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Abstract
1. While the ecological impact of environmental change drivers, such as alien plant 

invasions, is relatively well described, quantitative social- ecological studies de-
tailing how these changes impact multiple ecosystem services, and subsequently 
stakeholders, are lacking.

2. We used a social- ecological approach to assess how Prosopis juliflora (Prosopis 
henceforth), an invasive tree, affects the provision of multiple ecosystem services 
to different stakeholder groups in a degraded East African dryland. We combined 
plot- based ecological data on the impacts of the tree on indicators of ecosys-
tem service supply with questionnaire survey data describing ecosystem service 
priorities from eight different stakeholder groups. These data were then used to 
quantify how tree invasion impacted individual ecosystem services, and the over-
all supply of services, relative to the priorities of each stakeholder group, using an 
ecosystem service multifunctionality metric.

3. In the study area, we found that Prosopis significantly increased the supply of 
shade, wood production and honey production, but reduced the supply of water 
availability, tourism potential and biodiversity protection.

4. Priorities for specific services differed between stakeholder groups. Although 
most groups assigned a high priority to provisioning services, such as water and 
crop production, it was either provisioning or cultural services which were a pri-
mary source of income, that were deemed most important.

5. Combining supply and priority data showed that most stakeholder groups saw 
a net decrease in ecosystem service multifunctionality with increasing Prosopis 
invasion, or no significant change overall. Increasing Prosopis cover increased mul-
tifunctionality for only two stakeholder groups, charcoal producers and NGOs 
involved in regional development.
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1  | INTRODUC TION

Global environmental change is driving land cover changes across 
the globe, resulting in changes to the supply of many ecosystem 
services, including food production, biodiversity conservation, 
carbon storage and cultural benefits (Allan et al., 2015; Cardinale 
et al., 2012; IPBES, 2018). Whereas some drivers of environmental 
change, such as point source pollution, have a clear negative impact 
(Defries & Nagendra, 2017), other drivers have been described as 
a wicked problem (Woodford et al., 2016) in that they have both 
positive and negative impacts on ecosystem services and the stake-
holders who use them. This is because a driver can increase some 
services while decreasing others, and because different stakehold-
ers prioritize different ecosystem services (priority; see glossary in 
box 1), desire different levels of their supply (demand). As a result, 
conflicts can emerge when it comes to identifying and applying land 
management options (Defries & Nagendra, 2017). The ecological im-
pacts of global change drivers, for example, on ecosystem function-
ing and the potential supply of ecosystem services, have been well 
described (Allan et al., 2015; Grace et al., 2016; Isbell et al., 2013). 
However, a detailed and quantitative understanding of how changes 
in supply caused by global environmental change affect different 
stakeholder groups is absent, despite this being a cause of land 
use conflicts. Identifying which services stakeholders prioritize 
(Plieninger et al., 2013; Washbourne et al., 2020) and potential syn-
ergies and trade- offs between different stakeholder groups (Hicks 
et al., 2013; Torralba et al., 2018) is thus crucial if we are to identify 
land management strategies that promote the sustainable use of 
multiple ecosystem services.

One suggested way of measuring how environmental change 
affects the supply of multiple services and in turn, multiple stake-
holder groups is the ecosystem service multifunctionality approach 
(Manning et al., 2018). Here, ecosystem service multifunctionality is 
defined as the simultaneous supply of all ecosystem services of in-
terest, relative to their human demand, where demand is defined as 
the level of service provision desired by people (Maron et al., 2017). 
The ecosystem service multifunctionality approach builds upon the 

multifunctionality metrics used in the biodiversity– ecosystem func-
tioning field (Allan et al., 2015; Barnes et al., 2017; Byrnes et al., 2014), 
but advances these by combining ecological data describing the 
supply of multiple ecosystem services with social data quantifying 
the relative priority of each service. The approach also advances on 
existing methods in ecosystem service research such as the identi-
fication and mapping of supply bundles or demand (Frei et al., 2018; 
Raymond et al., 2009). In addition to the measures of trade- offs and 
synergies that these existing methods provide, ecosystem service 
multifunctionality summarizes the overall benefit provided by an 

6. Our research highlights the need to account for stakeholder priorities in studies of 
how global change impacts ecosystem multifunctionality. We found that there are 
conflicting patterns of ecosystem service priority between different stakeholder 
groups, resulting in large variation in how different groups were impacted by the inva-
sive tree. Our approach also highlights possible synergies and conflicts when manag-
ing this tree invasion. More broadly, we recommend that future studies of ecosystem 
multifunctionality explicitly consider differing stakeholder priorities, as these strongly 
influence the perceived impact of environmental and land management change.

K E Y W O R D S

alien species, drylands, ecosystem services, invasive species, multifunctionality, priorities, 
Prosopis, supply and demand

BOX 1 Glossary

Ecosystem service multifunctionality: Simultaneous supply 
of multiple prioritized ecosystem services, relative to their 
human demand (adapted from Manning et al., 2018).
Priority: The relative importance of an ecosystem service 
to a stakeholder (based on Chan et al., 2012). All prioritized 
services can be considered demanded to at least some 
level.
Demand: ‘The amount of a service required or desired by 
society’ (Villamagna et al., 2013).
Benefit: The benefit stakeholders receive from an ecosys-
tem service. This can be material or non- material depend-
ing on the service. In ecosystem service multifunctionality 
scores it is standardized as a value ranging between zero 
(lowest level across the possible or observed supply gradi-
ent) and one (highest level across the possible or observed 
supply gradient), and weighted by its priority.
Supply– benefit relationships: A relationship describing the 
benefit received by stakeholders for any given level of 
ecosystem service supply (Manning et al., 2018). Supply is 
scaled between zero (minimum possible of observed sup-
ply) and one (maximum possible of observed supply) in 
ecosystem service multifunctionality scores.
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ecosystem, potentially for multiple stakeholder groups or whole 
communities. This holistic measure is possible as it includes all eco-
system services prioritized by stakeholders, and thus provides a 
more complete measure of overall ecosystem service provision than 
many ecosystem service studies, which typically present a subset 
of the full portfolio of services (Hölting et al., 2019). The metric can 
also be linked to drivers of ecosystem service change, as we do here, 
to quantitatively assess the overall impact of a global change driver 
on ecosystem service provision. Finally, because the importance of 
all major services is accounted for the net balance of impacts (e.g. 
where positive and negative changes trade- off) can be calculated.

