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Abstract

Context Human-dominated landscapes in the tropics

need to be managed for biodiversity and the mainte-

nance of ecosystem services (ES). Nevertheless,

integrating both biodiversity conservation and ES

management remains a challenge.

Objectives This study aimed to quantify woody plant

species diversity and associated ES in farmland and

forests, and investigate the relationship between

species and ES diversity.

Methods The study was conducted in southwestern

Ethiopia. We surveyed woody plants in 181 20 m by

20 m plots in farmland, forest with, and forest without

coffee management. We also interviewed 180 ran-

domly selected households about woody plant bene-

fits. We then (a) quantified species and ES diversity;

and (b) investigated the relationship between species

and ES diversity.

Results We recorded 128 woody plant species in

total. Most ES were available in all land uses, although

they differed in their mean availability. ES composi-

tion was significantly different among land uses. ES

diversity was positively related with species diversity

in all land uses.

Conclusions Our findings suggest that all examined

land-use types were multifunctional in terms of key ES

provided by woody plants and that maintaining high

species diversity also benefits ES diversity. Given

these findings, we suggest to: (1) strengthen landscape

multifunctionality by drawing on the positive rela-

tionship between biodiversity and ES diversity; (2)

devise conservation policies that encompass entire
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landscape mosaics and enhance co-benefits of conser-

vation and ES provision across land uses; and (3)

conduct further social–ecological studies that use

mixed data to elicit socially relevant relationships

between biodiversity and ES diversity.

Keywords Biodiversity conservation � Ecosystem

service diversity � Human wellbeing � Land

management � Landscape sustainability �
Multifunctionality

Introduction

The ecosystem service (ES) framework has become an

important tool to link biodiversity conservation and

human wellbeing (Dı́az et al. 2015), especially since

the Millennium Ecosystem Assessment (MA 2005). A

fundamental tenet of this framework is that biodiver-

sity is positively related to the provision of ES and

thereby benefits human wellbeing (Peterson et al.

1998; Isbell et al. 2011; Brockerhoff et al. 2017).

Biodiversity generates supporting (e.g. nutrient

cycling), provisioning (e.g. food, fuel, and timber),

regulating (e.g. climate regulation) and cultural (e.g.

spiritual experience) ES (MA 2003; Dı́az et al. 2018).

It is also key to ecosystem resilience, i.e. the capacity

to absorb shocks and continue functioning (Folke et al.

2004).

Understanding the relationships between biodiver-

sity and ES has become a major field of research

(Peterson et al. 1998; Isbell et al. 2011; Cardinale et al.

2012). However, empirical studies that examine how

biodiversity relates to the provision of multiple ES in

different land-use types across real landscapes remain

scarce (Mitchell et al. 2015; Brockerhoff et al. 2017;

Manning et al. 2018). With the exception of some

theoretical and experimental explorations (e.g. Maes-

tre et al. 2012; Gamfeldt et al. 2013; Allan et al. 2015),

few studies have systematically examined biodiver-

sity–ES relationships across gradients of land-use

intensity within human-modified landscapes (e.g.

Woollen et al. 2016; Rasmussen et al. 2018), which

is arguably where such relationships matter most (e.g.

Jönsson and Snäll 2020). Additionally, most studies on

the relationship between biodiversity and ES have

considered the effects of species diversity on individ-

ual ES (Schwartz et al. 2000; Cardinale et al. 2012;

Lefcheck et al. 2015), despite the fact that many

landscapes are managed for multiple ES (Hector and

Bagchi 2007; Eigenbrod 2016). In some instances,

studies have also suffered from a disparity between the

assessed ES and the actual ES required by people in a

specific landscape (Balvanera et al. 2014; Woollen

et al. 2016; Dı́az et al. 2018). As a result, important

aspects of biodiversity and multiple ES in a given

landscape may be overlooked, with potential negative

repercussions for the effective conservation and

management of ES (Gamfeldt et al. 2008; Wu 2013;

Eigenbrod 2016).

Humans, particularly in less developed countries,

directly rely on the ES generated by a biodiverse

environment for their livelihoods (Shackleton et al.

2011; Sunderland et al. 2013; Reed et al. 2017).

Especially, woody plants provide many important

services, which are directly or indirectly associated

with particular species (Dı́az et al. 2006; Shackleton

et al. 2011; Rasmussen et al. 2017). For example,

between 1.3 and 2.4 billion people use wood for house

construction and cooking (FAO 2014), and 1.4–1.6

billion people use non-timber forest products for their

livelihoods and cultural needs (Shackleton et al.

2011).

The link between biodiversity and wellbeing is

particularly strong for smallholder farmers (Ras-

mussen et al. 2017; Reed et al. 2017; Ahammad

et al. 2019), who typically are part of tightly coupled

social–ecological systems (Berkes et al. 2003; Folke

2006; Fischer et al. 2012). Smallholder farming often

produces multifunctional landscapes because farmers

manage their land to foster the generation of a diverse

portfolio of ES, or ES multifunctionality (O’Farrell

and Anderson 2010; Sunderland 2011; Manning et al.

2018). Multifunctional landscapes are found world-

wide (Sunderland 2011; Tscharntke et al. 2012);

examples are agroforestry systems in which coffee

and cacao are grown under shade trees in Africa, Latin

America and Asia (Perfecto et al. 2007; Perfecto and

Vandermeer 2010; Tscharntke et al. 2011), or tradi-

tional wood-pasture systems in eastern Europe (Hartel

et al. 2013).

