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Abstract. Studies investigating how biodiversity affects ecosystem functioning increasingly
focus on multiple functions measured simultaneously (“multifunctionality”). However, few
such studies assess the role of species interactions, particularly under alternative environmental
scenarios, despite interactions being key to ecosystem functioning. Here we address five ques-
tions of central importance to ecosystem multifunctionality using a terrestrial animal system.
(1) Does the contribution of individual species differ for different ecosystem functions? (2) Do
inter-species interactions affect the delivery of single functions and multiple functions? (3)
Does the community composition that maximizes individual functions also maximize multi-
functionality? (4) Is the functional role of individual species, and the effect of interspecific
interactions, modified by changing environmental conditions? (5) How do these roles and
interactions change under varying scenarios where ecosystem services are weighted to reflect
different societal preferences? We manipulated species’ relative abundance in dung beetle com-
munities and measured 16 functions contributing to dung decomposition, plant productivity,
nutrient recycling, reduction of greenhouse gases, and microbial activity. Using the multivari-
ate diversity–interactions framework, we assessed how changes in species identity, composi-
tion, and interspecific interactions affected these functions in combination with an
environmental driver (increased precipitation). This allowed us to identify key species and
interactions across multiple functions. We then developed a desirability function approach to
examine how individual species and species mixtures contribute to a desired state of overall
ecosystem functioning. Species contributed unequally to individual functions, and to multi-
functionality, and individual functions were maximized by different community compositions.
Moreover, the species and interactions important for maintaining overall multifunctionality
depended on the weight given to individual functions. Optimal multifunctionality was context-
dependent, and sensitive to the valuation of services. This combination of methodological
approaches allowed us to resolve the interactions and indirect effects among species that drive
ecosystem functioning, revealing how multiple aspects of biodiversity can simultaneously drive
ecosystem functioning. Our results highlight the importance of a multifunctionality perspective
for a complete assessment of species’ functional contributions.

Key words: biodiversity; complementarity; desirability function approach; dominance; dung beetle;
ecosystem function; ecosystem services; environmental perturbation; extinction scenarios; multifunctionality;
multivariate diversity–interaction model; species interactions.

BACKGROUND

Species-rich communities have been shown to deliver
enhanced ecosystem functions and services in both natu-
ral and human-modified ecosystems (Schwartz et al.

2000, Balvanera et al. 2006, Proulx et al. 2010, Cardi-
nale et al. 2012, Hooper et al. 2012, Allan et al. 2015,
Butterfield et al. 2016). Early studies of the links
between biodiversity and ecosystem functioning (BEF)
considered a limited range of biodiversity metrics
(mostly species richness) and ecosystem functions (par-
ticularly productivity; Jonsson et al. 2002, Loreau et al.
2002, Smith and Knapp 2003, Bell et al. 2005). More
recently, there has been an emphasis on extending BEF
studies to wider measures of biodiversity, including
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functional diversity, biotic interactions, and the abun-
dance of particular taxa (Cardinale et al. 2012, Oliver
et al. 2015), and to wider measures of functioning,
including ecosystem multifunctionality and ecosystem
services (Hector and Bagchi 2007, Isbell et al. 2008,
Maestre et al. 2012, Duncan et al. 2015).
Species within a community often have varying

impacts on different ecosystem functions. Thus, the
number of species needed to sustain multiple functions
simultaneously can be substantially higher than the
number required for any single function (Hector and
Bagchi 2007, Isbell et al. 2008, Maestre et al. 2012). This
situation might be exacerbated in temporally or spatially
heterogeneous environments, because the species critical
to delivering functions will then vary in both space and
time (Isbell et al. 2008). High species richness, heteroge-
neous response traits, and functional redundancy can
buffer multi-functionality through an “insurance” or
“portfolio” effect (Gamfeldt et al. 2008, Isbell et al.
2008, Lefcheck et al. 2015, Oliver et al. 2015, Perkins
et al. 2015). These effects have been mostly studied in
plant or microbial communities, and while there are
recent studies on animal diversity–functioning relation-
ships (e.g., Wagg et al. 2014, Gagic et al. 2015, Winfree
et al. 2015, Dee et al. 2016), there remain critical knowl-
edge gaps in understanding BEF relationships in animal
communities and of environmental perturbations on
ecosystem multifunctionality (Allan et al. 2015, Duncan
et al. 2015, Soliveres et al. 2016b).
In this paper, we explore the effects of north European

