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Biodiversity and ecosystem multifunctionality

Andy Hector' & Robert Bagchi'f

Biodiversity loss can affect ecosystem functions and services'™.
Individual ecosystem functions generally show a positive asymp-
totic relationship with increasing biodiversity, suggesting that
some species are redundant®®. However, ecosystems are managed
and conserved for multiple functions, which may require greater
biodiversity. Here we present an analysis of published data from
grassland biodiversity experiments’'', and show that ecosystem
multifunctionality does require greater numbers of species. We
analysed each ecosystem function alone to identify species with
desirable effects. We then calculated the number of species with
positive effects for all possible combinations of functions. Our
results show appreciable differences in the sets of species influ-
encing different ecosystem functions, with average proportional
overlap of about 0.2 to 0.5. Consequently, as more ecosystem pro-
cesses were included in our analysis, more species were found to
affect overall functioning. Specifically, for all of the analysed
experiments, there was a positive saturating relationship between
the number of ecosystem processes considered and the number of
species influencing overall functioning. We conclude that because
different species often influence different functions, studies focus-
ing on individual processes in isolation will underestimate levels of
biodiversity required to maintain multifunctional ecosystems.
The potential for diversity to affect ecosystem processes (or func-
tions) was recognized by mid-twentieth-century researchers'?, and ori-
ginally dates back to Darwin'>'". The recent interest in this topic is due
to the realization that sustained loss of biodiversity could affect ecosys-
tem functioning and the services derived by humans'~*. Meta-analysis
of the results of the first generation® of experimental research on bio-
diversity and ecosystem functioning has revealed that individual eco-
system processes generally show a positive but saturating relationship
with increasing diversity, although the mechanisms underlying these
relationships are still under debate®®. The saturating relationship sug-
gests that some species are redundant with respect to a single function.
However, short-term studies only address the effect of biodiversity on
ecosystem functioning at a given point in time and under a given set of
conditions. Some experimental results'>? suggest that biodiversity can
sometimes have an insurance value* by buffering ecosystem-level pro-
cesses in a way analogous to that in which diverse investment portfolios
spread financial risk and improve average performance in the longer
term*' . Nevertheless, all of the research to date considers ecosystem
processes examined individually, despite the fact that most ecosystems
are managed or valued for several ecosystem services or processes: so-
called ecosystem ‘multifunctionality’. If it is the case that a single
species, or group of species, controls ecosystem functioning, then the
remaining species are functionally redundant. Although it seems
unlikely that a single species could control all ecosystem processes, it
is possible that a single group of species may. However, if there is
appreciable lack of overlap in the groups of species that influence dif-
ferent ecosystem processes, then higher levels of biodiversity will be
required to maintain overall ecosystem functioning than indicated by
analyses focusing on individual ecosystem processes in isolation.

To address the question of ecosystem multifunctionality, we used
published data'™'" on seven ecosystem processes and properties (for
brevity, hereafter processes) measured by the BIODEPTH project.
BIODEPTH comprised a consortium of eight co-ordinated bio-
diversity experiments that manipulated plant diversity at different
European grassland sites and monitored the response of a variety of
ecosystem processes’. The ecosystem variables used for this analysis
were above- and below-ground net biomass production, the pool of
nitrogen in above-ground vegetation, resource levels above- (light
interception) and below-ground (soil mineral nitrogen) and decom-
position of lignin and cellulose (see Methods).

In the first stage of this analysis, we identified sets of species that
had effects on each ecosystem process, using an information theoretic
approach. For each site, we performed a backward-deletion multiple
regression that included contrasts for the presence/absence of each spe-
cies, and used the Akaike Information Criterion (AIC) to identify the
most parsimonious set of species that influenced each ecosystem process
(our results were robust to the inclusion of pairwise interactions, the
exclusion of data from monoculture plots, and the use of an alternative
information criterion: see Methods and Supplementary Information).
For each ecosystem process at each site, we then selected the subset of
species with effects on processes that would usually be considered desir-
able from an ecosystem services perspective. These were species with
positive effects for all functions, except for soil inorganic nitrogen and
light availability at ground level, where negative effects are consistent
with lower levels of unconsumed resources and therefore greater uptake
and less potential for nitrate leaching. We then analysed the resulting
species counts for differences between sites and processes.

There were some differences between sites and processes in the num-
ber of species, x;, that affected functioning (Fig. 1), although analysis of
the results of the AIC multiple regressions revealed that the differences
between processes were not strong enough to be conventionally signifi-
cant (Poisson analysis of deviance: y% = 10.5, P = 0.10). The average
number of species affecting a single ecosystem process, X, ranged from
3.2 to 6.6 species depending on experimental site (Table 1), although
these differences between experiments were also not conventionally sig-
nificant (3%, = 13.3, P = 0.07). The total number of species with effects
on one or more ecosystem process at a site ranged from 8 to 18 (Table 1).
This variation between experiments probably arises from a mixture of
biological and design differences: they may partly reflect variation in the
size of the species pools at the different sites, as those with the highest
numbers of species with effects on functioning were also those with the
largest species pools (see Methods and Supplementary Information).

