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Anthropogenic activity is currently leading to dramatic transformations of ecosystems and losses of
biodiversity. The recognition that these ecosystems provide services that are essential for human
well-being has led to a major interest in the forms of the biodiversity–ecosystem functioning
relationship. However, there is a lack of studies examining the impact of climate change on these
relationships and it remains unclear how multiple climatic drivers may affect levels of ecosystem
functioning. Here, we examine the roles of two important climate change variables, temperature
and concentration of atmospheric carbon dioxide, on the relationship between invertebrate species
richness and nutrient release in a model benthic estuarine system. We found a positive relationship
between invertebrate species richness and the levels of release of NH4-N into the water column, but
no effect of species richness on the release of PO4-P. Higher temperatures and greater concen-
trations of atmospheric carbon dioxide had a negative impact on nutrient release. Importantly,
we found significant interactions between the climate variables, indicating that reliably predicting
the effects of future climate change will not be straightforward as multiple drivers are unlikely to
have purely additive effects, resulting in increased levels of uncertainty.
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1. INTRODUCTION
Anthropogenic activities continue to cause significant
global climate change (IPCC 2007). Partly as a conse-
quence of climate change, and also as a direct result of
human activities (e.g. harvesting, habitat destruction
and pollution), there has been a significant and
rapid decline in global biodiversity (Vitousek et al.
1997; Sala et al. 2000). The speed of this decline has
been estimated to be over 1000 times greater than
rates of extinction calculated from the fossil record
(Lawton & May 1995; Pimm et al. 1995, Millennium
Ecosystem Assessment 2005). The recognition that eco-
systems provide humans with goods and services that are
vital for our survival and well-being has led to substantial
concern over how such ecosystem services may be
affected by both climate change and the decline in biodi-
versity (Naeem et al. 1994; Tilman et al. 1997; Kinzig
et al. 2002; Hooper et al. 2005, Millennium Ecosystem
Assessment 2005; Balvanera et al. 2006; IPCC 2007).

Two of the potentially most important effects of
climate change on ocean ecosystems are increasing
temperatures (Hughes 2000; IPCC 2007) and rising
atmospheric CO2 concentrations (Crowley & Berner
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2001; Caldeira & Wickett 2003; Freely et al. 2004;
IPCC 2007). The oceans act as a significant temperature
sink (Levitus et al. 2005), absorbing an estimated 80 per
cent of the additional heat generated by global warming
(IPCC 2007). This has led to an increase of 0.18C in the
average temperature of the upper 700 m of the oceans
over the last 40 years (IPCC 2007). The rate of sea
temperature rise is predicted to increase over the next
decades, with the estimated rise in the mean surface
temperature for the end of the twenty-first century
lying between 1.18C and 6.48C (IPCC 2007).

The current concentration of atmospheric CO2 is
approximately 380 ppm, having increased from prein-
dustrial levels of 280 ppm (IPCC 2007). By the year
2100, assuming a ‘business-as-usual’ scenario, atmos-
pheric CO2 concentration is predicted to be between
450 and 1000 ppm (IPCC 2007). The world’s
oceans act as a CO2 sink, with dissolved CO2 forming
carbonic acid which dissociates into protons and bicar-
bonate ions, causing a decrease in ocean pH, a process
known as ‘ocean acidification’ (Caldeira & Wickett
2003; Freely et al. 2004). Surface ocean pH is cur-
rently 0.1 unit lower than the preindustrial value,
and by the end of the century is likely to be a further
0.14–0.35 units lower, leading to changes greater
than any experienced in the past 300 Myr (Caldeira &
Wickett 2003; Freely et al. 2004; IPCC 2007).

Impacts of climate change on ecosystems, however,
are unlikely to occur as isolated single drivers. With
multiple impacts, the question then arises as to
This journal is q 2010 The Royal Society
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whether they are likely to affect ecosystems in an
additive way or whether there will be significant
interactions between the drivers (Folt et al. 1999;
Christensen et al. 2006; Fabry et al. 2008; Przeslawski
et al. 2008; Byrne et al. 2009). Understanding these
relationships has important implications for our ability
to predict the interactions between climate change,
biodiversity loss and ecosystem services. To date,
research on the effects of increasing temperature and
ocean acidification on marine ecosystems has focused
on single drivers in isolation, and there has been a
particular emphasis on specific effects such as coral
calcification (for overviews see Fabry et al. 2008;
Przeslawski et al. 2008). Thus, there is currently a
disconnect between the literature examining the
biodiversity–ecosystem functioning (BEF) relation-
ship and the literature examining the effects of
climate change on ocean ecosystems (Schmitz et al.
2003), as well as a general lack of studies examining
interactive effects of climate change on ecosystem
functioning. The latter is particularly important
because the interactions between multiple stressors
are difficult to predict as the resulting net effect may
not be additive but, instead, may either be greater
(synergistic effects) or less (antagonistic effects) than
anticipated (Folt et al. 1999).