dung beetles (Coleoptera: Scarabaeidae) species identity,
abundances, and interspecific interactions on multiple
measures of ecological functioning. We also investigate
whether these effects differ under changing environmen-
tal conditions (ambient and elevated precipitation), and
varying scenarios where ecosystem services are weighted
to reflect different societal preferences. We focus on
dung beetles because they are important contributors to
a range of ecosystem functions and services in many
terrestrial habitats (Nichols et al. 2008). Dung beetles
exploit the feces of vertebrates for feeding and breeding,
and are a functionally important invertebrate guild in
many terrestrial ecosystems (see Nichols et al. 2008 for
review). Key ecological functions mediated by dung bee-
tles include nutrient recycling (Bang et al. 2005, Yamada
et al. 2007), secondary seed dispersal (Andresen 2002,
D’hondt et al. 2008), reduction of greenhouse gas emis-
sions (Penttil€a et al. 2013, Slade et al. 2016), and the
facilitation of microbial activity through bioturbation
(Slade et al. 2015). The services provided by dung bee-
tles were recently valued at £367 million annually in the
UK alone (Beynon et al. 2015). However, dung beetles
are also sensitive to anthropogenic environmental
change, potentially placing these valuable ecosystem ser-
vices at risk. For example, in Finland, of 47 native spe-
cies more than one-half are extinct, endangered, or near
threatened (Roslin et al. 2014), with poorly documented
consequences for ecosystem functions and services.

We measured 16 functions contributing to dung decom-
position, plant productivity, nutrient recycling, reduction
of greenhouse gases, and microbial activity. Differences in
breeding behavior among dung beetle species (Fig. 1) are
expected to result in contrasting species contributions to
individual functions (Slade et al. 2015, Slade and Roslin
2016). Within the dung pat, species will exploit slightly dif-
ferent parts of the dung (Holter 1982) using different
breeding strategies, and will have preferences for dung of
varying ages (Gittings and Giller 1997, 1998). Interspecific
competition among dung beetle species is limited in
Northern Europe (Finn and Gittings 2003). Thus, we
expect the activity of different species to positively affect
or complement each other, and complementarity in
resource use to generate an overall positive correlation
between species richness and functioning (Slade et al.
2007, Slade and Roslin 2016) (Fig. 1). In addition, we
expect increased species richness to generate an “insur-
ance” or “portfolio” effect, where more diverse dung beetle
communities may sustain higher functional rates under
more diverse, and potentially changing, environmental
conditions (cf. Beynon et al. 2012, Slade and Roslin 2016).
To explore the proposed interactions between diversity

effects and environmental conditions, we experimentally
manipulated precipitation. Over the coming decades,
summer rainfall is predicted to increase and become
more variable across northern Europe (Jenkins et al.
2009, Jylh€a et al. 2009). Increased moisture can increase
the activity and reproductive capacity in temperate dung
beetles (Vessby 2001), which may lead to changes in the
interactions among species. We also predicted that
increased moisture would have positive direct effects on
most ecosystem functions, increasing dung decomposi-
tion, plant productivity, nutrient recycling, and micro-
bial activity. However, increased moisture also increases
greenhouse emissions (Levy et al. 2012, Pilegaard 2013),
negatively affecting this function from an ecosystem
services perspective.
Previous analytical tools have not addressed the

importance of species interactions and multiple mecha-
nisms for driving ecosystem functions across different
contexts. We apply the newly developed multivariate
diversity–interactions framework (Dooley et al. 2015)
for ecosystem multifunctionality to this model system.
In combination, we develop a novel desirability function
approach to measure the contribution of individual spe-
cies and interactions among species, to a desired state of
overall ecosystem functioning. This approach allows us
to capture the extent to which precipitation modifies
both species-specific functional efficiency and interac-
tions among species, and to address the following ques-
tions: (1) Does the contribution of individual species
differ for different ecosystem functions? (2) Do inter-
species interactions affect the delivery of single functions
and multiple functions? (3) Does the community compo-
sition that maximizes individual functions also maximize
multifunctionality? (4) Is the functional role of individ-
ual species, and the effect of interspecific interactions,
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modified by changing environmental conditions? (5)
How do these roles and interactions change under vary-
ing scenarios where ecosystem services are weighted to
reflect different societal preferences?

MATERIALS AND METHODS

Study system

We assembled dung beetle communities comprising
one to four species, selected from species typical of pas-
tures in southern Finland. The species were Geotrupes
stercorarius (Linnaeus, 1758), a large-bodied species that

tunnels as an adult under dung pats; Aphodius erraticus
(Linnaeus, 1758), a small-bodied species that lives as an
adult within dung pats and whose larvae dig tunnels
beneath them; Aphodius pedellus (De Geer, 1774), a
small-bodied, dung-dwelling species; and Aphodius fossor
(Linnaeus, 1758), a relatively large, dung-dwelling species
(Fig. 1 and Appendix S1: Table S1). Based on previous
work on temperate dung beetle communities, we pre-
dicted that G. stercorarius would have most influence on
functioning, relative to the smaller Aphodius species
(Rosenlew and Roslin 2008, Kaartinen et al. 2013, Nervo
et al. 2014). We also expected different species to modify
the functional effect of each other (L€ahteenm€aki et al.