We next looked at the overlap in these sets of species at each site that
had AIC-detectable effects in the desirable direction on the different
ecosystem processes. To do this we calculated the overlap, o, in the sets
of species influencing each pair of processes, using Serenson’s index:
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where |E]| is the number of species contributing to process i and
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Figure 1| Number of species with desirable effects on the suite of ecosystem
processes measured in the different BIODEPTH project experiments. The
number of species was identified by the AIC-based multiple regression (and
species with effects with undesirable signs were then excluded).

’E,»ﬂEj‘ is the number of species that contribute to both processes i
and j. The average proportional overlap between the sets of species
influencing a pair of processes, 0, ranged from 0.19 to 0.49 (Table 1)
although these differences in 0 between sites were not significant
(quasi-maximum likelihood binomial analysis of deviance: F;;1; =
1.08, P = 0.38). Weidentified the single most important species affect-
ing each process from the multiple regression minimally adequate
model estimates, and calculated a simple measure of turnover as the
proportion of ecosystem processes with different most-important
species (the number of processes divided by the number of different
species; where the maximum possible value of 1 indicates that the
identity of the most important species differs for each process).
Turnover in the most important species was generally high, ranging
from 0.67 to 1, with an average of 0.78 (Table 1).

In the second stage of the analysis, we took the multiple regression
results and examined how the number of species affecting functioning
changed as more processes were considered. We took the subsets of
species that had detectable and desirable effects on the ecosystem process
(or combination of processes) in question at each site, and calculated
how many species affected functioning for every possible combination of
ecosystem processes (that is, all pair-wise combinations, each combina-
tion of three, and so on). Figure 2 plots all possible combinations of

Table 1| Summary of ecosystem multifunctionality analysis

LETTERS

2 4 6 2 4 6 2 4 6 2 4 6
1 1 1 1 1 1 1 1 1 1 1 1
Germany Greece Ireland Portugal
204 -
(o]
@
15 o/ o L
o]
®/0
o/ @
O
104 © -
o o/ 0 © @
o o ® @
o /o 00, o
o] (V] o @® O
o 97 o 1) -
o
0 o o o
3 ° 3
o e} o]
& 04 -
S} Sheffield Silwood Sweden Switzerland
8 20+ -
€
=)
=z
154
104
o O
o]
o
54 o
o]
o
@
04 -

2 4 6 2 4 6 2 4 6 2 4 6
Number of ecosystem processes

Figure 2 | Positive relationship between the range of ecosystem processes
considered and the number of species that affect one or more aspect of
ecosystem functioning. The points (jittered for clarity) show numbers of
species required for all possible combinations of ecosystem processes. Lines
are theoretical predictions from the model based on the average number of
species required for a single process, x, and the average overlap in the sets
of species required for each pair of processes, 0, using equation (2).

ecosystem processes, to explore the complete range of behaviour
observed in our experiments. At all sites, the envelope of points forms
a concave-up curved wedge, with the apex determined by the number of
species required for all functions, and the shortest side of the wedge given
by the range of values observed for single ecosystem processes (Table 1).
We also predicted how many species on average affect ecosystem func-
tioning as numbers of processes increase, based on only the mean num-
ber of species with effects on a single ecosystem process, X, and the mean
average pairwise overlap, 0. The average number of species, Sg, required
for E processes was predicted as (see Methods for a derivation):

o= ()scar @

i=1

Predictions of Sg for each site are plotted as curves in Fig. 2. These
curves are the average predictions given the simplifying assumptions
made by using x and o. The spread of the points around the curves
reflects differences in x for different processes and the variation in o
for different pairs of processes. Two null hypotheses illustrate some
extreme cases within the range of possible behaviour. At one extreme,
if each species influences only a single process (0 =0), and each
process is only affected by a single species, it would generate a positive

Site Number of Number of Number of species  Turnover Mean number of species Mean overlap between
processes species for all processes per process, X process pairs, 0
Germany 5 31 (24) 17 0.80 6.6 (4.6-9.1) 0.32(0.19-0.47)
Greece 7 23(19) 15 0.57 5.4 (39-7.3) 0.37 (0.26-0.48)
Ireland 5 12 (11) 11 1.00 3.2(1.9-5.0) 0.19 (0.06-0.39)
Portugal 6 14 (1D 9 0.67 3.7 (2.3-5.4) 0.40 (0.25-0.57)
Sheffield 4 12 (12) 8 1.00 3.3(1.8-5.3) 0.31(0.10-0.59)
Silwood 7 34 (24) 13 0.86 4.0(2.7-5.7) 0.24 (0.17-0.40)
Sweden 6 12 (12) 8 0.67 3.8 (2.5-5.6) 0.49 (0.33-0.65)
Switzerland 7 48 (33) 18 0.71 5.7 (4.1-7.7) 0.33(0.23-0.44)