To date, stakeholder inclusion in multifunctionality research 
has been rare (Hölting et al., 2019) and has mostly focused on 
either qualitative assessments of the ecosystem services people 
are aware of or consider important (Bernués et al., 2015; Darvill 
& Lindo, 2016; Washbourne et al., 2020; Zoderer et al., 2019), 
or participatory mapping that assesses where services are val-
ued or used within the landscape (Klain & Chan, 2012; Plieninger 
et al., 2013). However, these approaches are unable to show how 
different stakeholders are affected by environmental change as 
they do not fully incorporate the drivers of ecosystem service 
supply. Consequently, these approaches cannot identify how en-
vironmental drivers influence mismatches between the supply and 
demand of multiple ecosystem services (Wei et al., 2017). Most 
studies where ecosystem service supply data have been inte-
grated with stakeholder data have relied on coarse and large- scale 
measures of supply, such as those gathered from expert opinion 
(Darvill & Lindo, 2015), presence– absence maps of services (Gos 

& Lavorel, 2012; Martín- López et al., 2014) or only a selection 
of services (e.g. Lavorel et al., 2011). Our ecosystem service 
multifunctionality approach can overcome some of these short-
comings, as it combines ecosystem service supply data, based on 
primary data, with ecosystem service priority data on the relative 
importance of each ecosystem service to stakeholders (Manning 
et al., 2018).

Here, we make a first attempt at operationalizing the ecosys-
tem service multifunctionality approach, which has received sig-
nificant attention, but has not yet been used with real data for 
both the supply and priority elements. We use the impacts of an 
invasive tree species on multiple stakeholder groups in a degraded 
Kenyan dryland system as an example. Prosopis juliflora (Sw.) DC. 
(Prosopis henceforth; Figure 1) is a small tree/large shrub that is 
native to Central and South America, but has been introduced to 
drylands worldwide (Pasiecznik et al., 2001). Prosopis was widely 
introduced to Kenya in 1986 to reduce soil erosion and improve 
rural livelihoods by providing income through wood (Mwangi & 
Swallow, 2005). However, Prosopis quickly escaped from the orig-
inal plantations and has spread rapidly across many land use types, 
including croplands and grasslands (Mbaabu et al., 2019). The inva-
sion of Prosopis causes trade- offs in ecosystem service supply as 
it increases income from wood and charcoal (Linders et al., 2020) 
but can also increase the incidence of human diseases, such as ma-
laria (Muller et al., 2017), and decrease biodiversity, fodder produc-
tion and soil carbon stocks (Linders et al., 2019). The perception 
of Prosopis by rural people in Kenya is mixed, with most people 
agreeing that Prosopis has both positive and negative impacts but 

F I G U R E  1   Location of the study area within Kenya (left) and pictures of Prosopis, the study species, showing a Prosopis plantation (top 
right) and a recently invaded area (bottom right)
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that overall the negative impacts outweigh the positive effects 
(Bekele et al., 2018). Although the ecological impacts of Prosopis 
on individual ecosystem properties and services are well described, 
less is known about how these ecological changes affect the supply 
of multiple ecosystem services to local communities and how inva-
sion impacts different stakeholder groups. As most rural Africans 
directly depend on multiple provisioning services for a large part 
of their income (Reynolds et al., 2020), we can expect differences 
in priorities between stakeholders based on different sources of 
income, for example, crop farmers and pastoralists. However, it is 
unknown which other ecosystem services are valued apart from 
those that provide direct income, and how important these are to 
stakeholders. Therefore, identifying the ecosystem service priori-
ties of different stakeholder groups is crucial for the development 
of a strategy for Prosopis management that is acceptable to most 
stakeholder groups.

In this study, data we first assessed how Prosopis affected the 
supply of multiple ecosystem services using plot- scale ecological 
data. Second, we assessed the relative priorities for different eco-
system services across a wide range of stakeholder groups, by per-
forming questionnaire surveys. We then analysed how ecosystem 
service multifunctionality was affected by Prosopis for each stake-
holder group by integrating the ecological supply data with data on 
the ecosystem service priorities of stakeholders.

2  | METHODS

2.1 | Study area

Data were collected in Baringo County, Kenya, a semi- arid area lo-
cated in the Great Rift Valley, as part of the larger Woody Weeds pro-
ject (e.g. Eckert et al., 2020; Linders et al., 2019; Mbaabu et al., 2019). 
Baringo has a long history of Prosopis invasion and a wide variety 
of land uses (Mbaabu et al., 2019) and stakeholder groups, making 
this area especially suited for our study. Ecological and stakeholder 
data in Baringo were collected around Lake Baringo and Lake Bogoria 
(Figure 1; between latitude 0°15′ and 0°36′North and between lon-
gitude 35°58′ and 36°08′East). In this area, a full gradient of Prosopis 
invasion is present, with cover ranging from 0% to 100%. Additionally, 
stakeholder data were collected on the western shores of Lake 
Baringo, an area which currently displays low levels of invasion, and 
in the Baringo County government in Kabarnet, the County's capi-
tal. The Baringo lowlands are characterized by a semi- arid climate 
(mean annual temperature of 24.6°C and mean annual precipitation 
of 635 mm (Kassilly, 2002). Historically, Baringo was dominated by 
grasslands. However, the region has a long history of high human 
disturbance and is currently sparsely vegetated and dominated by 
shrubs and small trees (Mbaabu et al., 2019). Currently, livestock, 
crop production and charcoal making are the main sources of income 
for most residents. The ecological data used here were collected in 
highly degraded areas, which are typical of most of the study area, 
and Prosopis invaded land in Kenya. Ecosystem service supply at low 

Prosopis cover levels is thus likely to be unrepresentative of other, 
less degraded, areas. Accordingly, the gradient presented here should 
be viewed as running from degraded and uninvaded to degraded and 
invaded, and not indicative of Prosopis impacts upon more pristine 
landscapes.