Dung decomposition

Aphodius 
pedellus

Aphodius 
fossor

Aphodius
erraticus

Geotrupes
stercorarius

Greenhouse gases

Interspecific interactions (+-)

Nutrient content

Plant productivity
  Grass mesocosm (+)

   Grass pots (+)

C/N grass mesocosm (-)
C/N grass pots (-)

C/N soil (-)

Cumulative CO (-) 2

Cumulative CH (-)4

Cumulative NO (-)2

Log cumulative mass dung (-)
Dry mass dung loss (+)

Microbial communities
Simpson’s Index soil (+)

Simpson’s Index dung (+)
Simpson’s Index dung Ecoplate (+)
Simpson’s Index soil Ecoplate (+)

Ecoplate CSUR dung (+)
Ecoplate CSUR soil (+)

FIG. 1. Dung beetle species included and ecological functions measured in the mesocosm experiment. Larval chambers within
and below the dung pat (as outlined in species-specific colors) show differences in species’ breeding habits with a potential impact
on functional contributions, on resource partitioning, and on the link between resource use and species richness. The activity of dif-
ferent species may positively or negatively affect or complement each other (arrows in red), thus generating a general association
between species richness and functioning, interactive effects between functional effects of individual species, and an “insurance”
effect sustaining functioning under changing environmental conditions. As measures of functioning, we recorded multiple ecological
functions associated with the decomposition of dung, the recycling of nutrients between dung and plants, the fluxes of greenhouse
gases from dung pats, and the microbial activity of dung and soil, respectively (with each ecosystem function represented by a blue
arrow in the drawing, and specific ecological function measures listed within each function). From an ecosystem services perspec-
tive, we then categorized each ecological function measure as to whether maximizing or minimizing it would be desirable (as indi-
cated by (+) or (�), respectively). Due to resource constraints, greenhouse gas fluxes were not measured in the precipitation
treatments; all other functions were. CSUR refers to carbon substrate utilization rate. For full details on each function measured
see Appendix S1. Dung beetle images by G€oran Liljeberg.
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2015), and the functional efficiency of species to change
with a change in the environment (Slade and Roslin
2016). Tunneling species (G. stercorarius and A. erraticus)
are expected to contribute strongly to bioturbation of
dung and soil, facilitating decomposition of dung, recy-
cling of nutrients between dung and plants, and microbial
activity (Slade et al. 2015, Slade and Roslin 2016). Small-
bodied species living within dung pats (A. pedellus and
A. fossor) are expected to contribute to the aeration of
the pats, thus lowering fluxes of the greenhouse gas
methane, which are greatest under anaerobic conditions
(Penttil€a et al. 2013, Slade et al. 2016). However, these
predictions derive from measures of a single functions
under average, uniform conditions.

Experimental design

We tested the individual and combined effects of the
four species on functioning using the simplex response-
surface design (Cornell 2002, Kirwan et al. 2009), creat-
ing 15 community types in total (four monocultures, six
two-species, four three-species, and one four-species mix-
tures: Appendix S1: Fig. S1). Rather than standardizing
overall biomass, we varied the abundance of each species
within the range typically observed in nature (Roslin
2000, Roslin and Koivunen 2001, Rosenlew and Roslin
2008). To explore the sensitivity of our results to beetle
density we repeated each of the 15 community types at
two levels of initial beetle abundance (Appendix S1:
Table S1). To get a measure of error, and as variance
may not be constant across mixtures, we replicated com-
munity structure at the extremes of the experiment.
Thus, we had three replicates of each of the monocul-
tures at the low abundance level, and three replicates of
the four-species mixture at the high abundance level. To
assess ecosystem functioning in the absence of dung bee-
tles, we established three mesocosms with dung pats but
with no beetles, and three with no dung pat or beetles
(46 mesocosms in total). To explore how biodiversity–
functioning relationships change when the system is per-
turbed, we simulated increased precipitation in a subset
of the experimental communities (monocultures, two-
species, and four-species mixtures at the two abun-
dances, and six no-dung-beetle mesocosms: 28 meso-
cosms in total in the precipitation treatment). The
precipitation treatment was scaled to match predicted
increases in summer precipitation, and followed a water-
ing regime similar to that used by Vessby (2001) (see
Appendix S1 for further details). Thus, the total number
of mesocosms was 74.

Practical implementation

The experiment was conducted in Helsinki, Finland
(for full details, see Appendix S1). Mesocosms were con-
structed from plastic buckets with their bases removed
and dug 20 cm into a grass sward. To prevent beetles
escaping, the tops of the mesocosms were covered with

environmental mesh. The mesocosms were laid out in a
grid pattern, with treatments and species mixtures ran-
domized across the grid. Living dung beetles were col-
lected from pastures in SW Finland between 5th and 7th
June 2012 and added to the mesocosms – along with
fresh dung (collected immediately upon defecation inside
a barn, and so free from beetles) – on 8th June 2012. The
experiment was run for 60 d, corresponding to the
approximate larval development time of the species
included (Roslin 2000). Mesh tops were removed after
20 d, as by this time the dung is drying out and no
longer attractive to adult dung beetles (which feed on
the liquid fraction of the dung) (Holter 1982). Thus, bee-
tles were allowed to disperse naturally from the meso-
cosms, rather than constraining them to the pats for an
unrealistic period of time (cf. Roslin 2000). Vegetation
inside the mesocosms was regularly trimmed by hand.