‘Number of processes’ is the number of ecosystem processes measured per site. 'Number of species’ is the number of species originally sown; shown in parentheses is the number present in biomass
samples in year three of the experiment. ‘Number of species for all processes' is the total (cumulative) number of unique species with AIC-detectable effects on at least one ecosystem process. ‘Turnover' is
the proportion of ecosystem processes with different most important species, as explained in the main text. Definitions of X and 0 are given in the main text; numbers in parentheses are the 95% confidence

intervals.
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linear relationship with a slope of X = 1 (one species to one process).
On the other hand, if all ecosystem processes are influenced by the
same subset of species (0 =1), the slope would be zero with the
intercept indicating the size of the group of species that affects eco-
system functioning. All observed relationships lie between these two
extremes, showing a positive but saturating relationship between
increasing numbers of ecosystem processes and the total number of
species that influence ecosystem functioning (Fig. 2; Table 1).

Our study of ecosystem multifunctionality has limitations that
should be addressed by future research. For example, the types of eco-
system stocks and flows analysed by the first generation of research on
biodiversity and ecosystem functioning can be seen in some ways as the
more-accessible ones. It would be interesting to repeat a similar analysis
for an ecosystem where attempts had been made to identify and measure
all of the ecosystem services considered important from a management
perspective, and where the effects of all species could be precisely esti-
mated with a well-replicated balanced design. Our study also manip-
ulates only plant diversity, and our analysis therefore almost certainly
underestimates levels of diversity needed for ecosystem multifunction-
ality. Our results will reflect the effects of other groups of organisms on
ecosystem processes to the degree that the manipulation of plant species
had knock-on effects to other groups, such as bacteria and mycorrhiza,
but our study does not directly address the functional role played by
these and other important groups. Better assessments of ecosystem
multifunctionality could be made by manipulating multiple trophic
levels simultaneously, and especially by studies that include groups such
as microbes that are known to drive many ecosystem processes.

To our knowledge, our study is the first to quantitatively address
the effects of biodiversity on multiple ecosystem processes simulta-
neously. Analysis of single ecosystem processes in isolation generally
reveals a positive but saturating relationship with increasing biodi-
versity. Our analysis of ecosystem multifunctionality reveals that
different processes are not affected by exactly the same species.
Because different species affect different processes, maintaining mul-
tifunctional ecosystems will require greater biodiversity than sug-
gested by studies focusing on single ecosystem processes in isolation.

METHODS SUMMARY

Ecosystem processes. The ecosystem process data used in our analysis are avail-
able online (http://www.esapubs.org/archive/mono/M075/001/suppl-1.htm) from
Ecological Archives'®!"" (see Methods).

Identifying species effects on ecosystem processes. At each site, we identified the
most parsimonious set of species influencing each ecosystem function using a back-
ward-elimination multiple regression analysis to identify a minimally adequate
model* based on AIC. We used the stepAIC function in the MASS library® imple-
mented in R 2.4.1”. Models including pairwise interactions between species or
excluding data from monocultures produced qualitatively similar results (Sup-
plementary Information). We used an information-theoretic approach rather than
one based on probability because information criteria have several advantages for
the type of complex multiple regression analysis performed here*® (Supple-
mentary Information). Many alternative information criteria exist*>*’. We present
results for AIC, as it is reputed to have the most solid foundation in theory and the
best analytical behaviour®, but analysis using the Bayesian Information Criteria
(BIC) produced qualitatively similar results (Supplementary Information).
Ecosystem multifunctionality analysis. The mean number of species required
per ecosystem process, X, was estimated for each site using a Poisson generalized
linear model analysing the main effects of site and process. The mean propor-
tional overlap between the sets of species influencing each pair of processes, o,
was estimated for each site using a quasi-maximum likelihood version of the
binomial generalized linear model to account for under- or overdispersion™.
The relationship between the number of processes and the average number of
species with effects on functioning was then predicted using equation (2).

