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ABSTRACT: The extent to which changes in biodiversity are causally linked to key ecosystem p ro
cesses is a prim ary focus of contem porary ecological research. Highly controlled m anipulative exper
iments have revealed significant and positive effects of increased diversity on ecosystem functioning, 
but uncertainties in experim ental design have m ade it difficult to determ ine w hether such effects are 
related  to the num ber of species or to effects associated w ith species identity and density. Using 
infaunal m arine invertebrates, we established 2 parallel laboratory experim ents to exam ine the 
hypothesis that changes in the composition of benthic m acrofauna alter the biogeochem istry of 
coastal intertidal mudflats. Our study identified clear effects of increased infaunal species diversity 
on nutrient generation. However, significant species identity and density effects underpin the 
observed response, reflecting species-specific traits associated w ith bioturbation. Post-hoc exam ina
tion of our conclusions using pow er analysis revealed that, given our experim ental design, the 
probability of finding a correct significant effect, the minimum detectable difference necessary to 
detect a significant effect, and the minimum num ber of replicates necessary in order to achieve an 
acceptable power, all differed betw een species. Our study has im portant implications for the design 
of biodiversity-ecosystem  function experim ents because the disparity betw een the contributions 
that individual species m ake to ecosystem function dem ands the use of different levels of replication 
for each species within an experim ent.

KEY WORDS: Biodiversity • Ecosystem function • Species richness • Experimental design • Nutrients • 
Bioturbation
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INTRODUCTION

Following concerns that declining species diversity 
may impair the long-term  functioning of ecosystems, 
an extensive body of literature has em erged over the 
last decade (for review, see Hooper et al. 2005) that 
focuses on the effects of biodiversity loss on key eco
logical processes. For the most part, and irrespective of 
habitat type, these studies have adopted an experi
m ental approach (see Schmid et al. 2002, Raffaelli et al.
2003) that involves random ly assem bling simple com 
munities around a basal resource and exam ining the 
effect, if any, that varying num bers of species have on

direct m easures of ecosystem functioning, such as pri
m ary productivity, decomposition rates and nutrient 
cycling (see citations in Hooper et al. 2005). As these 
kinds of experim ents are highly controlled, they offer 
the opportunity to apply rigorous param etric statistical 
models (most typically regression and ANOVA) in the 
absence of confounding variables. This approach has 
been  im portant in understanding the generality of how 
biological diversity m aintains ecological processes, 
and it has received w idespread attention. Findings 
from microbial (e.g. Bell et al. 2005), terrestrial plant 
and soil communities (reviewed in Loreau et al. 2001), 
as well as freshw ater and m arine invertebrate commu-
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nities (reviewed in Covich et al. 2004) indicate that, on 
average, a reduction in biodiversity is likely to impair 
the short-term  provision and long-term  sustainability 
of ecosystem processes (Hooper et al. 2005).

While the ecological research community broadly 
agrees that biodiversity is causally related to many 
ecosystem processes (Schläpfer et al. 1999), and fully 
endorses m any experim ental conclusions, some u n 
certainties in experim ental design and caveats to in ter
pretation (e.g. heterogeneity  of variance w ith increas
ing species richness) cast doubts on the w ider appli
cability of some experim ental findings (Hooper et al. 
2005). Recognition that there have been  difficulties 
w ith the appropriateness and discriminatory pow er of 
alternative experim ental designs (Schmid et al. 2002) 
led to an extensive debate in the prim ary literature 
over w hether the findings of first generation biodiver- 
sity-ecosystem  function experim ents (hereafter BEF) 
support the postulate that biodiversity regulates eco
system processes (for a summary of debate, see Mooney
2002). Some investigators even questioned w hether 
new  BEF research was needed  (Flint & Kalke 2005) 
given the availability and efficacy of using historical 
data (e.g. Emmerson & Huxham 2002, Statzner & Moss
2004). It is im portant to realise, however, that such crit
icism does not underm ine the validity of the hypothe
ses in BEF research, nor does it dem and an unequi
vocal dem onstration of the precise m echanisms that 
underpin the broad conclusions of specific BEF experi
ments. Rather, it draws attention to the inherent diffi
culty in identifying and attributing causal mechanisms 
associated w ith changes in biodiversity, and the need 
to explicitly identify and acknow ledge the limitations 
of each study (Rosenfeld 2002). These interpretative 
difficulties arise because the detection of a significant 
effect of diversity may indicate (1) a true and intrinsic 
effect of diversity (= complementarity), (2) the effect of 
one or more 'h idden treatm ents' (sensu Huston 1997) 
caused by concurrent changes in species density, com 
position or identity w hen the m ain explanatory vari
able (species richness) is m anipulated, or (3) a com bi
nation of both effects at the same time (e.g. Fargione & 
Tilman 2005).