The global shift to production-oriented land-use

policies and management practices has resulted in the

simplification of multifunctional landscapes, with

various consequences for biodiversity conservation

and human wellbeing (de Groot et al. 2010; Raudsepp-

Hearne et al. 2010a; Rasmussen et al. 2018; Neyret
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et al. 2020). Many agricultural landscapes have been

pushed towards increasingly intensive practices (Til-

man et al. 2001; Foley et al. 2005; Ramankutty et al.

2008), favouring the production of high-yielding crops

but paying little attention to other potentially impor-

tant ES (Tscharntke et al. 2012; DeClerck et al. 2016;

Rasmussen et al. 2018). Although sufficient agricul-

tural yields are critical for human wellbeing, the loss

of numerous ES not associated with crops could

eventually have major negative ramifications for poor

people (Rahman et al. 2015; DeClerck et al. 2016;

Rasmussen et al. 2018). Especially in the light of

globally changing environmental conditions, which

threaten ecosystem integrity and functioning (e.g.

Isbell et al. 2015; Hisano et al. 2018), maintaining

biodiverse and multifunctional landscapes is critically

important to mitigate ecological and social impacts.

Finding management strategies for landscapes that

foster both biodiversity and the ongoing supply of

diverse ES is therefore a key sustainability challenge.

In this study, we investigated the relationship

between woody plant species diversity and ES diver-

sity across different land-use types within a small-

holder-dominated farming landscape in southwestern

Ethiopia. In the region, while the landscape harbours a

high diversity of woody plant species that provide key

services for local people (e.g. Jara et al. 2017; Shumi

et al. 2018, 2019b), current agricultural policies favour

agricultural intensification (e.g. Kassa et al. 2016) and

thus negatively impact woody plant species diversity

and associated ES. At present, local people depend on

multiple ES provided by different woody plant species

for their day-to-day livelihoods (Ango et al. 2014;

Dorresteijn et al. 2017; Shumi et al. 2019a). To

explore how woody plant species diversity was related

to ES diversity in the landscape, we collected social

data on local people’s benefits obtained from different

woody plant species. We then linked this data with

ecological field data on the presence, abundance and

size of woody plant species occurring in farmland

(arable land and grazing land) and forests (with and

without coffee management).

Our aims were to (i) quantify woody plant species

diversity and their associated ES supply, and evaluate

ES composition in different land uses, namely farm-

land, forest with coffee management and forest

without coffee management; and (ii) investigate the

relationship between woody plant species diversity

and ES diversity in all three land-use types. We

hypothesized that different land-use types provide

diverse ES, that ES composition varies among land-

use types, and that ES diversity is positively related to

woody plant species diversity.

Methods

Study area

The study was conducted in a smallholder-dominated

landscape, within which we focused on six kebeles

(the smallest administrative unit in Ethiopia) located

in the Gera, Gumay and Setema districts of Jimma

Zone, Oromia Regional State, southwestern Ethiopia

(Fig. 1). The study kebeles comprised a mosaic of

land-use types, with forest cover ranging from 11 to

84%, while arable land, grazing land and settlements

accounted for the rest.

The natural vegetation in the study area has been

classified as moist evergreen Afromontane forest

(Friis et al. 2010). Dominant tree species in the forest

include Olea welwitschii, Pouteria adolfi-friederici,

Schefflera abyssinica, Prunus africana, Albizia spp.,

Syzygium guineense, and Cordia africana (Cheng

et al. 1998). The study area is part of the centre of

origin of Coffea arabica, and still harbours the gene

pool of wild coffee populations (Anthony et al. 2002).

It is also a part of the Eastern Afromontane Biodiver-

sity Hotspot (Schmitt 2006; Mittermeier et al. 2011).

The study area comprises undulating slopes and flat

plateaus, with elevation ranging from 1500 to 3000 m

above sea level. It has a warm moist climate within the

inter-tropical convergence zone, with 1500–2000 mm

of annual rainfall, and a 20 �C mean annual temper-

ature. Annual rainfall patterns are unimodal, with a

wet season peak from June to September (Friis et al.

2010; Schmitt et al. 2013; Ango 2016).

All land, including forest, is owned by the govern-

ment (FDRE 1995) and local communities have

limited use rights (Crewett et al. 2008). Customary

forest use rights are also in place in some locations to

manage forest for honey and coffee production

(Wakjira and Gole 2007). Smallholder-agriculture

based on crop production and livestock breeding is the

main source of livelihoods. Coffee and to a lesser

degree honey are economically important non-timber

forest products in the area. The human population of

the study kebeles ranged from 3230 to 9975 people per
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kebele (Dorresteijn et al. 2017). The largest ethnic

group in the study area is the Oromo, while Amhara,

Kefficho and Tigre people are minorities (see

Table S1; Shumi et al. 2019a).

Data collection

Woody plant survey

We surveyed woody plants from November 2015 to

January 2016, and from April to May 2017. Prior to

Fig. 1 a Study area (square) in Jimma Zone, Ethiopia; b the six

kebeles: Difo Mani and Gido Bere in Setema district, Bere

Weranigo and Kuda Kofi in Gumay, and Borcho Deka and Kela

Harari in Gera; c interviewed households (black triangles); and

d woody plant survey points: in farmland (black circles), in

forest with coffee management (‘‘?’’ sign), and in forest without

coffee management (‘‘x’’ sign). In c and d grey colour represents

current forest cover
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woody plant surveys, using ArcGIS 10.2, we deter-

mined the proportion of farmland and forest within

each kebele using a land cover map generated via

supervised image classification of a RapidEye satellite

image from 2015.