As a step towards understanding the uncertainty
associated with current forecasts of the ecological
consequences of environmental change, here we test
for interactive effects of macrofaunal species richness,
temperature and atmospheric CO2 concentration on
levels of nutrient release from the sediment to the
water column in a model marine benthic system. An
important mechanism underpinning nutrient release
is the process of bioturbation, the mixing of porewater
solutes and sediment particles by the movement and
activities of the benthic organisms (Richter 1952).
Bioturbation affects sediment permeability, breaks
down chemical gradients in pore waters and subducts
organic matter, thus influencing rates of remineraliza-
tion and inorganic nutrient efflux (Gray 1974; Rhoads
1974; Kristensen & Blackburn 1987). Benthic habitats
process and recycle a significant proportion of nutri-
ents that are necessary for primary production in
coastal waters and hence underpin the delivery of eco-
system services from these systems, with ammonium
being of particular importance in nitrogen-limited
marine waters (Logan et al. 1995). Quantifying the
impact of temperature and carbon dioxide, and their
interactions, on the relationship between benthic
macrofaunal biodiversity and ecosystem functioning
is therefore of considerable importance for predicting
the effect of climate change on these systems
(Thrush & Dayton 2002; Lohrer et al. 2004).
2. MATERIAL AND METHODS
We used a mesocosm approach to investigate the
effects of changes in temperature and CO2 on ecosys-
tem functioning in a model three-species estuarine
benthic system. Our experimental design incorporated
all possible combinations of three invertebrate
macrofauanal species exposed to different levels of
atmospheric CO2 and temperature. Three levels of
Phil. Trans. R. Soc. B (2010)
atmospheric CO2 were used, ranging from present
day levels (380 ppm) to predicted future levels (600
and 1000 ppm) that represent low-middle and upper
values in the range of the estimates of the Intergovern-
mental Panel on Climate Change (IPCC) for the year
2100 (IPCC 2007). These levels of atmospheric CO2

were arranged in an orthogonal design with three
temperature levels (68C, 128C and 188C) that are
within the range experienced by these species through-
out the annual cycle. All combinations of species and
environmental variables were replicated three times.
Ecosystem functioning was assessed by measuring
levels of NH4-N and PO4-P in the water column at
the end of the experiment (7 days). In order to
assess the mechanistic effects of different climate scen-
arios we also measured levels of bioturbation activity
using fluorescent tracer particles (luminophores;
Mahaut & Graf 1987), following the methodology
described in Solan et al. (2004).

(a) Mesocosms

Sediment was collected from the Ythan estuary,
Aberdeenshire, Scotland, UK (57820.0850 N, 0280.2060

W), sieved (500 mm) in sea water to remove unwanted
macrofauna, and left to settle for 24 h, allowing us to
also retain the fine fraction (less than 63 mm). Excess
water was removed, and the sediment slurry was hom-
ogenized and distributed between mesocosms (Perspex
cores 33 cm high with an internal diameter of 10 cm)
to a depth of 10 cm (equivalent to 785 cm3), thus mini-
mizing any effects of sediment heterogeneity between
mesocosms and ensuring the absence of macrofauna.

Sea water (UV-sterilized, 10 mm pre-filtered,
salinity � 33) was initially added to the mesocosms
to a depth of 20 cm, left for 24 h and then refilled
with sea water to eliminate nutrient pulses associated
with assembly (Ieno et al. 2006) and to ensure that
changes in nutrients could be attributable to activity
during the experimental period. Mesocosms were
aerated throughout the experimental period (7 days).

(b) Regulation of atmospheric CO2,

temperature and light

Mesocosms were placed in environmental chambers
(VC 4100, Vötsch Industrietechnik), which main-
tained a constant temperature environment
(+0.18C). Levels of atmospheric CO2 within the
chamber were maintained (+30 ppm) using a CO2

monitor in the chamber connected to a valve system
on a standard CO2 cylinder (BOC Gases Ltd., UK)
via a digital controller (Technics horticultural carbon
dioxide controller). The regulation of atmospheric
CO2 was calibrated and validated using an Infrared
gas analyser (ADC LCA3). Light was supplied by
two 400 W metal halide bulbs (Newlec) in each
chamber, on a 12 h light—12 h dark cycle. Mesocosms
were arranged randomly within a chamber to minimize
the effect of any spatial heterogeneity in light levels.

(c) Macrofauna

Three species of macrofauna were used: the gallery-
forming Hediste diversicolor (Polychaeta), the surficial
modifier Hydrobia ulvae (Gastropoda) and the
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regenerator Corophium volutator (Crustacea). These
species represent a broad range of taxonomic groups,
functional effects and functional responses and they
fulfil key structural and functional roles within benthic
communities. They dominate the study site both in
terms of abundance and biomass, but have contrasting
mobility, modes of bioturbation and bioirrigation.
They also have differing effects on ecosystem function-
ing, particularly with respect to setting redox depth
and controlling carbon and nutrient cycling. Macro-
fauna were collected from the Ythan estuary and
stored in aerated sea water tanks for 24 h before they
were placed in the mesocosms (day 0).

(d) Measures of ecosystem functioning

Pre-filtered (Nalgene, 0.45 mm) water samples were
taken on the final day of the experiment. NH4-N and
PO4-P concentrations were determined using standard
protocols with a modular flow injection auto-analyser
(FIA Star 5010 series) using an artificial sea water
carrier solution.