Distinguishing betw een  the 'properties of com ple
m entarity ' and the 'm echanism s of selection' (follow
ing Petchey 2003) is vitally im portant because they 
relate to how biodiversity regulates ecosystem function 
in the real world. Indeed, in most real communities, the 
provision of ecosystem processes will depend  not only 
upon the num ber of species, but also on the relative 
contribution of dom inant and minor species (i.e. spe
cies composition and identity effects; Emmerson et al. 
2001, Solan et al. 2004), environm ental context (Biles 
et al. 2003), density dependence (Marinelli & Williams
2003) and how species interact w ith one another.

A 'com plem entarity effect' occurs w hen a partition
ing of resources (i.e. niche differentiation) leads to 
increased total resource use, or w hen some other 
positive inter-specific interaction (e.g. facilitation) 
leads to an increase in ecosystem functioning (Car
dinale et al. 2002). A 'sam pling' or 'selection' effect 
(Huston 1997) may occur in higher diversity treatm ents 
because of the increased probability of including 
species that have a disproportionate effect on eco
system functioning (which may in itself be a valid bio
diversity effect; Tilman et al. 1997).

Several metrics have been  put forward that effec
tively distinguish selection effects from com plem entar
ity effects (Loreau 1998, Emmerson & Raffaelli 2000, 
Loreau & Hector 2001, Spaèkovà & Leps2001, Hector 
et al. 2002, Petchey 2003). These generally com pare 
the relative perform ance of a m ulti-species mixture 
w ith those of monocultures comprising species that 
m ade up the original mixture (see Loreau 1998 for g en 
eral framework). This approach allows the expected 
yield of each species in the mixture (£)) to be predicted 
from its observed yield in m onoculture (M¡). Any devi
ation of the observed total yield (Ot ) in the mixture 
from its expected value (ET = summation of all £)) then 
provides a m eans to unam biguously assert that a 
m ixture is more productive (= overyielding) than  the 
corresponding monocultures. However, further an a 
lysis aim ing to determ ine how species interactions give 
rise to overyielding is possible only if the relative con
tribution of each species (0¡) to the total observed yield 
(Ot ) can be subsequently partitioned.

For m any marine BEF experim ents, w here cum ula
tive processes are routinely used as surrogates for eco
system function (e.g. nutrient concentrations, Em m er
son et al. 2001, Biles et al. 2003; bioturbation, Solan et 
al. 2004; oxygen flux, W aldbusser et al. 2004; grazing, 
O 'Connor & Crowe 2005; photosynthesis, Bruno et al.
2005), direct determ ination of the relative contribution 
of each species from the size of the observed effect in a 
m ixture is not always possible, and such metrics are of 
limited use. Instead, the separation of species identity 
and density effects from those attributable to species 
richness can be achieved using a series of alternative 
ANOVA models (e.g. Schmid et al. 2002, O 'Connor & 
Crowe 2005), although problem s can be encountered 
under some circumstances (see Benedetti-Cecchi 2004). 
While these and other m ethods (e.g. power analysis) 
are available, they are seldom used to cross-check the 
experim ental design or the ensuing findings of BEF 
experim ents.

In this study, using infaunal benthic invertebrate 
assem blages, w e present an experim ental design and 
validation procedure appropriate for distinguishing 
the compositional effects of diversity from those attrib
utable to species richness. Our aim is to encourage the



Ieno et al.: D eciphering how biodiversity affects ecosystem functioning 265

use of these techniques in BEF experim entation and, in 
so doing, explicitly recognise the limitations of such 
studies w ithin a marine context.

MATERIALS AND METHODS

Faunal and sediment collection. Sedim ent and 3 in 
faunal invertebrates, the deposit-feeder H ediste diver
sicolor (Polychaeta), the surficial grazer Hydrobia ulvae 
(Gastropoda) and the suspension-feeder Cerastoderma 
edule  (Bivalvia) w ere collected from m ud flats in the 
Ythan Estuary, Aberdeenshire, Scotland (57° 20.085'N, 
02° 0.206' W). Sedim ent was sieved (0.5 mm mesh) in a 
seaw ater bath  to remove m acrofauna and then allowed 
to settle for 24 h to retain  the fine fraction (<63 pm). 
Excess w ater was rem oved and the settled sediment 
(total organic carbon content, 3.84%; m ean particle 
size = 49.79 pm; volume percentile range: d[v, 0.05] = 
4.42 pm, d[v, 0.95] = 309.30 pm) was hom ogenised to a 
slurry to facilitate distribution betw een mesocosms. 
Sedim ent and seaw ater (UV-sterilised, 10 pm p re 
filtered, salinity 33) w ere added to each mesocosm 36 h 
prior to addition of invertebrate species. Seaw ater was 
siphoned off and replaced after 24 h to allow the 
removal of excess nutrients associated w ith sediment 
disruption during assembly. All mesocosms w ere con
tinually aerated. Pre-filtered (Nalgene, 0.45 pm) w ater 
samples w ere taken  on the final day of each experi
ment. Am m onium -nitrogen (NH4-N), nitrate-nitrogen 
(NOx-N) and phosphate-phosphorus (PO4-P) concen
trations w ere determ ined with a m odular flow injection 
auto-analyser (FIA Star 5010 series) using an artificial 
seaw ater carrier solution.