For farmland, we determined the proportion of

arable land and grazing land and then, we randomly

selected 72 circular 1 ha survey sites across the six

kebeles—53 in arable land and 19 in grazing land,

assigned proportionally to the occurrence of arable

land and grazing land in each kebele. To be able to

directly compare woody plant data from farmland with

forest data (described below), we laid a 20 m by 20 m

subplot at one of the edges of the focal 1 ha circular

site, in the first instance in a northerly direction; or if

there was no woody vegetation cover in the northern

direction, to the east, south or west.

For forest sites, to capture possible gradients of

human disturbance, we stratified the forest into four

cost distance classes (low, medium, high and very high

cost distance), using the cost distance analysis tool in

ArcGIS. Finally, we randomly selected a total of 109,

20 m by 20 m plots (46 in forests with coffee

management and 63 in forests without coffee man-

agement), distributed across the six kebeles and across

the four cost distance classes (30 in low, 21 in medium,

20 high, and 38 very high cost distance). In total, we

thus obtained 181 20 m by 20 m plots (72 in

farmlands, 46 in forests with coffee management and

63 in forests without coffee management) distributed

across the six kebeles (22–42 plots per kebele) and

spanning a broad range of environmental conditions

(Fig. 1).

In each plot, all individuals of tree and shrub

species with a height C 1.5 m were recorded. We also

measured the diameter at breast height (DBH) of all

individuals with DBH C 5 cm. For species that were

difficult to identify in the field, specimens were

collected, pressed, dried and transported to the

National Herbarium at Addis Ababa University for

identification. Nomenclature follows the Flora of

Ethiopia and Eritrea (1989–2006).

Household survey

Social data were collected through a household survey

from February to March 2017. We interviewed 180

randomly selected households and assessed the use

and preference of woody plant species for 11 purposes.

These purposes were: fuelwood, fencing material,

farm implements, honey production, house construc-

tion, household utilities, poles and timber, medicine,

animal fodder, shade for coffee cultivation, and soil

fertilisation. The selection of these purposes was based

on a pilot study and existing literature (Wakjira and

Gole 2007; Ango 2016). Local people sourced these

benefits from farmland (mainly arable land and

grazing land), and forests (with and without coffee

management). For details of methods, such as the

characteristics of respondents and sources of woody

plants, see Shumi et al. (2019a) and Table S1.

Data on ES

To generate data on ES, we combined the ecological

and social data collected. Specifically, we used (1)

woody plant species presence, abundance and DBH

recorded per plot; (2) the list of woody plant species

reported to be used for each purpose, inferred from

household surveys (see Table S2); and (3) reasonable

diameter thresholds, that is, the minimum size an

individual woody plant species needs to attain to be

useful for a particular purpose (e.g. an individual of a

species needs to attain C 5 cm DBH to be useful for

house wall and roof construction; Table 1).

Using this information, we developed a woody

plant species–ES presence matrix, and determined the

potential ES available in each plot surveyed for woody

vegetation. In this matrix, we assigned ‘‘1’’ in the

column of a given purpose (hereafter ecosystem

service) for an individual of a species present in a

given plot, if (a) the species was reported to be used by

local people for that service, and (b) the individual of

this species met the size threshold criteria for service;

we otherwise assigned ‘‘0’’ if these criteria were not

fulfilled. For example, a survey plot may have had

three individuals of C. africana (e.g. one with 5 cm

DBH, one with 9 cm, and one with 20 cm). We knew

from the household survey that C. africana was used

by local people for poles and timber (as well as other

ES; see Table S2); and we had set a size threshold of

10 cm DBH for species to be useful as ‘‘poles and

timber’’. Hence, in this case, we noted two times ‘‘0’’,

and one time ‘‘1’’ in the column ‘‘poles and timber’’ for

C. africana in this plot (i.e. only one individual

fulfilled the criteria for the ES poles and timber).

Cordia africana was also used for the ES ‘‘fuelwood’’

(Table S2), but without a size threshold (Table 1). We
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thus noted three times ‘‘1’’ in the fuelwood column for

this species in this plot (i.e. all individuals fulfilled the

criteria for the ES fuelwood). We followed this

procedure for every individual of every woody species

recorded in each plot, for each of the 11 ES considered.

Summing the individuals in a given plot for a given

service thus gave the number of individual woody

plants that provided a particular ES in a given plot (see

also de Groot et al. 2010; Burkhard et al. 2012). This

way, we determined the potential ES provisioning of a

given plot, rather than the actual provisioning—for

example, a plot with a lot of firewood present may not

actually be used for firewood collection; and a plot

with a lot of coffee shade trees may not actually be

used to provide shade for coffee plants.