(e) Measures of ecosystem process

We distributed 2 g of 90–125 mm luminophore par-
ticles evenly across the sediment surface 24 h after
the introduction of the macrofauna. At the end of
the experiment, a sediment core (3.5 cm diameter
and 10 cm deep) was taken from each mesocosm and
sliced (0.5 cm thick for the uppermost 2 cm, and
1 cm thick from 2 to 10 cm depth). The number of
luminophore particles within each slice was determined
using standard image analysis techniques based on
thresholding (Solan et al. 2004). These counts provided
a vertical luminophore profile for each mesocosm which
could be used to determine a bioturbation index of
activity (Db; Diaz & Cutter 2001; Gilbert et al. 2003;
Solan et al. 2004). Here, Db is an index of the rate of
redistribution of the luminophores due to bioturbatory
activity and is expressed as an estimate of the increase
in the variance of depths to which the luminophores
would have moved over the time scale of a year.

(f ) Species richness treatments

Within each environmental combination there were
eight species richness treatments comprising all species
richness combinations: a control (no macrofauna),
three monocultures (H. diversicolor, Hd; H. ulvae,
Hu; C. volutator, Cv), three two-species treatments
(Hd þHu, Hd þ Cv, Hu þ Cv) and one three-species
treatment (Hd þHu þ Cv). This design minimizes
hidden treatment effects (sensu Huston 1997) and
eliminates pseudo-replication. The repetition (n ¼ 3)
of each permutation allows the generality of any diver-
sity effects to be evaluated. A complementary analysis
could also be performed where species combination
replaces species richness as an independent factor,
allowing ‘species combination’ effects on ecosystem
function or process to be detected. To ensure that
any observed changes in ecosystem process were
directly attributable to treatment manipulations and
not to species density, total biomass was held constant
at 2.0 g per mesocosm (equivalent to 255 g22), a level
consistent with that found at the study site (e.g. Biles
Phil. Trans. R. Soc. B (2010)
et al. 2003). As nutrient cycling is primarily a
microbial process that is mediated by macrofaunal bio-
turbation, replicate cores in the absence of macrofauna
were required so that the contribution of other com-
ponents of the sediment (microbial and meiofaunal
communities) could be distinguished from those of
the macrofauna. There were three replicates for each
species—environment (temperature � CO2) treatment
combination, giving a total of 216 mesocoms.

(g) Analysis

A generalized least squares (GLS; Pinheiro & Bates
2000; Zuur et al. 2007) statistical mixed modelling
approach was used, treating NH4-N, PO4-P and Db
as dependent variables, and levels of CO2, temperature
and species richness (or species combination) as inde-
pendent fixed factors. A GLS framework was preferred
over linear regression using transformed data because
it retains the structure of the data while accounting
for unequal variance in the variance–covariate terms.
In each case, as a first step, a linear regression model
was fitted. Model validation showed no evidence of
nonlinearity but there was evidence of unequal var-
iance among the explanatory variables. The GLS
framework was then adopted in order to model this
heterogeneity of variance. The most appropriate
random structure was found by examination of AIC
scores in conjunction with plots of fitted values
versus residuals for models with different variance–
covariate terms relating to the independent variables,
using restricted maximum likelihood (REML, West
et al. 2007). The fixed component of the GLS model
was refined by manual backwards stepwise selection
using maximum likelihood (ML) to remove insignifi-
cant terms, and the final model was presented using
REML. Following Underwood (1998), the highest
potential level of interaction that was assessed was
the three-way interaction, and nested levels within
higher order interactions were not examined. To
assess the importance of individual independent vari-
ables, a likelihood ratio test was used to compare the
full minimal adequate model with models in which
the independent variable and all the interaction
terms including it were omitted. Analyses were per-
formed using the ‘R’ statistical and programming
environment (R Development Core Team 2005) and
the ‘nlme’ package (linear and nonlinear mixed effects
models; Pinheiro et al. 2006).
3. RESULTS
(a) NH4-N

The minimal adequate model with species richness as
an independent term was a linear regression model
with a GLS extension (see the electronic supplementary
material), and incorporated all three two-way inter-
action terms: species richness� temperature, CO2 �
temperature and species richness � CO2 (table 1).
Species richness was the most influential variable
(L-ratio ¼ 150.26, d.f. ¼ 15, p , 0.0001), followed by
temperature (L-ratio ¼ 65.08, d.f. ¼ 12, p , 0.0001),
and CO2 (L-ratio ¼ 45.71, d.f. ¼ 12, p , 0.0001).

There was a general increase in NH4-N concen-
tration with increasing species richness, and this was



Table 1. Summary of significant terms found in the linear regression models with a generalized least squares extension,
treating levels of NH4-N, PO4-P and particle bioturbation (Db) as dependent variables, and species richness (or species

identity), atmospheric CO2 concentration and temperature as fixed explanatory variables.

dependent variable significant terms L-ratio d.f. p

species richness models
NH4-N species richness � temperature 23.96 6 ,0.001

CO2 � temperature 19.40 4 ,0.001
species richness � CO2 12.39 6 0.054

PO4-P temperature 116.14 2 ,0.0001
CO2 23.25 2 ,0.0001

Db species richness � temperature 30.25 6 ,0.0001

species identity models
NH4-N species identity � temperature 67.14 14 ,0.0001

species identity � CO2 32.70 14 ,0.01
CO2 � temperature 26.10 4 ,0.0001

PO4-P species identity � temperature 26.72 14 0.021
CO2 30.64 2 ,0.0001

Db CO2 � species identity �temperature 60.11 28 ,0.001
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Figure 1. Predicted NH4-N concentrations from the minimal adequate regression model for varying species richness levels at
three atmospheric CO2 concentrations (380 ppm (solid line), 600 ppm (dashed line) and 1000 ppm (dotted line)) and the
three temperatures (a) 68C, (b) 128C and (c) 188C.
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most rapid at the intermediate temperature of 128C
(figure 1). At present day concentrations of CO2, the
highest levels of NH4-N were obtained at 188C. How-
ever at the higher CO2 concentrations, this peak in
NH4-N concentrations generally occurred at 128C.