2.2 | Multifunctionality approach

The approach to measuring multifunctionality used here is derived 
from metrics devised to measure how biodiversity influences eco-
system multifunctionality (Allan et al. 2015; Hector & Bagchi, 2007; 
Maestre et al., 2012), but advances these by incorporating measures 
of stakeholder priorities, and the benefit received per unit of sup-
ply. Traditionally, the quantification of multifunctionality has mostly 
used either an averaging approach, where multifunctionality is the 
mean value of all services (Hooper & Vitousek, 1998), or a thresh-
old approach (Byrnes et al., 2014), in which services are weighted 
equally and are considered to be delivered, and thus demand fully 
met, if they pass an arbitrary threshold, typically a percentage of 
the maximum observed value (Gamfeldt et al., 2008). In contrast, 
ecosystem service multifunctionality measures combine ecological 
data describing the supply of multiple ecosystem services with so-
cial data, using stakeholder data to quantify the relative priorities 
for each service. To measure and calculate ecosystem service mul-
tifunctionality, the following steps are taken (see Figure 2). First, 
stakeholders assign priority scores to a complete list of locally sup-
plied services (Figure 2; panel 1). Next, the supply of all services 
prioritized by stakeholders is measured (Figure 2; panel 2) and then 
each is converted to a benefit measure using a ‘supply– benefit 
relationship’ that defines the benefit received per unit of supply 
(Figure 2; panel 3). These benefit scores are then standardized to a 
0– 1 range, where 1 is the maximum possible benefit, and multiplied 
by the relative priority of each service. As the priority scores also 
sum to one, the result is a multifunctionality score in ranging from 0 
to 1 (Figure 2; panel 4).

While demand is a dynamic property, it is represented as a fixed 
value in ecosystem service multifunctionality measures. In these, the 
service level demanded is represented by two separate components. 
The first of these is the priority score, in that any service with a pri-
ority score of zero is not demanded at all. The second component is 
the supply– benefit relationship. This can take a variety of forms and 
describes the relationship between ecosystem service supply and 
the benefit received. Benefit scores in this relationship range from 
0 to 1, with zero representing no benefit and 1 being the maximum 
that is biophysically possible, or observed. For services in which the 
benefit accumulates linearly with supply, this is a simple linear rela-
tionship (Figure 3; panel 3 left graph). However, the saturation of de-
mand can be represented by an asymptotic relationship, as can the 
failure for benefits to be realized at low levels of supply, with an ex-
ponential or ‘threshold plus’ form when above a certain supply level 
there are no extra benefits (Figure 3; panel 3 right graph; Manning 
et al. 2018). The quantification of supply– benefit relationships 
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ideally requires extensive data in its own right (e.g. additional social 
surveys or economic analysis). However, in the absence of this infor-
mation, this relationship can be assumed, and its sensitivity to other 
forms was tested. See Manning et al. (2018) for a tutorial describing 
the approach in detail.

2.3 | Data collection

2.3.1 | Stakeholder data

Data on the ecosystem service priorities of different stakeholders 
were gathered via individual face- to- face interviews, conducted in 
August 2019. To ensure that our research was conducted ethically, 
we took the following steps: (a) All interviewees were informed about 
the purposes of the study and gave their informed consent orally 
before the start of each interview, as a proportion of the interview-
ees was illiterate, this was not done in written form. Interviewees 
were also given the option to halt the interview at any time. (b) Data 
were treated anonymously and are presented in the article in a way 

in which individual participants cannot be identified. (c) Data files 
shared in Dryad are anonymized by removing affiliations and loca-
tions. The Senckenberg BIK- F Institute, by whose employees the re-
search was led, does not have an ethics committee for social science 
work. In total, 234 questionnaires were successfully completed, 
spread across eight stakeholder groups, each with their own inter-
ests in land management and income source. Relevant stakeholder 
groups were pre- defined based on discussions with local inhabitants 
and scientists familiar with the region, and represented the main 
land users and managers of the region. These groups were as fol-
lows: conservationists, tourism industry, crop farmers, pastoralists, 
government officials, developmental NGO employees, charcoal pro-
ducers and teachers, see Table 1 for affiliations and distinguishing 
characteristics of these groups. Stakeholder sampling was done in 
two different ways: by visiting villagers in their homes and by visit-
ing institutions. Villages were selected throughout the study region, 
to cover all accessible areas (limited by road conditions and tribal 
conflicts) and included all areas where ecological sampling was done. 
In total, 60 villages were visited and in each village 2– 10 interviews 
were conducted based on the presence of stakeholders in their 

F I G U R E  2   Steps taken in the ecosystem service multifunctionality quantification, using two hypothetical stakeholder groups (orange 
and grey) and two ecosystem services (shade and water). Priorities are assessed by asking stakeholders to allocate a fixed number of points 
across a complete list of ecosystem services. The conversion of supply measures into benefit is performed via a supply– benefit relationship, 
which can assume a number of forms, depending on whether benefits are present at low supply or saturate at high supply where demand is 
fully met (see Section 2 for details)