Table 1 List of uses of woody plants, including description and threshold size

Use/purpose Description Threshold

House

construction

House wall and roof construction Wood used for wall and roof construction DBH C 5 cm

Wall and roof fixing Small wood used for fixing wall and roof Any size (can be

split)

Farm

implements

Handle Wood used as beam handle for ploughing DBH 5–10 cm

Yoke Wood used as yoke for ploughing DBH 10–30 cm

Beam Wood used as beam for ploughing DBH 10–20 cm

(can be prepared)

Fuelwood Firewood and charcoal Parts (leaf, bark or wood) of trees/shrubs used

for cooking, lighting and heating

Any size (can be

split)

Honey

production

Beehive making Small wood used for making or fixing the wall

of beehives

DBH\ 5 cm

Wood or bark used for making beehives DBH[ 20 cm (can

be prepared)

Beehive hanging Intermediate and large/old trees/shrubs

preferred for beehive hanging

DBH[ 20 cm

Bee forage Shrub/small trees suitable for bee forage Any size

Large/old trees suitable for bee forage DBH[ 10 cm

Fence Live fence Living trees/shrubs serving as fence Any size

Dead wood fence Wood used for fencing Any size

Medicine Parts (leaf, bark or wood) of trees/shrubs used

for healing human or animals

Any size

Coffee shade Small planted trees/shrubs providing coffee

shade

DBH C 5 cm

Retained or planted trees/shrubs that can serve

as coffee shade

DBH[ 10 cm

Household

utilities

Wood used to make small household utilities

or tools

DBH[ 10 cm

Soil

fertilisation

Trees/shrubs contributing to soil fertilisation Any size

Animal

fodder

Parts (leaf, twigs or bark) of trees/shrubs used

as animal fodder

Any size

Poles and

timber

Wood used for poles and timber DBH C 10 cm

This list was used to determine the ES provided in each survey plot. Note that only suitable tree/shrub species were considered for

each purpose
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Data analysis

The analysis followed three steps. First, we quantified

woody plant species diversity in different land-use

types. Second, we quantified and examined ES

composition patterns in farmland, forest with and

without coffee management. Third, we investigated

woody plant species diversity–ES diversity relation-

ships in the three land-use types.

Woody plant species diversity

We first determined key aspects of species diversity—

that is, species richness (i.e. the number of species

present) and the Shannon diversity index (an index

that accounts for both the number of species present,

i.e. species richness, and the abundance of individuals

per species), for all plots in each land-use type (Lande

1996; Spellerberg and Fedor 2003). Second, we

illustrated the cumulative species richness within a

land-use type using plot-level species accumulation

curves. Finally, to increase the scale of our inference

beyond the plot level to the landscape level, we

calculated Simpson’s alpha, beta (additive) and

gamma diversities as well as turnover, i.e. spatial

differences in diversity measured by Bray–Curtis

dissimilarity distances, of woody plant species in each

land-use type. The indices were calculated based on

the above-described surveys in 20 m by 20 m plots.

Analyses were done using the ‘vegan’ package

(Oksanen et al. 2019) and the ‘betapart’ package

(Baselga et al. 2018) in R (R Core Team 2019).

ES diversity

Here, we first determined the potential supply of each

ES from the woody plant species–ES matrix (see

above) for each survey plot. Second, we standardized

each ES to values between 0 and 1 by dividing the

abundance of a given ES in a given plot by its

maximum abundance found within the entire study

area (i.e. across all land-use types). We then deter-

mined the mean extent of each ES provided by each

land-use type. Third, we ran a non-metric multidi-

mensional scaling ordination (NMDS, with Bray–

Curtis dissimilarity distance, 999 permutations) and a

permutational multivariate ANOVA using the Adonis

function in the ‘vegan’ package (Oksanen et al. 2019)

in R (R Core Team 2019) to visualize patterns of ES

composition and test for possible differences in ES

composition among land-use types in the landscape.

Fourth, we calculated Simpson’s alpha, beta and

gamma diversities and turnover of ES for each land-

use type using the same approach as described for the

species diversity above.

Relationship between biodiversity and ES diversity

Prior to modelling, we determined the total number of

ES and the ‘ES Shannon diversity index’ for each plot,

which we considered as a proxy for the ES multifunc-

tionality of a given plot (e.g. Fagerholm et al. 2012;

Plieninger et al. 2013; Manning et al. 2018). We then

calculated the Spearman rank correlation between the

total number of ES in a given plot and the plot’s ES

Shannon diversity. The two measures of ES diversity

were highly correlated (0.75), and therefore both

provided meaningful indices of the potential multi-

functionality of a given plot. We chose ES Shannon

diversity as a response variable for modelling because

it was a continuous variable, and therefore had a finer

data resolution than the total number of ES. We also

checked for possible correlations/trade-offs between

all 11 different ES using Spearman correlation meth-

ods and found no evidence for obvious trade-offs

among ES (Table S3 and Fig. S1).

We then used linear mixed effects models with a

Gaussian error distribution structure to investigate the

relationship between: (i) ES Shannon diversity in

response to woody plant species richness, and (ii) ES

Shannon diversity in response to woody plant species

Shannon diversity. In both cases, we also fitted land-

use type as an additional explanatory variable, as well

as the interactions between land-use type and species

richness or species Shannon diversity, respectively.

We log-transformed the variable species richness to

account for its skewed distribution. We used ‘kebele’

as a random factor in the models to account for

grouping in experimental units. We also checked, but

found no evidence, for possible spatial autocorrelation

of residuals of each model using Moran’s I method

(p = 0.304 for species richness model, and p = 0.275

for the model of Shannon diversity of species).