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

The BIODEPTH experiments. The BIODEPTH experiments were primarily
designed to look at the influence of species and functional group richness on
ecosystem processes. Random selection of species to form these gradients resulted
in unequal replication for different species meaning that their effects are estimated
with differing precision. The size of the species pool at each site reflected variation
in background levels of diversity at the different grassland sites that provided the
models for the experimental systems, and the highest level of diversity used in the
species richness gradients was intended to approximate average levels of diversity
in these surrounding natural grasslands®'. Experiments at sites with larger pools
tended to have a smaller proportion of species that were present in many plots and
alarger proportion with lower replication because the experiments were of similar
size regardless of the differences in the sizes of the species pool. The analyses
presented in the main text use the whole diversity gradients, including mono-
cultures, but the results are robust to their exclusion (see below).

Ecosystem processes. The data for the seven ecosystem processes used in our
analysis are from year three of the BIODEPTH project, and comprise measure-
ments of: (1) above-ground (shoot) biomass ; (2) below-ground (root) biomass;
(3) total nitrogen pools in above-ground vegetation; (4) soil mineral nitrogen
(nitrate + ammonium); (5) percentage of transmitted photosynthetically
active radiation (PAR) at ground level; (6) decomposition (per cent per day)
of wooden sticks (lignin); and (7) decomposition (per cent per day) of cotton
strips (cellulose).

Identifying sets of species that affect ecosystem processes. Before model fitting,
the response variables were transformed as indicated by the Box-Cox function in
the MASS library for S-Plus and R*. All ecosystem process variables (for brevity
we use ecosystem processes to refer to both stocks and flows) were natural log
transformed, except above-ground biomass (cube root) and soil inorganic N
(untransformed). We performed single degree of freedom contrasts for the main
effects of individual species at a given site within a backward-elimination multiple
regression analysis, based on minimization of AIC, using the stepAIC function in
the MASS library*® implemented in R 2.4.1”. Starting with a full model that
contained a main effect for the presence/absence of every species at a given site,
each species was removed from the model in turn and the AIC calculated. The AIC
values of the resulting models were compared, and the species whose exclusion led
to the greatest improvement (reduction) in the AIC value was permanently
excluded. This was repeated until dropping any of the remaining species increased
the AIC, at which point a minimally adequate model* had been selected based on
AIC which identified the most parsimonious set of species influencing the eco-
system process in question. Models that included pairwise interactions between
species or which excluded data from monocultures produced qualitatively similar
general results (Supplementary Information). The AIC is defined as:

AIC= —2In(L) + 2k
where L is the model maximum likelihood (and —2In(L) the deviance) and k is
the number of model parameters. Schwartz’s Bayesian Information Criterion

(BIC), which has a harsher penalty for complexity and therefore tends to select
simpler models, is defined as:

BIC = —2In(L) + In(n)k

nature

where 7 is the sample size. We chose to repeat the analysis with the BIC because it
is probably the most widely used alternative to AIC, and because the BIC and AIC
come from different classes of information criteria (the dimensional-consistent
and efficient classes, respectively).

Ecosystem multifunctionality analysis. The mean number of species required
per ecosystem process, X (with 95% confidence intervals), was estimated for each
site using a Poisson generalized linear model analysing the main effects of site
and process. The mean proportional overlap between the sets of species influ-
encing each pair of processes, 0 (and 95% confidence intervals), was estimated
for each site using a quasi-maximum-likelihood version of the binomial general-
ized linear model to account for under- or overdispersion”. Once X and o
had been estimated, the relationship between the number of processes and
the average number of species with effects on functioning was predicted using
equation (2).

Predicting the number of species required for a given number of ecosystem
processes. We estimated the expected number of species required for a given
number of ecosystem processes using set theory. Given E sets (each comprising
the species providing a given ecosystem process), the number of elements of
the union of the sets can be defined according to the inclusion-exclusion
principle* as

AUAU. UAl= D7 A= D7 JANAl+ Y [AiNANA |-
1<i<E 1<i < <E 1<i<b < <E
o (=DEANAN . N A (3)

We simplified equation (3) by making two assumptions. First, that all processes
were controlled by the same number of species (that s, | A;| = x, for all i where xis
a constant). Second, that the overlap between the species contributing to pairs of
processes, 0, was also the same for all species pairs (that is, A,-ﬂAj| =o, forall i
and j, where o is a constant). Under these assumptions, and setting
Se=|A1UAU ... UAE|, equation (3) simplifies to:

Sp= <f)x7 <Ij>x-o+ (f)x-ozf +(71)(E_1)<§>x'0(571) (4)

For each site, we estimated the constants x and o from the data as the mean
number of species per ecosystem process (X) and the mean proportion of species
shared between pairs of processes (0), respectively. Simplifying equation (4) and
replacing x and o with x and o results in equation (2) in the main text. Note that
equation (2) in the main text can be simplified algebraically to:

%(1—(1—0)"
M ( 5)

0

Sg=

This form can be used to infer the number of species that would theoretically
provide all ecosystem processes by setting E to o:

%(1—(1-0)") _

lim
E->w 0

(6)
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