Measurement of ecosystem functions

We measured multiple ecological function measures
associated with five ecosystem functions: decomposition
of dung, recycling of nutrients between dung and plants,
fluxes of greenhouse gases from dung pats, and micro-
bial activity of dung and soil (these are briefly described
below with further details in Appendix S1).

Dung decomposition.—We weighed dung pats in each
mesocosm (wet mass, g) every 10 d. At the end of the
experiment, we also dried and weighed all remaining
dung to get a final dry mass.

Plant productivity.—At the end of the experiment, we
harvested all grass within the mesocosm. The grass was
dried and weighed. We also extracted all soil from
beneath each dung pat to a depth of 5 cm, homogenized
it, placed a subsample in a pot and seeded it with rye-
grass. After three weeks, the resultant grass was harvested
and dried, and aboveground biomass recorded.

Nutrient content.—We measured the ratio of carbon to
nitrogen (C:N) in three substrates at the end of the
experiment: the grass sampled in the mesocosms, the
grass grown in pots, and the soil underneath the pats.
For grazing animals, a lower C:N ratio in plants is
expected to reflect higher protein content, higher palata-
bility, and thus better fodder quality. From a plant per-
spective, a lower C:N ratio in the soil is expected to
reflect an increased availability of nitrogen, which is an
essential element for plant growth.

Greenhouse gas fluxes.—Fluxes of carbon dioxide
(CO2), methane (CH4), and nitrous oxide (N2O) were
measured using a closed chamber method (see Penttil€a
et al. 2013, Slade et al. 2016), and quantified using gas
chromatography. Samples were taken on days 3, 6, 10,
15, 20, 30, 40, and 60. Fluxes of CO2 from dung repre-
sent a secondary concern in terms of greenhouse effects,
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relative to CH4 and N2O, so we down-weighted the rela-
tive importance of CO2 in analyses (see Appendix S1:
Table S2; Penttil€a et al. 2013).

Microbial community structure and functioning.—We
recorded effects on the microbes of both the dung pat
and the soil underneath it, by sampling each of these
substrates at the early, mid-, and late phase of the experi-
ment. Microbial community composition was resolved
by the LH-PCR method (2011), scoring overall micro-
bial diversity (Simpson Index of Diversity, D). Substrate
use was quantified using Biolog Ecoplates (Biolog Inc.,
Hayward, California, USA), and described by the
inverse of the Simpson Index of substrates showing
microbial growth within each substrate category and the
carbon substrate utilization rate (CSUR) (see Slade
et al. [2015] for further details).

Statistical models

Multivariate analysis of ecological responses.—To model
the ecological responses as functions of community com-
position we used the multivariate diversity–interactions
framework (Dooley et al. 2015). This approach tests
how multiple ecosystem functions are simultaneously
driven by species abundances, identities, interactions,
composition, richness, and evenness. It also enables the
relative importance of those drivers to be tested, and
allows identification of key species and interactions
across multiple functions. The ecological function mea-
sures were modelled as a function of species effects (i.e.,
main effects of species-specific abundance) and the pos-
sible interactions between each species (i.e., two-, three-,
and four-way interactions; Appendix S1: Fig. S1). The
diversity–interaction model was re-parameterized to
include the control mesocosms (containing dung but no
beetles) as an intercept. This allows the species-specific
effects to be interpreted as the deviation in function from
the control. To assess whether the effects were altered by
total abundance, we included interactions with abun-
dance and all other model terms (See Appendix S1 for
full details of the model).
The environmental perturbation (experimentally

increased precipitation) was included in the model in a
similar way to abundance, both as a main effect (a two-
level categorical effect: ambient and elevated precipita-
tion), and in interactions with species identity and species
interaction terms. Here, the interactions capture the
extent to which precipitation modifies both species-speci-
fic functional efficiency and interactions between species.
To determine the complexity of interaction terms

required for the multivariate model, model fit was tested
using F tests, with sets of effects tested by comparing the
fit of models including or excluding the terms. The mini-
mum adequate model was the model with species effects,
two-way interactions between species, and their interac-
tions with abundance (Appendix S2: Table S1). The most
complex species interactions found to be significant in

the models involved pairs of species. Higher order (three-
and four-way) species interactions were non-significant
for all responses (Appendix S2: Table S1). The model
selected was fitted to 16 ecological functions together
using multivariate regression, assuming that residuals
followed a multivariate normal distribution. This analy-
sis tests whether the species-specific and interaction
effects explain significant variation across all functions.
It offers an important control over family-wise Type I
errors. Crucially, the multivariate regression incorpo-
rates correlations between functions and provides unbi-
ased estimates of the regression coefficients (as reported
in Table 1). All models were fitted in SAS for Windows
version 9.3, using the GLM procedure (SAS Institute,
Cary, North Carolina, USA).