Within the pattern of increasing NH4-N concen-
tration with increasing species richness, there was a
decrease in concentration with increasing level of
CO2. This effect was greatest at the higher species
richness levels. At 188C there was a marked decrease
between NH4-N levels under present day CO2 concen-
trations and those under the two possible future CO2

concentrations. This coincided with a general flatten-
ing of the relationship between species richness and
NH4-N concentration at 188C.

The minimal adequate model treating the particular
combinations of species as an independent variable
(species identity) was also a linear regression model
with a GLS extension (see the electronic supplementary
material) incorporating all three two-way interaction
terms: species identity� temperature, species identity�
CO2 and CO2 � temperature (table 1). Species identity
was the most influential variable (L-ratio¼ 204.16,
d.f.¼ 35, p , 0.0001), followed by temperature
Phil. Trans. R. Soc. B (2010)
(L-ratio ¼ 108.68, d.f.¼ 20, p , 0.0001), and CO2

(L-ratio ¼ 73.14, d.f. ¼ 20, p , 0.0001).
The overall trend of increasing NH4-N concen-

tration with increasing species richness could be
discerned in this model (figure 2). However, within
species richness levels, there was a marked variation
in NH4-N concentrations, particularly at the two
lower temperatures. Higher concentrations of NH4-N
were found when C. volutator, H. ulvae or both were
present. However, this pattern was absent at 188C
where marked species identity effects were absent.
(b) PO4-P

Levels of PO4-P in relation to species richness were
best explained by a linear model with a GLS extension
(see the electronic supplementary material) with only
single additive terms for temperature and CO2

(table 1).
Estimated coefficients for this model (figure 3) indi-

cated that there was no significant difference between
the concentrations of PO4-P at 68C and 128C, but
concentrations at these temperatures were significantly
different to those at 188C. Estimated coefficients for



0

0.5

1.0

1.5

2.0

2.5

3.0

no
ne H
d

C
v

H
u

H
dC

v

H
dH

u

C
vH

u

H
dC

vH
u

no
ne H
d

C
v

H
u

H
dC

v

H
dH

u

C
vH

u

H
dC

vH
u

no
ne H
d

C
v

H
u

H
dC

v

H
dH

u

C
vH

u

H
dC

vH
u

species identityspecies identity species identity

N
H

4-
N

 c
on

ce
nt

ra
tio

n 
(m

g 
l−

1 )

(a) (b) (c)

Figure 2. Predicted NH4-N concentrations from the minimal adequate regression model for each combination of species
(Hd, Hediste diversicolor; Hu, Hydrobia ulvae; Cv, Corophium volutator) at three atmospheric CO2 concentrations (380 ppm
(solid line), 600 ppm (dashed line) and 1000 ppm (dotted line)) and the three temperatures (a) 68C, (b) 128C and (c) 188C.
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Figure 3. Predicted PO4-P concentrations from the minimal
adequate regression model at three atmospheric CO2 con-
centrations (380, 600 and 1000 ppm) and the three
temperatures 68C (solid line), 128C (dashed line) and
188C (dotted line). This minimal adequate model resulted

from the full model which included species richness in the
full model. Effects of temperature and CO2 were additive
with no significant interaction term.
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the effect of CO2 (figure 3) indicated significantly
different concentrations of PO4-P at each level of
CO2 concentration, with the greatest PO4-P concen-
tration at 600 ppm and the lowest at 1000 ppm.
However, the actual differences in PO4-P concen-
trations across these CO2 concentrations were very
small (less than 0.025 mg l21).

The resulting model for the dependent variable
PO4-P with species identity as an independent variable
(see the electronic supplementary material) contained
the two-way interaction term species identity� tempera-
ture, and the single term CO2 (table 1). The most
influential independent variable was temperature
Phil. Trans. R. Soc. B (2010)
(L-ratio ¼ 161.15, d.f. ¼ 13, p , 0.0001), followed by
species identity (L-ratio ¼ 52.57, d.f. ¼ 21, p , 0.001)
and CO2 (L-ratio ¼ 30.64, d.f. ¼ 2, p , 0.0001).

There were marked species identity effects on the
levels of PO4-P within the two-way interaction term
species identity� temperature (figure 4a). Patterns in
these effects were generally similar between tempera-
tures of 128C or 188C, but these were different to
patterns in concentration observed at 68C. At the
higher temperatures, C. volutator and combinations of
C. volutator and H. ulvae tended to be associated with
higher concentrations of PO4-P, while combinations of
C. volutator and H. diversicolor were associated with
low concentrations of PO4-P. However, at the lowest
temperature, treatments containing C. volutator were
associated with lower concentrations of PO4-P, while
the highest PO4-P concentrations were linked to the
H. ulvae monoculture treatment. Concentrations of
PO4-P were similar at 6 and 128C, although the data
showed a high degree of variation, and these PO4-P
concentrations were generally significantly above those
observed at 188C. Coefficient estimates for the effect
of CO2 (figure 4b) reveal that the highest concentrations
of PO4-P were observed where CO2 was 600 ppm,
followed by 380 ppm and then 1000 ppm.