(1) Assess stakeholder prio  with 
ques onnaires

(2) Measure Prosopis effects on ES supply in 
ecological surveys

(4) Mul ply ES benefit scores by prio and 
sum  to get ES mu n onality 

(3) Convert ES supply into benefits, by 
accoun ng for demand
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F I G U R E  3   Ecosystem service priorities 
for each stakeholder group and the 
average priority scores of all stakeholder 
groups combined. Proportions shown are 
the mean for all respondents in the self- 
identified group. Red shades show cultural 
services, blue provisioning services and 
green regulating services

TA B L E  1   Overview of the affiliations and distinguishing socio- economic characteristics of each stakeholder group and their sample sizes

Stakeholder group
Sample 
size Stakeholder identity Distinguishing socio- economic characteristics

Charcoal producer 32 Charcoal producers and charcoal association 
leaders

Poorly educated, low land and livestock ownership, 
equal gender representation (other groups more 
male- dominated)

Conservationist 25 Kenya Wildlife Service, Kenya Forest Service, 
Northern Rangeland Trust, community 
conservancies

Highly educated, higher proportion of immigrants

Crop farmer 42 Crop farmers High land ownership, medium education level, medium 
livestock ownership

Developmental 
NGO's

9 Medical aid and development organizations: 
Kenyan Red Cross, Baringo Network Ministries, 
Kerio Valley Development Authority

Highly educated, low land ownership

Government official 53 Village (assistant) chiefs and (sub- ) location, ward 
and county government agencies

Most highly educated, medium land and livestock 
ownership

Pastoralist 28 Pastoralists High landownership, medium education level, high 
livestock ownership

Teacher 11 Primary and secondary school teachers Highly educated

Tourism industry 34 Tourist lodge and tourist guide association 
employees

Highly educated, higher proportion of immigrants, 
higher land ownership
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homes. Additionally, hotels, tourism guide associations, conserva-
tion organizations, government offices and NGO offices were vis-
ited throughout the study area. Within each institution, 3– 10 people 
were interviewed separately, depending on the size of the institu-
tion. In institutions, the interviewees were selected by a supervisor 
to cover different hierarchical layers (e.g. from desk clerks to gen-
eral managers) and interviewees were selected on availability. All 
interviewees were adults at the time of the study. Interviews were 
performed by a team of 10 trained enumerators, who had previous 
experience in administering questionnaires and who were fluent in 
the local languages, and the questionnaire was pre- tested on roughly 
15 villagers and natural resource management specialists.

Each stakeholder was asked which of the pre- defined stakeholder 
groups they identified as belonging to most closely. To measure the 
relative priority of multiple ecosystem services, each stakeholder was 
then asked to divide 20 points, represented by dried beans, across 
15 potentially relevant ecosystem services (see Table 2). The mean-
ing of all ecosystem services was explained by the enumerators. In 
addition, ecosystem services were represented by pictures depicting 
examples of this service when possible (see Supporting Information 
1). Ecosystem services were selected a priori by researchers with 
experience in the region, and a group of local people, based on the 
Common International Classification of Ecosystem Services (CICES) 
classification (Potschin & Haines- Young, 2016). We included only 
services with a direct link to final benefits (as defined in the cascade 
model; Potschin- Young et al., 2018), to minimize the misallocation of 
points between final benefits and the regulating services which un-
derpin these. Interviewees were also given the option to name ad-
ditional services which they deemed important and allocate points 
to them. The number of points to be distributed was limited to en-
courage stakeholders to prioritize, as otherwise stakeholders could 
assign high or low scores to all services (e.g. Washbourne et al., 2020). 
This method, which we term ecosystem service priority assessment 
(ESPA), was adapted from previous measures of ecosystem service 
priority (Washbourne et al., 2020) but tailored to generate values that 
can be used in the ecosystem service multifunctionality approach 
described above. This approach also allows multiple values of a sin-
gle service (e.g. relational and material; Chan et al., 2012) to be inte-
grated without double counting. Discussion with stakeholders while 
conducting the interviews indicated that stakeholders were aware of 
interdependencies between services and allocated their points ac-
cordingly. For example, those from the ecotourism sector gave points 
to both tourism and conservation, and farmers and pastoralists gave 
points to water. Nevertheless, overlap between certain services, for 
example, (eco)tourism and biodiversity, and water and crop produc-
tion could not be avoided altogether, meaning some points may be 
misallocated, and the demand for regulating services that underpin 
these final benefits may be underrepresented. The priority some ser-
vices that are currently at high supply may also be ‘taken for granted’ 
and so their priority underestimated.

Each stakeholder had to allocate all points, with more points al-
located to ecosystem services that they had a higher priority for. 
Stakeholders were asked to perform this exercise three times: for 

the current situation, for the coming year and for 20 years into the 
future, to identify any potential differences between current and 
long- term interests. Additionally, each stakeholder was asked to ex-
plain their point distribution and to provide general data on their 

TA B L E  2   Overview of the ecosystem services considered 
in this study and for the services used in the multifunctionality 
calculations and their method

Ecosystem 
service class Specific service

Indicator of 
ecosystem service 
supply

Cultural Biodiversity 
conservation

Plant species 
richness from 
vegetation relevees

Tourism Presence of 
charismatic large 
animal species. 
Assessment of 
potential presence 
based on habitat 
preferences

Medicinal plants NAa 

Presence of sacred sites/
burial places

NAa 

Landscape beauty NAa 

Presence of culturally 
important plants or 
animals

NAa 

Provisioning Crop production Assumed to be zero

Livestock production Fodder production 
of both Prosopis 
seed pods and 
herbaceous biomass

Fishing NAa 

Honey production Flower abundance 
extrapolated 
based on Prosopis 
pod counts and 
herbaceous plant 
cover

Woody biomass for 
charcoal/firewood

Standing woody 
biomass of Prosopis 
(kg) using allometric 
equations

Water availability Groundwater use 
of Prosopis (L/
day) based on 
sap flow and 
evapotranspiration

Regulating Shade Woody species cover 
(%)

Protection against 
insect- borne diseases

NAa 

Carbon storage NAa 

aServices denoted as NA were present in the questionnaire but not 
prioritized by any stakeholder groups (<5% of points allocated in all 
stakeholder groups) 
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education, age, gender, land ownership and ethnicity (tribal asso-
ciation). The full questionnaire is found in Supporting Information 
1. For the calculation of multifunctionality, we excluded ecosystem 
services which were not given an average points allocation of >5% 
by any stakeholder group, leaving us with eight services that were of 
importance to at least one group. These were as follows: the cultural 
services of biodiversity conservation and tourism, the provision-
ing services of crop production (crops hereafter), wood production 
(wood), livestock production (livestock), water supply (water) and 
honey production (honey), and one regulating service, shade provi-
sion (shade).