Finally, to visualise the modelled relationships, we

predicted and plotted ES Shannon diversity values and

their 95% confidence intervals in response to species

richness and species Shannon diversity for each land-

use type.
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Results

Woody plant diversity

We identified 128 woody plant species (with one

unidentified specimen at species level and six planted

exotic species) in total, representing 43 families in the

181 plots analysed (Table S4). Of these, Vernonia

auriculifera, Erythrina brucei and Croton macrosta-

chyus were the most abundant species in farmland;

Coffea arabica, Maytenus arbutifolia and Vernonia

auriculifera were abundant in forest with coffee

management; and Dracaena afromontana, Chionan-

thus mildbraedii and Justicia schimperiana were the

most common species in forest without coffee man-

agement (Table S4). Of all species, 11% occurred

exclusively in farmland, 10% in forest without coffee

management and 7% in forest with coffee manage-

ment (Fig. 2a); and 72% occurred in more than one

land-use type (Fig. 2a). Species accumulation curves

illustrated that forests with and without coffee man-

agement had higher species diversity than farmland

and had a similar increase in cumulative species

richness (Fig. 2b). Farmland plots had a more gradual

increase in cumulative species richness than forests

(Fig. 2b). These richness patterns were confirmed by

our analysis of Simpson’s alpha and gamma diversity,

though some of the differences in gamma diversity

may be driven by lower sample size especially in

forest with coffee management (Table 2). When

considering the diversity in community composition,

i.e. the various proportions of different species (beta

diversity) and the species replacement between plots

across the landscape (species turnover), we found

farmland to be especially diverse (Table 2).

Composition of ES in different land uses

Almost all ES were provided by all land-use types,

although their mean values differed (Fig. 3). Mean

provisioning of house construction, fuelwood, and

honey production ES were highest in forest with

coffee management, while household utilities, poten-

tial coffee shade species, fencing materials and poles

and timber ES were most readily available in forest

without coffee management (Fig. 3) (evidently, poten-

tial coffee shade species were not actually used for

coffee cultivation in this environment). Conversely,

mean provisioning of soil fertilisation, fencing

materials, and medicine ES were higher than other

services in farmland. Mean values of all ES were much

lower in farmland than in forests (Fig. 3), which might

be caused by the overall lower species richness and

abundance of woody plant species in farmland

(Fig. 2b; Fig. S2; and Table S5).

Non-metric multidimensional scaling (NMDS, two

dimensional ordination; stress = 0.114) showed ES

composition differed among land-use types, and was

particularly variable within the group of farmland

plots (Fig. 4). This difference in ES composition

between the land-use types was significant (permuta-

tion analysis of variance: F2,178 = 46.13, p\ 0.001).

The potential ES supply of soil fertilisation and

medicine were particularly pronounced in farmland;

fuelwood, house construction and honey production in

forest with coffee management; and animal fodder,

household utilities and poles and timber in forest

without coffee management (Fig. 4). ES Simpson’s

alpha and gamma diversities were higher in forests

(Table 2), while farmland was particularly diverse in

terms of ES beta diversity and turnover between sites

across the landscape (Fig. 4; Table 2).

Relationships between ES diversity and woody

plant species diversity

ES diversity was positively related to woody plant

species diversity in all land-use types (Table 3;

Fig. 5a, b). However, there were also significant

interaction effects between land-use type and both

species richness and species Shannon diversity

(Table 3). ES Shannon diversity significantly

increased with species richness in farmland and in

forest with coffee management, but, for low values of

species richness, farmland had lower ES diversity

(Table 3; Fig. 5a). ES diversity in farmland appeared

to decrease sharply when species richness dropped

below ten species. Similarly, ES Shannon diversity

significantly increased with species Shannon diversity

in all land-use types, but more sharply in farmland

than in forests (Table 3; Fig. 5b). ES diversity thus

increased relatively slowly in forests, and more

sharply in farmland in response to both species

richness and Shannon diversity of species (Fig. 5a,

b). At higher species richness and diversity, ES

diversity across land-use types was similar (Fig. 5a,

b).

123

380 Landscape Ecol (2021) 36:373–391



Discussion

Local people, particularly in developing countries,

manage landscapes to harbour a diversity of plant

species and associated ES, from which they benefit

both materially and immaterially (Shackleton et al.

2007; Sunderland 2011; Manning et al. 2018). Reveal-

ing the effect of biodiversity on specific benefits

derived in smallholder-dominated landscapes, how-

ever, has remained a challenge. Here, we examined the

association between woody plant diversity and ES that

provide key benefits to local people in a rural

landscape of southwestern Ethiopia. We documented

the potential supply of multiple ES in all major land-

use types across the landscapes, and found a positive

relationship between woody plant species diversity

and ES diversity.

With respect to our first hypothesis—i.e. that

different land-use types would provide diverse ES

and that ES composition would vary among land-use

Fig. 2 a Number of woody plant species occurred exclusively

in or was shared by the different land-use types, namely,

farmland, forest (coffee) = forest with coffee management, and

forest (no coffee) = forest without coffee management.