(c) Particle bioturbation (Db)
The minimal adequate model for Db as a dependent
variable and with species richness as an independent
variable simply consisted of the two-way interaction
term species richness� temperature (table 1). The
most influential variable was species richness (L-ratio¼
185.73, d.f. ¼ 9, p , 0.0001) followed by temperature
(L-ratio ¼ 37.56, d.f. ¼ 8, p , 0.0001).

There was a general decline in Db with increasing
species richness (figure 5). However, the Db values
for monocultures were markedly higher at 68C and
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Figure 4. (a) Predicted PO4-P concentrations from the minimal adequate regression model (with species identity rather than
species richness as an independent variable) for each combination of species (Hd, Hediste diversicolor; Hu, Hydrobia ulvae;
Cv, Corophium volutator) at the three temperatures 68C (solid line), 128C (dashed line) and 188C (dotted line). Atmospheric
CO2 concentration is held constant. (b) Estimates from the minimal adequate regression model for PO4-P concentrations of

coefficients associated with the effects of the higher atmospheric CO2 concentrations relative to the effect at 380 ppm. Error
bars represent standard errors.
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128C than at 188C, making the rates of decline in Db
with species richness much greater at these
temperatures.

The minimal adequate model with species identity as
an independent variable (see the electronic supplemen-
tary material), contained the three-way interaction
term CO2 � species identity� temperature (table 1).
Species identity was the most influential variable
(L-ratio ¼ 327.11, d.f. ¼ 63, p , 0.0001), followed by
temperature (L-ratio ¼ 148.14, d.f. ¼ 48, p , 0.0001)
and CO2 (L-ratio ¼ 77.94, d.f. ¼ 48, p , 0.01).

In the monoculture treatments with a CO2 concen-
tration of 380 ppm and a temperature of 68C, the
greatest Db values were associated with H. diversicolor
(figure 6), with values for the other two species being
markedly lower. However, when temperature or CO2
Phil. Trans. R. Soc. B (2010)
levels increased these Db values decreased dramati-
cally, and at the highest CO2 concentrations all Db
values for H. diversicolor monocultures were on
par with those for the other species. Even under
environmental conditions where Db was high for
H. diversicolor monoculture treatments, treatments
involving H. diversicolor in combination with other
species tended to result in much lower Db values.
4. DISCUSSION
When data from BEF experiments are integrated
(Balvanera et al. 2006; Cardinale et al. 2006; Schmid
et al. 2009), the relationships between biodiversity
and ecosystem functioning are mostly positive. We
found a positive relationship between species richness
and NH4-N concentration incorporating strong
species identity effects, particularly H. diversicolor,
but no relationship between species richness and
PO4-P concentration, although species identity effects
were found. These results generally agree with pre-
vious studies on this particular benthic estuarine
system (Emmerson et al. 2001; Dyson et al. 2007;
Bulling et al. 2008) and the results for NH4-N are
broadly in line with findings elsewhere (e.g. Hansen &
Kristensen 1997; Mermillod-Blondin et al. 2005).
However, Caliman et al. (2007) did find a positive
relationship between PO4-P concentrations and species
richness in freshwater mesocosm experiments.

Significant species composition effects were found
for both measures of nutrient release (NH4-N and
PO4-P) and for bioturbation (Db), and significant
species richness effects were found for NH4-N and
Db, although not for PO4-P. A cursory consideration
of the differences between the two models for PO4-P
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Figure 6. Predicted Db levels from the minimal adequate regression model for each combination of species (Hd, Hediste
diversicolor; Hu, Hydrobia ulvae; Cv, Corophium volutator) at three atmospheric CO2 concentrations (380 ppm (solid line),
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may be interpreted as contradictory conclusions on the
relative importance of biodiversity. However, the abil-
ity to incorporate species composition in the modelling
process (achieved here because of the complete exper-
imental design) has revealed mechanistic complexities
that would otherwise remain hidden, including which
species disproportionately affects functioning.

The general negative relationship between species
richness and bioturbation (Db) was modified by temp-
erature. However, the model incorporating species
composition as an independent variable revealed that
this relationship was primarily driven by H. diversicolor.
Monocultures of H. diversicolor generally resulted in
markedly higher levels of bioturbation but this effect
decreased in the presence of other species and with
increasing temperature and, generally, with increasing
CO2 concentration. This dominance of H. diversicolor
is consistent with previous results (Ieno et al. 2006),
and is a consequence of H. diversicolor’s ability to
deeply burrow into the sediment. As Db is strongly
influenced by the depth of the luminophore profile
obtained, the decline in Db at higher levels of species
richness is likely to be due to a change in behaviour
of H. diversicolor, reducing the extent of its movement
into deeper sediment and altering its behaviour (bio-
irrigation more than particle displacement) when
other species were present and in relation to tempera-
ture levels and CO2 concentrations (Ouelette et al.
2004). Experimental work examining the effect of
sea water acidification on the polychaete worm Nereis
virens (Widdicombe & Needham 2007) found the
reverse effect of increasing NH4-N concentrations
with decreasing pH. Burrow characteristics were
unchanging between pH treatment levels and it was
concluded that the impact of sea water pH on nutrient
flux was probably due to changes in the microbial
community (Bertics & Ziebis 2009). The shorter dur-
ation of our experiment (7 days) relative to that for
N. virens (five weeks), however, means that changes
in microbial community composition are unlikely to
Phil. Trans. R. Soc. B (2010)
fully explain the patterns observed here. A more
parsimonious explanation is a combination of con-
text-dependent switching behaviour (Riisgård &
Kamermans 2001) and biogeochemical effects related
to lowered pH levels (Wood et al. 2009). Context-
dependent changes in behaviour have been shown in
experiments investigating the effect of temperature
on the polychaetes Nereis virens (Deschênes et al.
2005) and Neanthes virens (Ouellette et al. 2004),
with a general increase in activity levels occurring
with increasing temperature. Ouellette et al. (2004)
found the highest Db values at intermediate tempera-
tures (138C), but they also found increasing
biotransport levels with increasing temperature. Simi-
larly, Deschênes et al. (2005) found changes in
behaviour with temperature, with locomotion being
strongly inversely correlated with temperature.