Analysis of multifunctionality–desirability function
approach.—As a complement to the function-specific
analyses, we examined the extent to which individual
species and species mixtures contribute to the desired
state of overall ecosystem functioning. In this approach,
the estimated ecological function responses (ŷi; . . .; ŷf )
from the multivariate regression model are mapped to a
desirability scale (d1, d2, . . ., df) using a desirability func-
tion. This mapping serves multiple purposes. First, it
transforms the estimated ecological function responses
from their scale of measurement (which may differ
across functions) to a single comparable scale. Second, it
may be optimal to maximize some functions, minimize
others, or there could be an optimal target level for
some. For each ecological function response yi, a desir-
ability function assigns numbers between 0 and 1, with
di = 0 representing a completely undesirable value of yi
and di = 1 representing a completely desirable or ideal
function value (for details on desirability functions, see
Appendix S1 and Derringer and Suich 1980). Finally,
given that the f desirability responses d1,. . ., df are on a
scale from 0 to 1, they can be combined to give weighted
multifunctionality, D.
One way to combine d1,. . ., df is to take the weighted

geometric mean, which has the property that if any one
ecosystem function is completely undesirable (di = 0),
the overall multifunctionality is then also unacceptable
(D = 0). The geometric mean is weighted by the impor-
tance of the ecosystem function, with larger values cor-
responding to more important responses and smaller
values to less important responses. The selection of
importance weightings is subjective, and the determina-
tion of relative importance of functions may change
depending on the stakeholder focus. In this study, there
were five different ecosystem functions (dung decompo-
sition, plant productivity, nutrient content, greenhouse
gas fluxes, and microbial activity; Fig. 1, Appendix S1:
Table S2). Rather than apply the weights individually to
the 16 ecological function measures, we assigned impor-
tance across the five ecosystem functions. This also pre-
vented over-weighting functions that had more
ecological function measures. Within each ecosystem
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function, this overall importance was then distributed
across individual ecological function measures (see
Fig. 1, Appendix S1: Table S2). Four ecosystem func-
tions were unequivocally desirable in the context of
agro-ecosystems for multiple stakeholders (e.g., farmers,
society): maximizing rates of dung decomposition will
reduce pasture soiling; maximizing plant productivity
and plant nutrient content will increase the quantity and
quality of forage for livestock, and minimizing green-
house gas fluxes will lower the impact of agriculture on
climate change. It is less clear whether the fifth function,
diversity of the microbial community, is desirable, as
microbial activity may for example, simultaneously
increase dung decomposition, but stimulate increased
greenhouse gas fluxes. We therefore ran the analysis both
including and excluding microbial activity measures and
CO2 fluxes from the overall multifunctionality analysis.
As the results remained qualitatively unchanged, we pre-
sent the results from the full analysis in Results.
To examine how the valuation of ecosystem functions

affects optimal multifunctionality we assessed overall
multifunctionality for three contrasting scenarios where
ecosystem services are weighted to reflect different soci-
etal preferences (e.g., Allan et al. 2015; Appendix S1:
Table S2). In the first scenario, each ecosystem function
was treated as having equal importance, with a weighting
of 1 assigned to each. In the second scenario, we placed
a greater weight on the functions relating to the grass
growth cycle (Appendix S1: Table S2; plant productiv-
ity = 5 and dung decomposition = 2), perceived as
important for farmers. The weights for the other ecosys-
tem functions remained at 1 for this scenario. In scenario
3, we placed a greater weight on the ecological function
measures relating to minimizing greenhouse gases
(Appendix S1: Table S2, greenhouse gases = 5), while
holding the importance for all other functions at 1. In
addition, for scenario 3 we imposed upper limits on the
desirability functions for the greenhouse gas function
measures. The limits chosen for each greenhouse gas
were the maximum recorded value for the gas minus
20% of the range, i.e., the greenhouse gas fluxes must be
below 80% of the range of the flux (e.g., for methane the
maximum value was 3.19 g�m�2�d�1 and the minimum
�0.04 g�m�2�d�1. Thus, the upper limit imposed for
methane was 2.55 g�m�2�d�1; a 20% reduction in the
actual maximum values recorded). Thus, a community
of beetles where methane was produced above this
amount was not considered desirable, D = 0). Having
obtained the weighted multifunctionality, D, for each
scenario, univariate numerical optimization techniques
were then applied to D to obtain particular species rela-
tive abundances that optimized the multiple ecosystem
functions. (i.e., to maximize the value of the overall mul-
tifunctionality measure D). We used the response opti-
mizer tool for mixture experiments in Minitab Statistical
Software version 17 (Minitab, State College, Pennsylva-
nia, USA). All models were fitted in SAS, proc GLM
(SAS Institute, Cary, North Carolina, USA). SAS code

used for these analyses are available in the Supporting
Information (Data S1).

RESULTS

Response-specific results

Dung beetle community composition affected the full
range of ecological functions (Fig. 2, Table 1). Significant
interactions between species were widespread but varied
across responses (Table 1, Appendix S2: Table S1), often
causing the functional efficiency of one species to shift
substantially with a shift in the abundance of another
(Fig. 2, Table 1), clearly highlighting the complementar-
ity in the system. When examined at the level of individ-
ual responses, individual species contributed unevenly,
with an increasing abundance of any given species yield-
ing higher rates of some functions but non-significant
impacts or even lowered rates of others (Fig. 2; Table 1).
Impacts were qualitatively consistent across abundance
levels (Table 1). G. stercorarius contributed to methane
reduction and interacted with A. erraticus species to
increase grass growth, and A. fossor to increase dung
removal, highlighting complementarity effects between
species (Table 1, Fig. 2, Appendix S2: Table S2). How-
ever, our prediction that it would contribute dispropor-
tionately to ecosystem functioning was not supported
(Figs. 2 and 3, Table 1). In contrast, A. fossor was
strongly associated with decreased methane production,
increased microbial diversity and enhanced dung decom-
position (Fig. 2, Table 1).