b Species accumulation curves in the three land-use types,

where shaded areas indicate 95% confidence intervals

Table 2 Alpha, beta, and gamma diversity indices, and Bray–Curtis dissimilarity distances as a measure of turnover of woody plant

species and ES for the three focal land-use types in the landscape

Diversity index Turnover

Alpha Beta Gamma Bray–Curtis dissimilarity distance

Woody plant species

Farmland 2.36 10.89 25.65 0.65

Forest with coffee management 3.96 2.12 8.39 0.39

Forest without coffee management 8.51 4.32 36.80 0.58

Ecosystem services

Farmland 5.33 1.75 9.34 0.47

Forest with coffee management 8.02 1.18 9.48 0.25

Forest without coffee management 7.94 1.27 10.10 0.31

Note that differences in gamma diversity especially may at least partly be driven by the lower sample sizes in forest with coffee

management (farmland n = 72, forest without coffee management n = 63, forest with coffee management n = 43)
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types—we found that all three focal land-use types

added to ES-based landscape multifunctionality deliv-

ered by woody plants in different ways. We found that

woody plants in farmland can contribute to landscape

ES multifunctionality by providing above-average

levels of soil fertilisation and medicine. Farmland can

also provide other services in different parts of the

landscape, as indicated by relatively high levels of ES

beta diversity and turnover. We found that forests, in

contrast, can contribute to landscape ES multifunc-

tionality in that they provide high ES supply (i.e. high

alpha and gamma diversities), but with a relatively

uniform distribution across the landscape (i.e. low beta

diversity and turnover). Forests were primary sources

in the landscape for fuelwood, construction materials

and honey (forest with coffee management) and for

animal fodder, household utilities and poles and

timber (forest without coffee management). Our

findings suggest that the landscape in its entirety

maintains different aspects of woody plant and ES

diversities, with particularly targeted management

occurring in the farmland (Forman 1990; Wu 2013). In

line with this, the empirical findings by Jiren et al.

(2017) in our study area showed that many local

people favoured multifunctionality-oriented land

management. Such integrated land management may

be rooted in historical land use, as indicated by a

higher woody plant species richness in long-estab-

lished compared to more recently converted farmland

(Shumi et al. 2018).

The current supply of multiple ES in southwestern

Ethiopian landscapes contrasts with modern, intensi-

fied agricultural landscapes, such as those illustrated

by Foley et al. (2005), which are typically managed for

maximizing the provisioning of few services. In

contrast, multifunctional land use, as it is currently

practiced in our study area, has clear parallels with

recent recommendations for integrated landscape

management (i.e. where the landscape is managed to

simultaneously support biodiversity conservation and

the provisioning of multiple ES) (Kremen and Meren-

lender 2018), and mirrors patterns of ES multifunc-

tionality in European cultural landscapes such as in

Central Romania (Hanspach et al. 2014). In our study,

ES multifunctionality not only differed between sites

but also between different land-use types. Our finding

that mean levels of key potential ES provided by

woody plants were higher in forests than in farmland is

likely to be because of higher woody plant species

richness and abundance in forests. This is consistent

with other studies (e.g. Gamfeldt et al. 2013; Brock-

erhoff et al. 2017) that showed a high quantity of ES in

forests, driven by high tree species richness and

abundance.

Consistent with our second hypothesis—i.e. that ES

diversity would be positively related to woody plant

species diversity—our findings confirmed a positive

relationship between these two variables in all three

land-use types. Our empirical findings agree with

models (e.g. Peterson et al. 1998; Cardinale et al.

2011) and experimental studies (e.g. Tilman et al.

Fig. 3 Type and mean total ES supply provided by each land-

use type. Note that each ES was determined based on people’s

actual use of woody plant species and their presence in each

land-use type in the study area
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2006; Letourneau et al. 2011; Liang et al. 2016) that

illustrate positive biodiversity–ES diversity relation-

ships. In our study area, the initial increase in ES

diversity with species diversity was steeper in farm-

land than in forests. At higher levels of woody plant

species richness and diversity, farmland sites had

similar levels of ES diversity compared to forests,

illustrating that maintaining woody plant species

diversity in farmland can be useful for the provision

of multiple ES in addition to agricultural production,

as also noted elsewhere (e.g. Isbell et al. 2017).

Maintaining highly diversified agroecosystems could

be important for ecosystem resilience and therefore

the sustainable supply of multiple ES (e.g. Isbell et al.

2015, 2017). This may be of particular importance in

places that have a relatively high likelihood of facing

environmental stressors, such as our study area and

other smallholder systems in the tropics, including

exposure to extended droughts or severe weather

events (Bergengren et al. 2011; Moat et al. 2017;

Sintayehu 2018).

At sites with low species richness, however, site-

level ES diversity in farmland was low, suggesting that

farmland might be locally managed for a more narrow,

targeted range of ES, which is in line with the current

agricultural land-use policies—that is, an agricultural

intensification that reduces or eliminates woody plant

species (Kassa et al. 2016). This pattern parallels

findings by other authors, where intensified farming,

as compared to diversified agroecosystems richer in

woody plant species, reduced ES supply (Raudsepp-

Hearne et al. 2010a; Kremen and Miles 2012; Allan

et al. 2015). However, at the landscape level, farmland

had high beta diversities of species and ES, suggesting

that despite targeted management at the site level, the

landscape as a whole remains to be managed for

species diversity and ES multifunctionality.

The possible degradation of ES or loss of biodi-

versity does not always necessarily result in reduced

Fig. 4 Non-metric multidimensional scaling (NMDS, two-

dimensional, stress = 0.114) ordination of all 181 studied plots

(indicated by ‘‘?’’ sign) and ES (indicated by their short name).

Study plots were grouped by land-use type and connected to

their centroids by lines: plots in farmland (coral lines), plots in

forest with coffee management (green lines) and plots forest

without coffee management (blue lines). ES (magenta text)

include: hcw = house construction; faimp = farm implements;

fulw = fuelwood; honp = honey production; fenc = fence;

medc = medicine; cofs = coffee shade; soilf = soil fertilisa-

tion; hhut = household utilities; potm = poles and timber; and

anfd = animal fodder ES
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human-well-being (Rodrı́guez et al. 2006; Raudsepp-

Hearne et al. 2010b; Daw et al. 2016). Some people

may increase their efficiency or the extent to which

they appropriate ES, or replace direct ES supply from

other sources or with market purchases (Daw et al.