The change in behaviour of H. diversicolor and the
resultant consequences for ecosystem process and
function in our experiment has important implications
for the understanding of BEF relationships under
future climate scenarios. There was a change in func-
tional response, indicating that functional groups
(Petchey & Gaston 2002; Naeem & Wright 2003)
may be fluid in nature, with some species changing
their behaviour in response to shifting environmental
conditions. Functional groupings defined under cur-
rent conditions may not be a reflection of functional
groups in the future, suggesting that current levels of
functional redundancy may not be a reliable represen-
tation of redundancy in the future, a problem that is
compounded when multiple functions are considered.
This fluidity has the potential to significantly alter BEF
relationships, and suggests that the precautionary prin-
ciple (Myers 1993) may have an increased relevance
when managing such systems for the delivery of
ecosystem services for the future under changing
climatic conditions.

In similar marine systems, Emmerson et al. (2001)
found variability in the contributions of particular
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species to ecosystem function resulting in a consistent,
but idiosyncratic, increase in function with increasing
richness. Results here suggest that this concept can
be extended to incorporate extra dimensions describ-
ing climate change variables. Overall patterns
between species richness and function were consistent
despite strong species composition effects, but differ-
ences in temperature and/or CO2 concentration
could elicit idiosyncratic changes in functioning
levels due to the variability in the behavioural
responses of the species to these changes in climatic
variables.

To date, the majority of research on the effects of
global climate change has been focused on single
drivers (Fabry et al. 2008; Przeslawski et al. 2008;
Byrne et al. 2009), despite recognition that multiple
drivers may act in non-additive ways (Christensen
et al. 2006; Byrne et al. 2009; Laurance & Useche
2009). Reich et al. (2001) found interactive effects
between atmospheric CO2 and biodiversity, and
between nitrogen deposition and biodiversity on bio-
mass levels in a terrestrial plant system. However,
they did not find significant interactions involving
both variables CO2 and nitrogen. Our findings
strongly suggest that there will be significant inter-
action effects between climate change variables and
biodiversity on levels of future ecosystem functioning
and services. We found significant interactions
between temperature, atmospheric CO2 concentration
and species richness and/or species composition deter-
mining concentrations of NH4-N. There was a general
trend of increasing NH4-N concentration (ecosystem
functioning) with increasing species richness but this
tendency was modified by the two climate change
variables. Our results also suggest that the effects of
climate change variables on the BEF relationship may
be nonlinear for certain ecosystem functions. We
found a distinct peak in the steepness of the species
richness—NH4-N concentration relationship at the
intermediate temperature. It is notable that there was
variability in the complexity of the models developed.
Those for NH4-N concentrations involved three two-
way interaction terms. Of the two models for Db,
only the model incorporating species identity contained
a three-way interaction term, and PO4-P concentrations
were driven by the climatic variables in an additive
manner or via a single two-way interaction.

Given the already high uncertainty associated with
predictions of future climatic conditions and the
expected regional variations (IPCC 2007), the pres-
ence of interactive effects between climatic drivers
and biodiversity, as well as contrasting and nonlinear
effects on ecosystem functioning, must be major con-
cerns in terms of prediction and management of the
consequences of climate change. In assessing the prob-
able ecological consequences of anthropogenic and
environmental change, we need to embrace the con-
cept that multiple drivers, and their interactions and
feedbacks, are likely to modify the natural environment
in ways that are difficult to predict. There is therefore a
requirement for a more holistic framework that aims
to understand how multiple drivers, alone and in con-
cert, affect multiple functions (Elmqvist et al. 2003;
Hector & Bagchi 2007; Gamfeldt et al. 2008).
Phil. Trans. R. Soc. B (2010)
The orders of overall influence of independent vari-
ables within a model were consistent across all models
for NH4-N and Db, with species richness or species
composition being markedly the most influential,
followed by temperature, and finally CO2 concen-
tration. However, for the species richness model for
PO4-P, temperature was most influential followed by
CO2 concentration, with species richness not having
a significant influence. The corresponding model
with species combination as an independent variable,
however, incorporated both climatic drivers and biodi-
versity (temperature being most influential, followed
by species composition and CO2 concentration), high-
lighting the importance of the roles of individual
species. Differences in the order and strength of
influence of the climatic and species variables for the
different ecosystem functions and processes con-
sidered here also emphasize the need for a more
holistic approach for developing future management
strategies in the light of specific mitigation priorities.