The pre- defined stakeholder groups give a clear overview of 
the different priorities of the main profession- related groups. In 
contrast, defining groups by the statistical similarity of priority 
scores allows for the identification of patterns of similar prior-
ity across stakeholder groups that may be associated with fac-
tors other than profession, for example, cultural or demographic. 
Identification of such groups can aid management by identifying 
bundles of commonly co- prioritized services. To calculate such 
groups, we created a similarity index based on Euclidean distances 
and used NMDS as a clustering tool (see Supporting Information 
2 for more details).

2.3.2 | Ecological data

Ecological data were used to estimate levels of ecosystem service 
supply and the extent of Prosopis invasion. Data on the ecological 
impact of Prosopis on ecosystem properties were collected along a 
Prosopis cover gradient ranging from 0% to 80% cover in 15 × 15 m 
plots. A total of 67 plots were sampled in the rainy seasons of 2016 
and 2017. In all, 5– 8 plots were selected in each of 10 sub- locations, 
the smallest administrative unit in Kenya. Within each sub- location, 
plots were selected along a Prosopis cover gradient and plots within 
one sub- location all had a similar land use history, though land use 
history could differ between sub- locations; see Linders et al. (2019) 
for more details. The plot- level properties were used as indica-
tors for ecosystem service supply according to the methods men-
tioned in Table 2. For details of the measurement methodology, see 
Supporting Information 3.

2.4 | Statistical analysis

2.4.1 | Impact of Prosopis on ecosystem service 
supply and prioritization

We first assessed how the supply of each individual ecosystem 
service was affected by Prosopis invasion using regressions with 
individual ecosystem services as dependent variables and Prosopis 
cover as the independent variable in R version 3.6 (R Development 
Core Team 3.6., 2019). We also assessed how the priority scores dif-
fered between the different stakeholder groups by comparing the 

points allocated to each service using a Kruskal– Wallis test with a 
pairwise Wilcoxon test as the post- hoc.

2.4.2 | Quantification of multifunctionality

Using the ecosystem service multifunctionality approach, we assessed 
how Prosopis invasion affected each stakeholder group. First, each 
ecosystem service supply indicator was standardized between 0 and 
1, using the 95% percentile as the maximum to correct for potential 
outliers. As crop production in our plots was impossible under current 
vegetation cover, all plots were assigned a value of 0 for crop produc-
tion. Next, the supply– benefit relationship was applied to each service. 
For most services, a linear 1:1 relationship between ecosystem service 
supply and stakeholder benefit was assumed, as there was no reason 
to expect the saturation of demand within the observed range of these 
degraded ecosystems, and it was deemed likely that even low levels of 
service supply would still be valued. The exception was shade, for which 
we used a threshold point of 50% tree cover, above which there is no 
further benefit. This was based on responses from interviewees who 
were asked to identify an optimum of tree cover. This means that we 
rescaled all cover values with >50% tree cover to the maximum value. 
For shade, we thus used a segmented regression from the package seg-
mented (Muggeo, 2019) to assess the relationship between shade and 
Prosopis cover up to 50%.

Multifunctionality was calculated for each plot for each stake-
holder group by multiplying the individual standardized ecosystem 
service benefit values by the average proportion of priority points 
allocated to each service by the stakeholder group (see Figure 2 
and Manning et al. 2018 for further details). This was done both for 
the pre- defined stakeholder groups and the data- defined groups. 
For the pre- defined groups, we averaged the priority scores from 
the three time periods, as we argue that a combination of short-  
and long- term priorities is most reflective of stakeholder wishes, 
even though only small differences exist between the time steps 
(see Supporting Information 4). In addition to the stakeholder 
priority- based analysis, we also analysed how multifunctionality 
was affected by Prosopis when all indicators were given equal 
weight, using the averaging approach (Byrnes et al., 2014), thus 
allowing the comparison of our results with those of previous mul-
tifunctionality studies (Hölting et al., 2019; Maestre et al., 2012; 
van der Plas, Manning, Allan, et al., 2016). We tested whether 
ecosystem multifunctionality for each stakeholder group was 
significantly affected by Prosopis cover using linear regressions. 
To assess the robustness of our multifunctionality results, we ad-
ditionally performed a sensitivity analysis in which we changed 
the supply– benefit relationship for each ecosystem service to an 
alternative plausible form (see Supporting Information 5 for de-
tails). With the exception of water, which showed some moderate 
sensitivity, changing the supply– benefit relationship did not affect 
the relationship between Prosopis cover and individual services, 
or ecosystem service multifunctionality, for any of the stakeholder 
groups.
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3  | RESULTS

3.1 | Prosopis effects on ecosystem service supply

The invasion of Prosopis onto degraded land had mixed effects on 
ecosystem service supply (Table 3). Increasing Prosopis cover signifi-
cantly increased the supply of shade, wood and honey, but signifi-
cantly and negatively affected potential water supply, biodiversity 
conservation and tourism potential. It did not significantly affect 
livestock (fodder availability), which was already low.

