effect, and hence the trend towards
greater diversification at higher uncertainty levels is
more pronounced in the optimised portfolios of the
two cattle-based farm types.

The differences in the type and share of agro-
forestry included in the optimal portfolios may
therefore relate to (a) differences in farmers’ percep-
tions of the land-uses, or (b) diversification effects
driven by the smaller sample size and relatively large
SEM; s for the cattle-based farms. To check that our
results were not predominantly driven by differences
in the sample sizes, we reran the optimisation for each
farm type, using the same land-use scores y;;, but a

relative standard error, SEM{‘}ff“”'ve, derived from the

SEM;, of all farms combined, which on average was
10% of the mean land-use scores (Eq. S12). This
ensured that the size of the standard error as a
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proportion of the mean land-use score remained
constant between farm types.

Using a relative standard error led to minimal
changes in the optimal land-use portfolio for the crop-
based farms (compare Fig. 4a and 6a). Using the
SEM{jjﬁ”in did, however, alter the ideal portfolios of

the two cattle-based farm types; both became less
diversified. For instance, alley cropping no longer
appears in the optimal land-use portfolio of the
diversified cattle farms under high uncertainty levels
(compare Fig. 4b and 6b). Similarly, teak plantation
and cropland are no longer included in the optimal
portfolio of non-diversified cattle farms at moderately-
high uncertainty levels, and the share of alley cropping
reduces by five percentage points.

Nevertheless, after adjusting the standard error,
differences remain in the type and share of agro-
forestry included in the optimal land-use portfolios of
each farm type. The portfolio for crop-based farms
still contains the largest share of agroforestry (e.g.
47% at fy = 2) and the portfolio for diversified cattle
farms the smallest (13% at fy = 2). Alley cropping is
only included in the optimal portfolio of the non-
diversified cattle farms. This demonstrates that the
selection of agroforestry systems is not only driven by
diversification effects from small samples.

Portfolios optimised for individual objectives
(Fig. S1) help to understand factors that may promote
or hinder agroforestry adoption. We found that
agroforestry was only selected in optimised portfolios
for a small set of indicators (long-term income,
household needs, economic stability and general
preferences), which diverged strongly between farm
types. For crop-based farms, agroforestry only appears
in the optimised portfolios for economic stability and
general preferences, where silvopasture comprises
more than 70% of the land-use. The perceived superior
performance of silvopasture for these two indicators
contributes to its dominance in the multi-indicator
portfolio for crop-based farms, i.e. in the portfolio that
consider all 10 objectives simultaneously. For the
cattle-based farm types, silvopasture appears in lower
shares (< 37%) in portfolios optimised for these two
indicators, as well as in the portfolio optimised for
long-term income for the diversified farms and in the
portfolio optimised for meeting household needs for
the non-diversified farms. Alley cropping is also
selected for two indicators for the non-diversified

cattle farms; it dominates (90% share) the portfolio
optimised for long-term income and contributes 14%
to the general preference portfolio. The favourable
rating for long-term income (and to a lesser extent
general preferences) is therefore likely to contribute to
the selection of alley cropping in the multi-indicator
portfolio of non-diversified cattle farmers.

Importantly, the inclusion of agroforestry (predom-
inately silvopasture) within the general preference
portfolio of each farm type suggests that the farmers’
cultural preferences are compatible with (rather than
posing a barrier to) agroforestry adoption. Similarly,
the inclusion of silvopasture in the optimal portfolio
for economic stability suggests that this indicator
could be a potential driver of agroforestry adoption
across all farm types.

Agroforestry was not selected in portfolios opti-
mised for the remaining six indicators. These portfo-
lios were very similar across the farm types,
dominated by either pasture (for maintaining liquidity)
or forest (for reducing labour demand, investment
costs and management complexity, and protecting soil
and water resources). The superior performance of
forest for the latter indicators explains its consistently
large share in the multi-indicator portfolios for each
farm type. The absence of agroforestry in single-
indicator portfolios suggest that these indicators may
represent barriers to agroforestry adoption.