Perturbation by increased precipitation

While there was an overall main effect of a simulated
increase in precipitation on some functions, there was no
consistent effect of this perturbation on the functional
effects of species or interactions between them
(Appendix S2: Table S3).

Multifunctionality and desirability analysis

When different ecosystem functions were weighed
together into an overall multifunctionality function, D,
different species and species interactions were important
depending on the scenarios reflecting the different soci-
etal preferences (Fig. 3). Under scenario 1, where each
ecosystem function was treated as having equal impor-
tance (Fig. 3A), optimal functioning was achieved by a
community dominated by a single species, A. fossor (the
highest values of D were always achieved with high
abundances of A. fossor in the community). Maximum
multifunctionality (D = 0.57) was achieved in a high-
abundance community with species present in the pro-
portions 93% of A. fossor, 6% of A. erraticus, 1% of
G. stercorarius, and 0% of A. pedellus, indicating domi-
nance in the system. The desirability value of dung
inhabited by this community was substantially higher
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than that achieved in the absence of dung beetles
(D value of the control with dung but no beetles equaled
0.41). However, when A. fossor was absent all the three
other species were needed in roughly equal proportions
to achieve a similar level of functioning (Fig. 3A, lower

left panel, highest values of D in the center of the trian-
gle; Appendix S2: Table S2 and Table 1 show significant
interactions between species other than A. fossor). Thus,
under this scenario, maximal diversity, and high comple-
mentarity is needed to maintain functioning if the domi-
nant species is lost.
In contrast, in scenario 2, with grass production

functions more heavily weighted (Fig. 3B), maximum
multifunctionality (D = 0.53) was achieved by a comple-
mentarity between two species in the proportions 60%
A. fossor and 40% of A. erraticus (D = 0.2 for the con-
trol dung with no beetles). However, monocultures of
A. fossor also gave high levels of multifunctionality,
while monocultures of A. erraticus (as well as G. sterco-
rarius, A. pedellus, and two-species mixtures of G. ster-
corarius and A. pedellus) were quite undesirable (D <
0.25). In this scenario, the loss of A. fossor could not be
compensated for by the other species in the community,
and maximum functionality was reduced to within
D = 0.35–0.40 (lower left triangle Fig. 3B). However, it
should be noted that overall multifunctionality was
robust to small changes in species composition under
both these scenarios, with D close to the maximum for a
range of multispecies communities.
For scenario 3 (Fig. 3C), where a reduction in green-

house gas emissions was the priority, and where a mini-
mum 20% reduction limit had also been imposed,
maximum multifunctionality (D = 0.45) was lower. It was
achieved in a high abundance community with species
present in the proportions 72% of G. stercorarius, 13% of
A. erraticus, 10% of A. fossor, and 5% of A. pedellus.
Having dung beetles in the dung was crucial to ecosystem
multifunctionality under this scenario (the D value of the
control dung with no dung beetles exceeded the limit
imposed and so was considered completely undesirable,
D = 0). No single species alone was important under this
scenario, although communities with G. stercorarius, par-
ticularly in combination with A. fossor, gave the highest
functioning (Fig. 3C, top two triangles). Functioning was
greatly reduced if either of these two species was missing.
In particular, if G. stercorarius was missing functioning
was greatly reduced, and could not be maintained by the
other three species (Fig. 3C, bottom right triangle). Thus,
only a few of the communities could reduce greenhouse
gas emissions by the 20% limit imposed (i.e., large areas
in the contour plots were considered completely undesir-
able (colored blue), where the greenhouse gas emissions
were above the upper allowable limit).

DISCUSSION

Recent research has switched from studies focusing on
the relationship between biodiversity and single ecological
functions to studies considering multiple functions at the
same time (Hector and Bagchi 2007, Gamfeldt et al.
2008, Bradford et al. 2014, Byrnes et al. 2014, Wagg
et al. 2014, Allan et al. 2015, Lefcheck et al. 2015). We
measured a range of ecological functions mediated by