2011, 2016; Pritchard et al. 2018). However, not all

people may be able to compensate ES degradation

equally. Especially for already marginalized small-

holder farmers, a continued loss of woody plant

species and ES diversity is likely to impact livelihoods

negatively. Losing woody plant species reduces the

landscape-level supply of material for heating and

cooking, house construction and medicine, and corre-

sponds to a general decline in cultural and regulating

services (Raudsepp-Hearne et al. 2010a; Allan et al.

2015; Reed et al. 2017). Those already marginalized

often have limited physical access to alternative

sources of these materials elsewhere in the landscape

(e.g. Dorresteijn et al. 2017) and may be unable to

purchase them due to financial limitations (Daw et al.

2011; Pritchard et al. 2018; Reyers et al. 2018). And

while biodiversity and ES loss thus directly affects

especially poor people’s livelihoods, the effects are

likely to ripple further and result in a more funda-

mental loss of choices, hopes, culture, health, social

relations and natural insurances (MA 2005).

Compared to farmland, ES diversity increased less

steeply in forests with additional woody plant species

being present, which—together with the already

highlighted lower beta diversity and turnover in

forests—suggests a high level of functional redun-

dancy in forests. Such redundancy indicates that the

functional consequences that are related to a loss of

woody plant species may (at least partly) be mitigated

by other species; conversely, the addition of more

woody plant species to the already diverse forest

system may contribute only little to increase ES

multifunctionality. Such redundancy of species in

highly species-rich systems has been noted in models

and experimental studies (e.g. Peterson et al. 1998;

Naeem et al. 2002; Cardinale et al. 2012). Maintaining

functional redundancy can be valuable to enhance

system resilience to multiple drivers of environmental

change (Naeem and Li 1997; Yachi and Loreau 1999;

Ives et al. 2000; Loreau et al. 2003), including climate

Table 3 Results of the linear mixed effect models testing the relationship between ES Shannon diversity in response (a) to woody

plant species richness and (b) woody plant species Shannon diversity

Response Term Coefficient Standard

error

P-value

(a) ES Shannon diversity to species

richness

Intercept 1.231 0.060 \ 0.001***

Forest with coffee management 0.501 0.201 0.014*

Forest without coffee management 0.181 0.296 0.542

Species richness 0.363 0.039 \ 0.001***

Forest with coffee management: species

richness

- 0.225 0.080 0.006**

Forest without coffee management: species

richness

- 0.133 0.105 0.208

(b) ES Shannon diversity to species

Shannon diversity

Intercept 1.305 0.060 \ 0.001***

Forest with coffee management 0.542 0.109 \ 0.001***

Forest without coffee management 0.439 0.180 0.015*

Species Shannon diversity 0.414 0.050 \ 0.001***

Forest with coffee management: species

Shannon diversity

- 0.231 0.080 0.005**

Forest without coffee management: species

Shannon diversity

- 0.225 0.091 0.006**

Predictor terms are continuous except for land-use types. The coefficient for land-use type indicates the difference between farmland,

forest with coffee management, and forest without coffee management, with farmland being the reference level

Significance levels are indicated by: * where P\ 0.05, ** where P\ 0.01, *** where P\ 0.001
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Fig. 5 Relationship

between a woody plant

species richness and ES

Shannon diversity, and

b species Shannon diversity

and ES Shannon diversity, in

farmland (red line and box),

forest with coffee

management (green line and

box), and forest without

coffee management (blue

line and box). Regression

lines represent the predicted

ES Shannon diversity and

shaded areas their 95%

confidence intervals for each

land use. Note that the

x-axes display back-

transformed values of

species richness
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change (e.g. Isbell et al. 2015, 2017; Hisano et al.

2018).

Implications for sustainability

Currently, there is growing pressure to commodify

landscapes, including via controversial methods of

‘‘sustainable intensification’’ (e.g. Tilman et al. 2011;

Mueller et al. 2012; Godfray and Garnett 2014).

However, optimizing landscapes for efficient crop

production can inadvertently degrade landscape mul-

tifunctionality and biodiversity (e.g. Raudsepp-

Hearne et al. 2010a; Rasmussen et al. 2018), leading

to unfavourable consequences for the environment and

local livelihoods (Tscharntke et al. 2012; Loos et al.

2014).

In contrast to widespread calls for intensification,

which typically focuses on a few crops only (e.g.

Godfray and Garnett 2014), our study underlines the

possible benefits of landscape multifunctionality for

both people and biodiversity. Multifunctional small-

holder landscapes can harbour high biodiversity and

provide diverse ES, at both local and landscape scales.

Such diversity not only generates immediate material

benefits, but also underpins important regulating

services (Raudsepp-Hearne et al. 2010a), which in

turn, underpin resilience to environmental changes

(Rockström et al. 2009; Isbell et al. 2017; Hisano et al.

2018).