3.2 | Ecosystem service priorities of stakeholders

There were clear differences in which ecosystem services were pri-
oritized by different stakeholder groups. However, most stakeholder 
groups prioritized provisioning services: charcoal producers, farm-
ers, government officials, developmental NGO workers and pas-
toralists all allocated >75% of their points to provisioning services 
(Figure 3). Cultural services were only important to conservationists 
(46%) and the tourism industry (41%) and had some importance to 
teachers (23%) and government officials (13%). Regulating services 
were allocated only 5%– 8% of the points from all stakeholder groups, 
except regional development agencies (13%). Conservationists pri-
oritized biodiversity conservation more than all other stakeholder 
groups (23%; p = 0.02). Both teachers and the tourism industry 
also prioritized biodiversity conservation compared to other stake-
holder groups (11% and 17%, respectively; p = 0.04). Tourism re-
ceived more points from the conservationist and tourism industry 
groups compared to the other groups (19% and 21% respectively; 
p < 0.01). Charcoal burners prioritized wood far more highly than 
any other stakeholder group (52%; p < 0.0001), (maximum for other 
groups 7%), and wood was given lower priority by conservationists 
and tourism industry compared to other groups (1% and 2%, respec-
tively; p = 0.03). Priority for crops was relatively evenly distributed, 
as each group assigned more than 10% of their points to crops, but it 
was higher among farmers compared to all other stakeholder groups 
(38% of points; p = 0.04), except for regional development agencies 
(27%; p = 0.07). Pastoralists showed a significantly higher priority for 

livestock than any other stakeholder group (44%; p < 0.01). Water 
was important to all stakeholder groups, but particularly govern-
ment officials, compared to charcoal producers, conservationists 
and farmers (23%; p = 0.03) and for tourism industry compared to 
charcoal producers (21%; p = 0.01). There was no significant differ-
ence in the prioritization of shade between the stakeholder groups 
(p > 0.25).

There were four data- defined stakeholder groups (Supporting 
Information 2), each prioritizing specific services: charcoal, livestock 
production, crop production and tourism and biodiversity conser-
vation. These overlap considerably with the self- identified groups, 
indicating that there are no major ES priority groups outside the pre- 
defined occupational ones.

Priority scores were relatively unaffected by current and long- 
term perspectives, with responses relatively similar for each of the 
time steps: current, the coming year and long- term future. The only 
change was that the diversity of point distribution (Shannon– Wiener 
index) declined in the future scenarios compared to the current 
situation. This was caused by stakeholders putting even higher fu-
ture priority on ecosystem services which were already prioritized 
(Supporting Information 4).

3.3 | Prosopis effects on ecosystem service 
multifunctionality

Increasing Prosopis cover provides a net benefit to only two 
groups, charcoal burners (Figure 4; p < 0.0001) and developmen-
tal NGOs (p = 0.001; Supporting Information 6 for raw graphs) 
but significantly decreases ecosystem service multifunctionality 
for conservationists (p < 0.0001), government officials (p = 0.01), 
teachers (p = 0.005) and the tourism industry (p < 0.0001). The 
negatively impacted groups prioritize water, biodiversity and 
tourism, whereas those prioritizing wood, honey and shade ben-
efit from the invasion. For farmers (p = 0.23) and pastoralists 
(p = 0.32), Prosopis cover did not affect ecosystem service mul-
tifunctionality. Average multifunctionality was relatively low for 
farmers across the whole cover gradient (<0.4), due to the lack of 
crops on the study plots.

Ecosystem service Estimate SE p value R2

Biodiversity conservation −0.003 0.001 <0.01 0.10

Tourism −0.007 0.001 <0.0001 0.29

Water supply −0.01 0.0009 <0.0001 0.62

Wood 0.007 0.0009 <0.0001 0.55

Livestock −0.002 0.001 0.16 0.03

Honey 0.008 0.001 <0.0001 0.52

Crops NA NA NA NA

Shade <50% 0.02 0.002 <0.0001 0.79

Shade >50% NA 0.79

Bold indicates p < 0.05.

TA B L E  3   Regression summary 
of Prosopis effects on standardized 
ecosystem service supply indicators
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Sensitivity analyses showed that these results are largely robust 
(Supporting Information 5). Ecosystem service multifunctionality 
was rarely higher than 0.5, the exceptions being for charcoal pro-
ducers, at high cover, and conservation and tourism industry em-
ployees, at low cover. The reason for this was that some services, 
for example, crops, were not supplied at all, while for others the si-
multaneously high supply of all prioritized services was precluded 
by trade- offs in supply along the Prosopis gradient. When weighing 
all services equally, using a standard averaging approach, Prosopis 
cover significantly increases overall ecosystem service multifunc-
tionality (p = 0.002). When averaging the mean priority scores of 
each stakeholder group to estimate how Prosopis affects ecosys-
tem service multifunctionality for the whole community (assuming 
equal weighting of each group), Prosopis had no significant effect on 
ecosystem service multifunctionality (p = 0.11), in keeping with its 
status as a conflict- of- interest species.

4  | DISCUSSION

Our results show that the impact of an invasive tree on ecosys-
tem service multifunctionality depends strongly on the relative 
priorities given to different ecosystem services by stakehold-
ers, with impacts varying from positive to negative depending 
on stakeholder group identity. Ecosystem service multifunction-
ality, a measure of overall ecosystem service supply relative to 
stakeholder demand, declined for most stakeholder groups with 
increasing Prosopis invasion in degraded land, but two groups, 
charcoal producers and developmental NGOs, benefited from an 
increase in Prosopis cover. From a methodological perspective, we 
show that the ecosystem service multifunctionality approach pro-
vides a detailed description of synergies and trade- offs between 
multiple ecosystem services, at the levels of both supply and pri-
ority, and how these affect overall multifunctionality for multiple 

stakeholder groups. A comparison of results from this approach 
with those generated by the averaging method also highlights that 
the ecosystem service multifunctionality approach can identify 
and quantify more realistic and nuanced relationships between 
global change drivers and society than other multifunctionality 
approaches. In turn, this information may be used to help identify 
land management strategies that minimize trade- offs, and thus 
conflict between stakeholders.