Discussion

Insights from the empiric and normative
approaches

Within our sample we found only moderate differ-
ences in farmers’ perceptions of the two agroforestry
systems. Across all farm types, farmers tended to
evaluate silvopasture more favourably than alley
cropping against the 10 indicators. This aligns with
the ‘cattle culture’ of pioneer areas in Central and
South America, where owning cattle awards presti-
gious social status. Cattle also represent a way of
accumulating wealth as a form of private insurance,
which is especially important in regions with weak
healthcare, loan and pension systems (Connelly and
Shapiro 2006; Perz et al. 2006). Empiric rankings
suggest differences in how the farm types perceived
agroforestry in terms of investment costs,
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management complexity and long-term profitability,
as well as in their general preferences towards the
systems. Although based on a limited dataset, our
findings represent a new contribution to agroforestry
research, because previous studies on farmers’ per-
ceptions have not compared the views of farmers with
different land-use and income characteristics (e.g.
Frey et al. 2012; Garen et al. 2009; Hand and Tyndall
2018). The ranking of mutually exclusive land-use
options alone, however, often does not reflect the
farmer’s reality. Decisions are usually taken at the
farm level, including multiple land-use options that
serve multiple needs of the farm/household. These
complexities can hardly be incorporated into empiric
rankings, but they may constitute important barriers to
agroforestry adoption. Our approach therefore couples
empiric data with farm-level optimisation, capable of
considering uncertainty as well as multiple land-use
options and farm-level objectives simultaneously.

Despite the moderate difference in the perception
data of the empiric analysis, we found substantial
differences in the type and share of agroforestry
selected in the optimised land-use compositions of
each farm type. This reveals that an overall positive
ranking of agroforestry may alone be a misleading
indicator of farmers’ acceptance of agroforestry, if
farm-level considerations are not sufficiently
accounted for. Here, optimisation approaches may be
a helpful methodological complement. Assuming that
farmers strive to reduce underperformance of the 10
pre-selected indicators, the optimal portfolios suggest
that crop-based farms would benefit from allocating a
larger share of their land to silvopasture, while for
cattle-based farms diversifying their farm with more
land-uses (including alley cropping) may be advanta-
geous. Differences in the optimal portfolios of farms
with similar land-use and income patterns are plausi-
ble, given the many empiric studies that link farm and
household characteristics with farmers’ land-use deci-
sions, including the degree of agricultural diversifica-
tion (Ochoa et al. 2019; Torres et al. 2018), and
adoption of agroforestry (Pattanayak et al. 2003;
Zabala et al. 2013).

Differences in the optimised land-use portfolios
provide us with important information, because it
suggests that farmers belonging to each farm type may
respond differently to agroforestry. Understanding
these differences may help to design better policies to
achieve  agroforestry adoption by tailoring
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recommendations and extension programs to different
groups of farmers (Kobrich et al. 2003). For our study
region, agricultural extension staff could emphasise
the long-term profitability of alley cropping systems
(as evidenced by bio-economic modelling by Paul
et al. (2017) based on local trials) when working with
farmers with diversified farm income sources. We also
found that farmers who derive most of their farm
income from cattle may perceive management com-
plexity and investment costs as a greater barrier to
agroforestry adoption. Promoting agroforestry among
these farmers may benefit, for example, from skill-
sharing and training programs to enhance farmers’
capacity to manage the systems, as well as financial
incentives (e.g. subsidising the cost of tree seedlings
and fencing material) to reduce up-front capital costs.