It is important to note that under two levels of CO2

concentration the fauna was exposed to conditions
that are likely to be found 100 years into the future.
This longer time scale would allow other mechanisms
to play an influential role, in particular changes in
species’ distributions and evolutionary adaptation pro-
cesses. The study was also run for a short time (7 days)
which limits the available time for species to acclimate.
In this context it is important to recognize that this
experiment was not designed to examine and predict
specific physiological and behavioural responses of
organisms to climate change and the resulting changes
in ecosystem functioning. Rather, our model system is
a simplification of a natural community and is there-
fore amenable to manipulation (Benton et al. 2007),
allowing us to explicitly test the sensitivity of the
BEF relationship to climate change variables and
potential interaction effects.

Our results, based on benthic marine systems, have
shown that the relationships between ecosystem func-
tioning, biodiversity and climate change are not
straightforward, and that they are mediated by inter-
actions between the different drivers within the
system. Future BEF research needs to focus on the
mechanistic interactions of multiple drivers and mul-
tiple functions, and on the development of more
holistic approaches to underpin future management
strategies.
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Poggiale, J. C. 2003 2-D optical quantification of
particle reworking activities in marine surface sediments.
J. Exp. Mar. Biol. Ecol. 285/286, 251–263. (doi:10.1016/

S0022-0981(02)00531-2)
Gray, J. S. 1974 Animal–sediment relationships. Oceanogr.

Mar. Biol. Annu. Rev. 12, 223–261.
Hansen, K. & Kristensen, E. 1997 Impact of macrofuanal

recolonization on benthic metabolism and nutrient

fluxes in a shallow marine sediment previously overgrown
with macroalgal mats. Est. Coast. Shelf. Sci. 45, 613–628.
(doi:10.1006/ecss.1996.0229)

Hector, A. & Bagchi, R. 2007 Biodiversity and ecosystem
multifunctionality. Nature 448, 188–191. (doi:10.1038/

nature05947)
Hooper, D. U., Chapin, F. S., Ewell, J. J., Hector, A.,

Inchausti, P., Lavorel, S. et al. 2005 Effects of
biodiversity on ecosystem functioning: a consensus of

current knowledge. Ecol. Monogr. 75, 3–35. (doi:10.
1890/04-0922)

Hughes, L. 2000 Biological consequences of global warm-
ing: is the signal already. Trends Ecol. Evol. 15, 56–61.
(doi:10.1016/S0169-5347(99)01764-4)

Huston, M. A. 1997 Hidden treatments in ecological exper-
iments: re-evaluating the ecosystem function of
biodiversity. Oecologia 110, 449–460. (doi:10.1007/
s004420050180)

Ieno, E. N., Solan, M., Batty, P. & Pierce, G. J. 2006 How

biodiversity affects ecosystem functioning: roles of infau-
nal species richness, identity and density in the marine
benthos. Mar. Ecol. Prog. Ser. 311, 263–271. (doi:10.
3354/meps311263)

IPCC (Intergovernmental Panel on Climate Change). 2007

The fourth assessment report for the IPCC. Cambridge,
UK: Cambridge University Press.

Kinzig, A., Pacala, S. W. & Tilman, D. 2002 Functional con-
sequences of biodiversity: empirical progress and theoretical
extensions. Princeton, NJ: Princeton University Press.

Kristensen, E. & Blackburn, T. H. 1987 The fate of organic-
carbon and nitrogen in experimental marine sediment
systems—influence of bioturbation and anoxia.
J. Mar. Res. 45, 231–257. (doi:10.1357/002224087788

400927)
Laurance, W. F. & Useche, D. C. 2009 Environmental syner-

gisms and extinctions of tropical species. Cons. Biol. 23,
1427–1437. (doi:10.1111/j.1523-1739.2009.01336.x)

Lawton, J. H. & May, R. M. 1995 Extinction rates. Oxford,

UK: Oxford University Press.
Levitus, S., Antonov, J. & Boyer, T. 2005 Warming of the

world ocean 1955–2003. Geophys. Res. Lett. 32,
L02604. (doi:10.1029/2004GL021592)

Logan, G. A., Hayes, J. M., Hieshima, G. B. & Summons,

R. E. 1995 Terminal Proterozoic reorganisation of
biogeochemical cycles. Nature 376, 53–56. (doi:10.
1038/376053a0)

Lohrer, A. M., Thrush, S. F. & Gibbs, M. M. 2004 Biotur-
bators enhance ecosystem function through complex