4.1 | Patterns of ecosystem service priorities

In general, most stakeholders prioritized provisioning ecosystem 
services, with only conservationists and tourism industry employ-
ees prioritizing cultural services. As the local population in our 
study area is generally poor and mostly rural, this supports the hy-
pothesis of Yahdjian et al. (2015) that such stakeholders strongly 
prioritize provisioning services. As also identified by Martín- López 
et al. (2012), the stakeholder groups which prioritize cultural ser-
vices are relatively highly educated. In higher- income countries, a 
shift away from the prioritization of provisioning services can be ex-
plained by economic diversification, and a decline in the relative eco-
nomic importance of agriculture (Anderson, 1987). This shift can be 
seen in Baringo, Kenya, as the stakeholder groups which prioritized 
cultural services were economically dependent upon conservation 
and tourism, and these are relatively new and increasingly important 
industries (Valle & Yobesia, 2009). With the exception of govern-
ment officials, developmental NGO employees and teachers all the 
stakeholder groups in our study depend directly on the supply of 
ecosystem services and unsurprisingly, each group gave priority to 
the service on which their income depends, for example, farmers 
placed highest importance on crop production. Similar patterns of 
ecosystem service priority across stakeholder groups are also ap-
parent elsewhere. In the Austrian Alps, Zoderer et al. (2019) found 

F I G U R E  4   The impact of increasing 
Prosopis cover on ecosystem service 
multifunctionality, and its component 
ecosystem services, for multiple 
stakeholder groups. Lines shown are 
individual regressions for each service 
and for multifunctionality, their sum. 
The contribution of each service shown 
is standardized supply converted to 
benefit and multiplied by its priority 
score for that group. A multifunctionality 
score of 1 indicates that all ecosystem 
service demands are met fully. Crops 
were prioritized by all stakeholders but 
had a supply value of zero across the 
entire study gradient, thus limiting total 
ecosystem service multifunctionality
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that visitors prioritized cultural services, locals prioritized regulat-
ing services and farmers the provisioning services on which their 
income depends. In Spain, similar conflicts arose as each stakeholder 
groups prioritized ecosystem services that were relevant to them 
professionally, for example, provisioning services for farmers and 
regulating services for environmental professionals (Iniesta- Arandia 
et al., 2014). Whether stakeholders were considering current or fu-
ture demand had little impact on demand for all stakeholder groups 
(Supporting Information 4), indicating that they expect that the 
services they desire now will also be those prioritized in the future. 
However, stakeholders tended to focus their future priorities upon 
services they already deemed important. This strategy could be 
driven by increasing specialization of labour— a common property of 
economic development (Papageorgiou & Spatafora, 2012) that may 
limit adaptation options (Wuepper et al., 2018).

4.2 | Prosopis effects on ecosystem service 
multifunctionality

Our results, the first to use real stakeholder data with the ecosys-
tem service multifunctionality approach, show that stakeholder 
perception can shape both the sign and strength of the relationship 
between a global change driver and multifunctionality. Whether 
Prosopis invasion changes ecosystem service multifunctionality 
depends on how strongly certain services are prioritized by the 
stakeholder group in question, and how strongly these prioritized 
services react to Prosopis. Only two stakeholder groups benefit 
from Prosopis invasion of degraded land: charcoal producers and de-
velopmental NGOs. Charcoal producers benefit mainly due to their 
high priority for wood, the availability of which strongly increases 
with Prosopis cover. Economically poor stakeholders are typically 
expected to have limited capacity to adapt to environmental change 
(Ariti et al., 2015). However, here charcoal producers, which are 
lowly educated and own little land and livestock, benefit strongly 
from Prosopis invasion, as producing charcoal needs very little in-
vestment. This indicates that they have made opportunistic use of 
an emerging resource. Developmental NGO’s benefit because they 
give relatively high priority to shade and honey production, two ser-
vices that respond positively to increasing Prosopis cover. Whereas 
in our heavily degraded study system wood, shade and honey are 
all strongly related to Prosopis, this does not mean that on a larger- 
scale Prosopis is also beneficial to these stakeholder groups. Native 
woody species that can also provide these services still dominate 
other areas in the region (Mbaabu et al., 2019), without the clear 
trade- offs of Prosopis.

The decline of ecosystem service multifunctionality with inva-
sion for several stakeholder groups was mainly due to Prosopis re-
ducing water availability, biodiversity and tourism potential. Neither 
pastoralists nor farmers were impacted significantly, but they had 
relatively low multifunctionality values across the entire Prosopis 
cover gradient. The lack of impact on pastoralists can be explained 
by the fact that sampling took place on heavily degraded, and often 

historically overgrazed sites, where herbaceous fodder was low even 
before Prosopis invasion (Mbaabu et al., 2019). Prosopis invasion of 
non- degraded grasslands results in strongly negative effects on fod-
der availability (Linders et al., 2019; Shackleton et al., 2014) and is 
thus likely to negatively affect ecosystem service multifunctionality 
for pastoralists. This highlights the context dependency of the im-
pact of global change drivers on multifunctionality (Allan et al., 2015; 
Giling et al., 2019). Additionally, these different ecosystem service 
multifunctionality effects explain how differences in perception of 
which services are important can lead to mixed perceptions of an 
invasive species within societies (Shackleton et al., 2019).