FIG. 3. Contour plots of overall multifunctionality, D, in
response to species composition. Each triangular contour plot
represents a three-species outer surface of the tetrahedron
shown in Appendix S1: Fig. S1, with the fourth species held at
zero. The vertices represent monocultures, the edges joining ver-
tices represent two-species mixtures and the interior of the tri-
angle represents three-species mixtures. Predictions are given at
an average level of abundance. Darker green values signal higher
values of D. (A) Scenario 1 with equal-importance weighting
assigned to each ecosystem function, (B) Scenario 2 with greater
weightings assigned to functions associated with grass produc-
tivity, (C) Scenario 3 with a greater weight on the ecological
function measures relating to minimizing greenhouse gases.
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dung beetles and found that different species contribute
unequally to individual functions. By combining two
analysis frameworks, we were able to show that both spe-
cies identity and species interactions are important for
multifunctionality. While under some scenarios there
appeared to be dominance in the system, this was depen-
dent on the function, or combination of functions consid-
ered, and in some cases complementarity among species
provided the highest ecosystem functioning (e.g., green-
house gases Fig. 3C or when the dominant species was
removed Fig. 3A, bottom left triangle). This highlights
the importance of a multifunctionality perspective for a
complete assessment of species’ functional contributions,
and crucially shows how multiple aspects of biodiversity
can simultaneously drive ecosystem functioning.

All animals are equal, but are some more equal than
others?

Higher levels of biodiversity are thought to be needed
to maintain multiple ecosystem processes at multiple
locations and times than a single process at a single loca-
tion and time (e.g., Hector and Bagchi 2007, Isbell et al.
2011, Cardinale et al. 2012, Lefcheck et al. 2015, Butter-
field et al. 2016). While this intuitively attractive hypothe-
sis has been observed in some systems (e.g., Gamfeldt
et al. 2013, Wagg et al. 2014, Perkins et al. 2015), other
studies have found that single species may be more impor-
tant than species richness, and that these functionally
important species may be rare, common, or dominant
within the system (e.g., Smith and Knapp 2003, Dangles
and Malmqvist 2004, Hoey and Bellwood 2009, Allan
et al. 2011, Winfree et al. 2015, Soliveres et al. 2016a).
The multivariate diversity–interactions framework

allowed us to assess how functions are affected by spe-
cies interactions, and to examine the relative contribu-
tions of species under different scenarios. We found that
optima for different functions were achieved with mark-
edly different community structures (Fig. 2), and that
individual functions were generally not maximized by
the same community composition that maximized multi-
functionality (compare Fig. 2 vs. Fig. 3). Previous work
in both tropical (e.g., Larsen et al. 2005, Slade et al.
2007) and temperate (e.g., Rosenlew and Roslin 2008,
Nervo et al. 2014) environments has suggested that
large, tunneling, dung beetles are functionally dominant.
However, we found no evidence of functional dominance
by the large, tunneling species G. stercorarius, although
interactions between G. stercorarius and A. fossor were
important for reducing greenhouse gas fluxes and
increasing dung decomposition, as has been found in
previous studies (L€ahteenm€aki et al. 2015, Slade and
Roslin 2016).
Different species had clear and unequal contributions

to particular functions, but one species, A. fossor, had a
disproportionate effect on multiple functions under sev-
eral scenarios. Despite this, if A. fossor was to go extinct,
multifunctionality could be maintained at a similar level

through complementarity of the remaining species.
These complementarity effects differed depending on the
functions being maximized. When all functions were
weighted equally, ecosystem multifunctionality was
maintained without A. fossor if the remaining three spe-
cies were retained in roughly equal proportions
(Fig. 3A). However, under a scenario where grass pro-
duction functions were given higher weighting, maxi-
mum functioning was reduced when A. fossor was lost,
and a two-species mixture of G. stercorarius and A. er-
raticus was most efficient (Fig. 3B).
Dung beetle species partition their resources in both

space and time (Holter 1982, Hanski and Cambefort
1991), with different breeding strategies allowing the use
of dung of different ages (Gittings and Giller 1997,
1998). The presence of one species may therefore affect
resource use by another. Monocultures of A. erraticus,
G. stercorarius, and A. pedellus showed low levels of
functioning in scenario 2, but functioning increased
when A. fossor was present. This suggests that these spe-
cies provide important indirect complementarity effects,
which increase the functioning of A. fossor, perhaps
through facilitation or niche partitioning. Similarly, in
scenario 3, the complementarity effect between G. ster-
corarius and A. fossor was important for maximal func-
tioning, and functioning was greatly reduced if either of
these species was missing. Thus, while there appears to
be both dominance and redundancy in the system, under
changing conditions, complementarity allows function-
ing to be maintained. This highlights how, as predicted
by theory (Gamfeldt et al. 2008, Tilman et al. 2014),
multiple aspects of biodiversity can simultaneously drive
ecosystem functioning.
These complementarity effects are perhaps unsurpris-

ing: if individual functions are optimized by different
species, and different weightings are then given to differ-
ent functions, we may expect different species combina-
tions to be important. Indeed, when we weighted
positively for grass production functions, the interaction
between A. erraticus and A. stercorarius became impor-
tant for maintaining multifunctionality in the absence of
A. fossor. This two-species interaction was also impor-
tant when grass growth was analyzed as a single func-
tion. Thus, optimizing multifunctionality is context-
dependent, and is contingent on the weights chosen, and
how stakeholders and society value the functions and
services provided by biodiversity.

More species for more functions in more environments?