Critical appraisal of the modelling approach

The normative approach allows us to go beyond
current land-use patterns to explore the potential of
agroforestry to be part of diversified farm portfolios
that meet multiple farm-level goals. Divergence
between the optimised and existing land-use portfolios
may signal a conflict between the land-use practices
that farmers wish to have, and those that they can
implement given their available resources and house-
hold needs. For example, the optimal portfolios
derived from farmers’ stated land-use preferences all
contain agroforestry although it was absent on their
own farms. To more realistically capture individual
farm constraints within the optimised portfolios, it
might be necessary to include calculated economic
indicators in the optimisation. Such indicators could
be derived from more intensive farm surveys, for
example to determine expected costs and cash flows to
better reflect hard economic constraints not reflected
in farmer preferences. Other studies in Eastern
Panama have also suggested a conflict between the
forest-friendly farming practices that farmers deem
desirable and those that are possible with their
economic constraints (Tschakert et al. 2007). Our
modelling approach revealed that individual goals
such as reducing investment costs and management
complexity as well as maintaining liquidity may
impede agroforestry adoption. However, the approach
also shows that diversified land-use portfolios can help
buffer these constraints. For example, leaving land as
forest can reduce overall investment costs and
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management complexity of a farm portfolio, while the
inclusion of pasture helps maintain liquidity. This
speaks for promoting agroforestry not as a stand alone
land-use option, but as a potential complement to other
land-use systems as part of a diversified farm portfolio.

The optimal farm compositions derived from our
modelling approach assumes that the 10 socio-eco-
nomic and ecological objectives are equally important
for farmers’ decision-making. While this is unlikely to
be the case for an individual farmer, the assumption is
appropriate for modelling the decision-making of a
whole group of farmers, whose individual preferences
and constraints are uncertain. This is a situation
policy-makers often face. We account for potential
variation in farmers’ priorities by including a broader
set of plausible objectives in the optimisation, which
we weigh equally. The similarity between the existing
and optimised land-use portfolios when excluding
agroforestry vouches for the plausibility of model
results, supporting our decision to weigh objectives
equally.

Despite its normative nature, we found the model
allows for a plausible representation of land-use
trends, which Knoke et al. (2020) also demonstrated
in a recent Ecuadorian case study. For instance, the
expansion of forest cover in the optimised portfolios
relative to the existing forest cover in our study area is
consistent with forest transition theory, which has
already been observed in Panama (Wright and
Samaniego 2008). We also obtained more diversified
land-use portfolios at higher levels of uncertainty,
consistent with other applications of the model in
Latin America (Knoke et al. 2016; Uhde et al. 2017).
Finally, we obtained more diversified land composi-
tions when considering multiple criteria in the opti-
misation compared to a single objective only, a trend
which van der Plas et al. (2016) have shown empir-
ically at the landscape scale.

We recognise that our results stem from a small
dataset, where not all farmers had prior knowledge of
the agroforestry systems in question. We tried to
ensure a common understanding among all farmers by
discussing each land-use before starting the evaluation
task, but some farmer responses may still be “guessti-
mates”. Other authors promote similar ranking and
scoring methods for collecting high quality data from
local people (Mayoux and Chambers 2005; Riley and
Fielding 2001), but we also acknowledge the inherent
uncertainty around the degree to which data accurately

and consistently capture farmers’ opinions (Gosling
and Reith 2019). This, however, highlights a strength
of our modelling approach which actively integrates
uncertainty around farmer judgement and preferences
in the optimisation. The measure of uncertainty used
in the model (SEM;,,) reflects variation in farmer
opinion. We would expect this variation to increase
when farmers are less sure of their responses, but also
when sample sizes are small (Egs. 2 and 4). The model
accounts for this potential variation via the uncertainty
scenarios, searching for solutions that are satisfactory
for a wide range of land-use scores (Knoke et al.
2016). This results in a land-use composition that
caters for a range of farmer opinions, and hence should
be acceptable to all farmers comprising a farm type.
Nevertheless, if sample sizes are too small (or
reliability of the data too poor) the strong diversifica-
tion effects resulting from high standard errors may
mask potential differences between groups. We
addressed this issue by using a relative standard error,
but future research could investigate minimum sample
sizes needed to achieve stable land-use portfolios.

Potential applications

Our data collection method represents a rapid
appraisal tool (Riley and Fielding 2001), and when
faced with small or uncertain datasets the model
actively accounts for potential variation in farmer
opinion. We therefore see it as a pragmatic approach to
guide land-use planning and agroforestry policy
decisions in regions where it may not be possible to
carry out large-scale household surveys. In this
context the optimisation approach is not designed to
prescribe exact “ideal” farm compositions to be
implemented by different groups of farmers, but
instead to explore the conditions under which agro-
forestry might be a desirable complement to meet
farmers’ goals.