Our findings are also relevant in the context of the

United Nations Sustainable Development Goals

(SDGs; UN 2015). Instead of aggravating competing

land uses and trade-offs between different ES (de

Groot et al. 2010; DeClerck et al. 2016; Rasmussen

et al. 2018), a shift from production-oriented agricul-

ture towards people- and biodiversity-centred agricul-

ture could uncover numerous new synergies between

production, conservation and human wellbeing

(DeClerck et al. 2016; Kremen and Merenlender

2018). Integrated landscape management can, for

instance, improve ES levels such as in the provision of

food (SDG1, SDG2 and SDG3), the regulation of

water (SDG6 and SDG9), fuel supply (SDG7) and

carbon sequestration (SDG13), as well as providing

habitat for a diversity of species (SDG14 and SDG15)

(UN 2015; DeClerck 2016; Singh et al. 2018).

Managing landscapes for multifunctionality on its

own, however, seems insufficient for sustainability.

Without further improvements in the equity of land

access, tenure security, and participation in decision-

making, already marginalized people will continue to

lack access to important ES (Daw et al. 2011; Leta

et al. 2019). Redressing existing problems requires

recognition and improved understanding of people’s

livelihoods (e.g. Jiren et al. 2017; Leta et al. 2019;

Shumi et al. 2019a), as well as more clearly defined

property rights and better access to land and other

environmental resources (Lemenih and Kassa 2014;

Tura 2018; Shumi et al. 2019a). Both ecological and

social aspects in the landscape thus must be carefully

managed to prevent a worsening of the livelihood

situation and wellbeing of people, especially those

who are already marginalized.

Conclusion

Ensuring biodiversity conservation while also improv-

ing human wellbeing is a prominent challenge in many

developing countries. Here, by combining data on

woody plant species and ES that people depend upon,

we demonstrated different aspects of landscape mul-

tifunctionality and positive ES diversity–biodiversity

relationships in southwestern Ethiopia. Our study

showed multifunctionality of both farmland and

forests, as well as a link between woody plant species

diversity and ES diversity across the landscape.

Landscape multifunctionality thus appeared to suc-

cessfully contribute to multiple sustainable develop-

ment goals, benefiting both people and biodiversity.

Based on our findings we recommend to (1) promote

landscape multifunctionality by drawing on the pos-

itive relationship between biodiversity and ES diver-

sity; (2) strengthen existing conservation policies to

encompass the entire landscape mosaic and thereby

increase the complementary functions of different

land-use types for biodiversity conservation and ES

provisioning; and (3) conduct further social–ecolog-

ical studies that use mixed data to elicit socially

relevant relationships between biodiversity and ES

diversity.
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Gutiérrez JR, Hernández RM, Huang X, Huber-Sannwald

E, Jankju M, Miriti M, Monerris J, Mau RL, Morici E,

Naseri K, Ospina A, Polo V, Prina A, Pucheta E, Ramı́rez-

Collantes DA, Romão R, Tighe M, Torres-Dı́az C, Val J,

Veiga JP, Wang D, Zaady E (2012) Plant species richness

and ecosystem multifunctionality in global drylands. Sci-

ence 335:214–218

Manning P, van der Plas F, Soliveres S, Allan E, Maestre FT,

Mace G, Whittingham MJ, Fischer M (2018) Redefining

ecosystem multifunctionality. Nat Ecol Evol 2:427–436

Mitchell MGE, Suarez-Castro AF, Martinez-Harms M, Maron

M, McAlpine C, Gaston KJ, Johansen K, Rhodes JR (2015)

Reframing landscape fragmentation’s effects on ecosystem

services. Trends Ecol Evol 30:190–198

Mittermeier RA, Turner WR, Larsen FW, Brooks TM, Gascon C

(2011) Global biodiversity conservation: the critical role of

hotspots. In: Zachos FE, Habel JC (eds) Biodiversity hot-

spots: distribution and protection of conservation priority

areas. Springer, Berlin Heidelberg

Moat J, Williams J, Baena S, Wilkinson T, Gole TW, Challa ZK,

Demissew S, Davis AP (2017) Resilience potential of the

Ethiopian coffee sector under climate change. Nat Plants.

https://doi.org/10.1038/nplants.2017.81

Mueller ND, Gerber JS, Johnston M, Ray DK, Ramankutty N,

Foley JA (2012) Closing yield gaps through nutrient and

water management. Nature 490:254–257

Naeem S, Li S (1997) Biodiversityenhances ecosystem relia-

bility. Nature 390:507–509

Naeem S, Loreau M, Inchausti P (2002) Biodiversity and

ecosystem functioning: the emergence of a synthetic eco-

logical framework. In: Loreau M, Naeem S, Inchausti P

(eds) Biodiversity and ecosystem functioning. Oxford

University Press, Oxford, pp 3–11

Neyret M, Fischer M, Allan E, Hölzel N, Klaus VH, Kleine-

becker T, Krauss J, Le Provost G, Peter S, Schenk N,

Simons NK, van der Plas F, Binkenstein J, Börshig C, Jung
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Holland T, Benessaiah K, MacDonald GK, Pfeifer L

(2010b) Untangling the environmentalist’s paradox: why is

human well-being increasing as ecosystem services

degrade? Bioscience 60:576–589

Reed J, van Vianen J, Foli S, Clendenning J, Yang K,

MacDonald M, Petrokofsky G, Padoch C, Sunderland T

(2017) Trees for life: the ecosystem service contribution of

trees to food production and livelihoods in the tropics. For

Policy Econ 84:62–71

Reyers B, Folke C, Moore ML, Biggs R, Galaz V (2018) Social–

ecological systems insights for navigating the dynamics of

the anthropocene. Annu Rev Environ Resour 43:1–23

Rockström J, Steffen W, Noone K, Persson Å, Chapin FS,
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