We found no significant effect of the precipitation
treatment on the effects of species identity, or on interac-
tions between species. Thus, the communities responded
to perturbation in much the same way, irrespective of
the presence and abundance of individual species. The
significant main effects of increased precipitation on
some functions can be attributed to either physiochemi-
cal effects, or to direct effects on the microbiome of the
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cow pats, without a role for dung beetles. While other
studies have found that the importance of species iden-
tity for ecosystem functioning is at least partially medi-
ated by environmental conditions (e.g., Isbell et al. 2011,
Perkins et al. 2015), the lack of any detectable interac-
tions between the environment and effects of species
identity or species interaction implies a degree of resili-
ence in this system to this level of perturbation, with
functioning maintained under changing environmental
conditions. Consistent with this, there was high resilience
to species loss and changes in community composition
and abundance, with overall multifunctionality remain-
ing close to the maximum for a range of multispecies
communities (Fig. 3). However, we emphasize that our
results also show that, as different species and species
interactions were important under different scenarios
reflecting the different societal preferences, high diversity
may serve as a general insurance policy (Fig. 3). Thus,
other perturbations (e.g., increased temperatures,
increased use of anthelmintics in farming systems, more
variable precipitation events) may result in different spe-
cies becoming increasingly important (Beynon et al.
2012, Dangles et al. 2012, Bartomeus et al. 2013, Lef-
check et al. 2015). We highlight that the importance of
species identity for ecosystem functioning appears to be
highly context-dependent and contingent on the study
system and/or environmental condition examined.

The importance of the desirability function approach
for BEF research

Weighted objective functions and thresholds have
been used previously in the ecosystem services literature
to consider trade-offs among multiple ecosystem services
and land use scenarios (e.g., Polasky et al. 2008, Nelson
et al. 2009, Duncan et al. 2015, Thompson et al. 2016).
However, awareness of the need to define desirable func-
tions under multiple scenarios is very recent in BEF
research: such an approach is more likely to generate
results that are useful to stakeholders and policy makers
(e.g., Byrnes et al. 2014, Duncan et al. 2015).
Our desirability function approach allows us to inves-

tigate the effects of multiple drivers of biodiversity (spe-
cies richness, species identity, and species interactions)
on both individual functions and overall multifunction-
ality. In contrast to previous methods (e.g., Byrnes et al.
2014, Lefcheck et al. 2015), this method does not simply
aggregate across the different species effects and trade-
offs. Instead, we first apply a multivariate regression
model (Dooley et al. 2015), which estimates all the spe-
cies identity and interaction effects. Then, predicted val-
ues from this model are mapped onto a desirability scale
using desirability functions. These functions can differ
among the ecosystem functions, such that the researcher
or stakeholder can decide whether it is optimal to maxi-
mize, minimize, or reach a target value. These flexible
functions also enable acceptable limits to be imposed on
the function, and can therefore include weightings for

functions that may negatively, as well as positively, affect
ecosystem service delivery. These limits integrate the
concept of thresholds (Byrnes et al. 2014, Duncan et al.
2015) into the single multifunction metric. The limits, or
thresholds, can then be imposed across all ecosystem
functions, or can differ among functions according to
stakeholder focus. Thus, this approach enables trade-offs
among ecosystem functions to be incorporated into
BEF analyses (see also Allan et al. 2015), and BEF rela-
tionships to be scaled to final ecosystem service delivery
and trade-offs (as called for by Duncan et al. 2015).
Our method of assigning weightings to functions and

services according to perceived stakeholder values
reveals that the optimal solution is contingent on the
weights and limits chosen, i.e., the value placed on
ecosystem services. Moreover, it highlights that the spe-
cies required to maintain these services vary depending
on the functions selected by the stakeholder. Thus, spe-
cies perceived as redundant, or unnecessary for one
function, may actually become important under
changing scenarios. This highlights that both species
identity and complementarity are therefore important if
a full range of multiple functions and services are to be
maintained.

CONCLUSIONS

While the past two decades have brought remarkable
progress towards understanding how the loss of biodiver-
sity affects the functioning of ecosystems, critical gaps
remain. Recent studies have suggested that the next gener-
ation of BEF experiments should target three conceptual
issues: the real complexity of species interactions, the non-
random patterns characteristic of species loss, and the
multiple mechanisms that may drive ecosystem functions
across different contexts (Cardinale et al. 2012, Duncan
et al. 2015). To predict the functional net effects of species
turnover, we must understand which species are most
important for functioning, and how sensitive they may be
to perturbations (Suding et al. 2008, Oliver et al. 2015).
Previous analytical tools have been unable to address
these questions. By using two novel frameworks together
(the multivariate diversity–interactions framework and
the desirability function approach) we were able to assess
how functions are affected by species interactions, and
also to examine the relative contributions of species under
different scenarios of species loss, environmental pertur-
bation, and societal preferences. Our results highlight that
understanding, managing, and optimizing ecosystem
functioning requires multiple functions to be studied at
the same time. From an ecosystem services perspective,
whether single or multiple species will optimize ecosystem
functioning is context-dependent, and will depend on the
valuation of services by stakeholders and society.
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