As an example application, practitioners could use
our survey method to capture farmers’ knowledge and
perceptions of agroforestry during the development of
incentive schemes and extension programs. We used
cluster analysis to identify farms with similar land-use
and income patterns, but farmers could also be
grouped using much simpler methods (e.g. based on
farm size, income level or the main farm enterprise).
Understanding if and how perceptions deviate
between different farmer groups could help policy-

@ Springer



Agroforest Syst

makers to prioritise further data collection and farmer
collaboration. For instance, the inclusion of agro-
forestry systems in the optimal portfolio of a particular
group of farmers suggests that the systems could be of
interest to those farmers. More data could then be
collected from such groups to better understand their
constraints and the support needed to adopt
agroforestry.

Our modelling approach could also be relevant for
participatory land-use planning as a discussion tool to
support strategic thinking about sustainable land-use
compositions (Le Gal et al. 2013). Stakeholders could
evaluate the pros and cons of different land-use
compositions and generate a range of solutions by
modifying the importance (weight) placed on each
objective (Stewart et al. 2004). Ezquerro et al. (2019),
for example, have shown how a similar modelling
method can be used for stakeholder interaction in
forest management. Our model is well suited to user
interaction because it works off-line with open source
software and short calculation times (for our problem
less than 2 s per optimisation). This makes it possible
to re-run the optimisation with altered parameters
in situ, to facilitate a co-learning feedback loop
between the researcher and farmer. In such a process
the approach could be extended by including individ-
ual farm constraints that are not yet captured in the
optimisation model.

Finally, the optimisation method can easily accom-
modate diverse data types, including measured, mod-
elled and interview data (Knoke et al. 2016; Uhde et al.
2017). This creates an opportunity to bring together
different sources of knowledge in land-use planning.
For example, farmers’ experienced-based knowledge
(Turnhout et al. 2012), could be coupled with scientific
data on ecological functions of different systems, such
as their contribution to biodiversity and other ecosys-
tem services. An optimisation incorporating these
different perspectives could determine the ideal land-
use composition at the landscape level. Such an
approach could be used to investigate the role of
agroforestry in multi-functional landscapes that
enhance ecosystem services while accounting for
farmers’ needs and preferences.
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Conclusions

By coupling empiric interview data of farmers in
Eastern Panama with a mechanistic optimisation
model, we demonstrate a new approach for investi-
gating the potential of agroforestry to meet the
multiple needs of different groups of farmers. We
found that the type and share of agroforestry included
in theoretically optimal land-use portfolios differed
for farms with different land-use and income charac-
teristics. Such differences can provide valuable infor-
mation about the possible acceptability of different
agroforestry systems among different groups of farm-
ers. In our case study, for example, we found that
farmers who derive most of their farm income from
crops may be more willing to adopt silvopasture,
whereas farmers who are more economically depen-
dent on cattle may benefit from diversifying their land-
use with alley cropping. We found that in our study
region agroforestry (especially silvopasture) does not
appear to conflict with farmers’ general land-use
preferences, but divergence between the optimal and
current land-use portfolios suggest that hidden con-
straints not reflected in these preferences may hinder
agroforestry adoption. Single-objective optimisations
reveal that aspects such as reducing investment costs
and management complexity and the need to maintain
liquidity may be among these constraints. This speaks
for the importance of promoting agroforestry as part of
a diversified land-use portfolio to help buffer farm-
level constraints. Such insights were revealed with
comparably low measurement effort, and thus the
coupled empiric-normative approach may be an
important starting point for policy-makers and scien-
tists to set priorities for follow-up research on policy
design. We test the modelling approach in Eastern
Panama, but think it could be easily transferred to
other regions to better understand the socio-economic
conditions under which agroforestry may be a desir-
able land-use alternative to meet farmers’ needs.
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