http://dx.doi.org/doi:10.1038/ismej.2009.62
http://dx.doi.org/doi:10.1007/s00442-008-1160-5
http://dx.doi.org/doi:10.1007/s00442-008-1160-5
http://dx.doi.org/doi:10.1098/rspb.2008.1935
http://dx.doi.org/doi:10.1098/rspb.2008.1935
http://dx.doi.org/doi:10.1038/425365a
http://dx.doi.org/doi:10.1899/06-050.1
http://dx.doi.org/doi:10.1899/06-050.1
http://dx.doi.org/doi:10.1038/nature05202
http://dx.doi.org/doi:10.1038/nature05202
http://dx.doi.org/doi:10.1111/j.1365-2486.2006.01257.x
http://dx.doi.org/doi:10.1126/science.1061664
http://dx.doi.org/doi:10.1126/science.1061664
http://dx.doi.org/doi:10.1016/j.jembe.2004.11.017
http://dx.doi.org/doi:10.1098/rspb.2007.0922
http://dx.doi.org/doi:10.1890/1540-9295(2003)001[0488:RDECAR]2.0.CO;2
http://dx.doi.org/doi:10.1890/1540-9295(2003)001[0488:RDECAR]2.0.CO;2
http://dx.doi.org/doi:10.1038/35075055
http://dx.doi.org/doi:10.1093/icesjms/fsn048
http://dx.doi.org/doi:10.1890/06-2091.1
http://dx.doi.org/doi:10.1016/S0022-0981(02)00531-2
http://dx.doi.org/doi:10.1016/S0022-0981(02)00531-2
http://dx.doi.org/doi:10.1006/ecss.1996.0229
http://dx.doi.org/doi:10.1038/nature05947
http://dx.doi.org/doi:10.1038/nature05947
http://dx.doi.org/doi:10.1890/04-0922
http://dx.doi.org/doi:10.1890/04-0922
http://dx.doi.org/doi:10.1016/S0169-5347(99)01764-4
http://dx.doi.org/doi:10.1007/s004420050180
http://dx.doi.org/doi:10.1007/s004420050180
http://dx.doi.org/doi:10.3354/meps311263
http://dx.doi.org/doi:10.3354/meps311263
http://dx.doi.org/doi:10.1357/002224087788400927
http://dx.doi.org/doi:10.1357/002224087788400927
http://dx.doi.org/doi:10.1111/j.1523-1739.2009.01336.x
http://dx.doi.org/doi:10.1029/2004GL021592
http://dx.doi.org/doi:10.1038/376053a0
http://dx.doi.org/doi:10.1038/376053a0


2116 M. T. Bulling et al. Uncertain marine functioning futures
biogeochemical interactions. Nature 431, 1092–1095.
(doi:10.1038/nature03042)

Mahaut, M. L. & Graf, G. 1987 A luminophore tracer

technique for bioturbation studies. Oceanol. Acta 10,
323–328.

Mermillod-Blondin, F., Francois-Carcaillet, F. & Rosenberg,
R. 2005 Biodiversity of benthic invertebrates and organic
matter processing in shallow marine sediments: an exper-

imental study. J. Exp. Mar. Biol. Ecol. 25, 187–209.
Millennium Ecosystem Assessment. 2005 Ecosystems and

human well-being: biodiversity synthesis. Washington, DC:
World Resources Institute.

Myers, N. 1993 Biodiversity and the precautionary principle.
Ambio 22, 74–79.

Naeem, S. & Wright, J. P. 2003 Disentangling biodiversity
effects on ecosystem functioning: deriving solutions to a
seemingly insurmountable problem. Ecol. Lett. 6, 567–

579. (doi:10.1046/j.1461-0248.2003.00471.x)
Naeem, S., Thompson, L. J., Lawler, S. P., Lawton, J. H. &

Woodfin, R. M. 1994 Declining biodiversity can alter
the performance of ecosystems. Nature 368, 734–737.
(doi:10.1038/368734a0)

Ouellette, D., Desrosiers, G., Gagne, J., Gilbert, F., Poggiale,
J., Blier, P. U. & Stora, G. 2004 Effects of temperature on
in vitro sediment reworking processes by a gallery biodiffu-
sor, the polychaete Neanthes virens. Mar. Ecol. Prog. Ser.
266, 185–193. (doi:10.3354/meps266185)

Petchey, O. L. & Gaston, K. J. 2002 Functional diversity
(FD), species richness and community composition. Ecol.
Lett. 5, 402–411. (doi:10.1046/j.1461-0248.2002.00339.x)

Pimm, S. L., Russel, G. J., Gittleman, J. L. & Brooks, T. M.

1995 The future of biodiversity. Science 269, 347–350.
(doi:10.1126/science.269.5222.347)

Pinheiro, J. C. & Bates, D. M. 2000 Mixed-effects models in
S and S-plus. New York, NY: Springer.

Pinheiro, J., Bates, D., DebRoy, S. & Sarkar, D. 2006 nlme:
An R package for fitting and comparing Gaussian linear and
nonlinear mixed-effects models. Available at http://www.
stats.bris.ac.uk/R/.

Przeslawski, R., Ahyong, S., Byrne, M., Wörheides, G. &
Hutchings, P. 2008 Beyond corals and fish: the effects

of climate change on noncoral benthic invertebrates of
tropical reefs. Glob. Chang. Biol. 14, 2773–2795.
(doi:10.1111/j.1365-2486.2008.01693.x)

R Development Core Team. 2005 R: A language and environ-
ment for statistical computing. Vienna, Austria: R

Foundation for Statistical Computing. http://www.
R-project.org.

Reich, P. B. et al. 2001 Plant diversity enhances ecosystem
responses to elevated CO2 and nitrogen deposition.

Nature 410, 809–812. (doi:10.1038/35071062)
Rhoads, D. C. 1974 Organism-sediment relations on the

muddy sea floor. Oceanogr. Mar. Biol. Ann. Rev. 12,
263–300.

Richter, R. 1952 Fluidal-texture in Sediment-Gesteinen und

ober Sedifluktion überhaupt. Notizbl Hess Landesamtes
Bodenforsch Wiesbaden 6, 67–81.
Phil. Trans. R. Soc. B (2010)
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