We could not include Prosopis impacts on crop production in our 
study, as we did not have any data on Prosopis effects on arable 
land and crop production in the current plots would likely reduce the 
supply of other services measured in our plots. Exclusion of crops 
in this study explains the lack of Prosopis effect found for farmers, 
as their most prioritized service could not be provided by any of the 
plots included in our study, leading to low overall ecosystem service 
multifunctionality. Prosopis would shade out crops and is known to 
alter soil chemistry (Linders et al., 2019; Shackleton et al., 2014). 
Furthermore, there would be a cost to clearing Prosopis before crop 
production can start (Swallow & Mwangi, 2008) Therefore, we ex-
pect that Prosopis effects on multifunctionality for farmers would 
be more negative if a comparison was made with the less degraded 
areas and croplands that were not included in this study.

When weighing all services equally, Prosopis was found to have 
a net positive effect on ecosystem service multifunctionality. In con-
trast, by using an average stakeholder group response to weight, 
each service Prosopis was shown to have net neutral effect. This 
demonstrates that Prosopis is a conflict- of- interest species in our 
study area, and that basing ecosystem management on equal weight-
ing multifunctionality measures is inadvisable. Such trade- offs be-
tween different stakeholder groups are common when each profits 
from a specific provisioning service (Howe et al., 2014). Therefore, 
our results further highlight the need to incorporate stakeholder pri-
orities into research that investigates the impacts of global environ-
mental change.

4.3 | Future approaches and management 
implications

This study was based on snapshot measurements of supply taken 
at the plot scale, and thus lacks a representation of the spatial and 
a temporal heterogeneity and dynamics of landscapes. Given the 
role of croplands and other tree species in providing ecosystem 
services within the study region, it is clear that a landscape- scale 
evaluation of multifunctionality (Manning et al., 2018; van der Plas 
et al., 2019) that incorporates a wider range of land uses is needed 
before clear management recommendations on Prosopis manage-
ment can be given. However, it is clear that lower Prosopis cover 
would benefit most stakeholders, and would only be detrimental 
for charcoal producers, if no native trees are present. Despite these 
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limitations, the relationships identified here could be presented to 
stakeholders as a means of fostering understanding between them, 
and to managers who must balance the needs of multiple groups. 
Apps and other communication tools may also enable the communi-
cation of such findings, for example, by showing how sensitive the 
results are to the supply and priority aspects (Neyret et al., 2020). 
The results may also help in finding common goals between differ-
ent stakeholder groups. Experience in invasive plant management 
has shown that focussing management on a few services, which all 
stakeholders agree are important, can be effective (van Wilgen & 
Wannenburgh, 2016). Here, all stakeholder groups agreed on the 
importance of water, crop production, and at a lower level, shade. 
These are thus the foundational services that any management 
plan should include.

Future landscape- scale approaches should ideally also incor-
porate information on where services are demanded via spatially 
explicit supply − benefit relationships (Manning et al., 2018), For ex-
ample, shade may only be demanded near villages. Improved indica-
tors that better reflect the services prioritized could also be used. For 
example, for biodiversity conservation the landscape abundance of 
animals of conservation concern, rather than measures of plot- scale 
plant diversity. Upscaling our results to a landscape level should also 
allow us to assess whether a mixed landscape of both Prosopis and 
uninvaded sites could provide high ecosystem service multifunction-
ality to multiple groups, as services that trade- off at the plot scale 
could be provided by different areas. Such a possibility is suggested 
by both empirical and theoretical studies (van der Plas et al., 2019; 
van der Plas, Manning, Soliveres, et al., 2016), although very high 
levels of all services at the landscape scale are impossible where 
such trade- offs occur (Neyret et al., 2020; van der Plas et al., 2019). 
Temporal aspects would further enhance the multifunctionality ap-
proach and its applicability in addressing sustainable management 
problems. This may include factors such as the changing of stake-
holder priorities over time (Koch et al., 2009).

More accurate supply– benefit relationships would also be 
advantageous, as while our results were largely insensitive to 
supply– benefit relationships we used, these can strongly affect 
multifunctionality metrics (Manning et al. 2018). These could incor-
porate changes in the relationship between drivers and supply, for 
example, as caused by unsustainable land use practices and resource 
use (Geijzendorffer et al., 2015). Currently, our supply– benefit re-
lationships do not capture certain real dynamics such as changes 
to the maximum and minimum supply of services, since benefit is 
capped at 1 at the observed maximum supply of a specific land use 
type, nor corresponding changes in demand, for example, if demand 
saturates following management changes that create greater sup-
ply. Regulating services that underpin the sustainability of ecosys-
tem service supply may also be undervalued by our approach, as by 
working at the level of final benefits their continued supply is some-
what assumed.

Another aspect that may require refinement is the link be-
tween the services prioritized between stakeholders, and the 
indicators used. Mismatches and the misallocation of priority 

points may occur due to mutual failure to communicate the ser-
vices discussed precisely, or the lack of high- quality indicators. 
Misallocation is most likely to occur for cultural ecosystem ser-
vices and is most problematic if these services respond differently 
to the driver. However, we feel this was unlikely in our study as 
most cultural services were related to natural and biodiverse eco-
systems. Finally, we did not investigate relationships between 
stakeholders, even though these clearly shape priorities, and land 
use decisions (Reed et al., 2009). Understanding which stakehold-
ers are powerful and how different stakeholder groups are inter-
related is crucial, as different stakeholders might have the power 
to influence the supply of specific services and management deci-
sions (Felipe- Lucia et al., 2015).

4.4 | Conclusions

In this study, we combined social science data on ecosystem service 
priorities with detailed natural science data describing the impact of 
an invasive tree on the supply of ecosystem services. This allowed 
us to holistically assess the overall impact of a global change driver 
on stakeholder benefits, in terms of its net overall impact and the 
relative impact on different stakeholder groups. We also show that 
ecosystem service multifunctionality measures can be used to aid 
decision making and the identification of land management options. 
The collection of stakeholder priority scores should therefore be 
seen as a relatively small investment, but with high gains in terms 
of relevance, for the many research projects that seek to identify 
how environmental change drivers affect ecosystem services and 
the people that depend upon them.
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