Mesocosms for species diversity and identity. Repli
cate (n = 5) m acrofaunal communities w ere assem bled 
in m onoculture and in mixtures of 2 and 3 species 
(40 mesocosms, Table 1) to exam ine w hether more d i
verse communities have a greater effect on sediment

Table 1. Species combinations used  in  the assem bled 
m acrofaunal communities for species richness and identity 
manipulations (n = 5 in  all cases). Realised biomass accuracy 
(mean ± SE): 2.0082 ± 0.0196 g; n  = 35). H  diversi
color: H ediste diversicolor-, C. edule: Cerastoderma edule-, 

H. ulvae: Hydrobia ulvae

Species Biomass (g mesocosm 1)
richness H. diversicolor C. edule H. ulvae

0 _ _ _
1 2.00 0 0
1 0 2.00 0
1 0 0 2.00
2 1.0 1.0 0
2 1.0 0 1.0
2 0 1.0 1.0
3 0.67 0.67 0.67

nutrient release (NH4-N, NOx-N, P 0 4-P) than  com m u
nities containing fewer species. To minimise hidden 
treatm ent effects (sensu Huston 1997) and eliminate 
pseudo-replication, species richness treatm ents con
taining 1 and 2 species w ere replicated using different 
species perm utations (Table 1). This was not possible 
for the 3-species mixture because of the limited species 
pool (n = 3). Biomass w as fixed at 2.0 g per mesocosm 
(equivalent to 255 g n r 2), a level consistent with that 
found at the study site (e.g. Biles et al. 2003). M eso
cosms w ere transparent perspex cores (330 mm high, 
100 mm internal diameter) containing 10 cm depth  of 
sedim ent (equivalent to 785 cm3) and 20 cm of overly
ing seaw ater (equivalent to 2.35 1). These w ere ran 
domly distributed in an environm ental cham ber (VC 
4100, Vötsch Industrietechnik) and m aintained at 
14.0 ± 0.1°C with a 12 h light -  12 h dark cycle (2 x 36 W 
fluorescent tube lights, Arcadia, model FO-30) for 21 d.

Mesocosms for species density. We assem bled 30 
additional mesocosms and drew  on previous data 
(Solan & Ford 2003) obtained using the same experi
m ental procedure and sample location to exam ine the 
effects of species density on sedim ent nutrient release 
(NH4-N, NOx-N, P 0 4-P). Mesocosms consisted of non
transparent plastic aquaria (210 x 150 x 150 mm) con
taining 1.0 1 of hom ogenised sedim ent and 3.0 1 of sea
water. M acrofaunal biomass was fixed across 5 levels 
(Hediste diversicolor and Cerastoderma edule: 0, 0.5,
1.0, 1.5 and 2.0 g) or 6 levels (Hydrobia ulvae: 0, 1.0,
3.0, 5.0, 7.0 and 9.0 g; Solan & Ford 2003) and rep li
cated w ithin each biomass treatm ent (n = 3, n = 3 and 
n = 5, respectively). Mesocosms w ere m aintained in the 
dark  to prevent m icrophytobenthic activity. The exper
im ent ran for 15 d at am bient tem perature (ca. 8°C).

Data analysis. The relationships betw een species 
richness and nutrient concentration, species identity 
and nutrient concentration, and betw een  species d en 
sity and nutrient concentration w ere defined using 
standard  regression and ANOVA procedures followed 
by post hoc analyses w here appropriate. Prior to analy
sis, graphical exploratory techniques w ere used to 
check for outliers and, w here appropriate, a data  trans
formation was applied to reduce their effect and also to 
linearise the relationships. W here outliers w ere iden ti
fied, w e rem oved them  from the analysis. W here this 
w as necessary (2 occasions), >94% of the data r e 
m ained and a reanalysis w ith 100 % of the data did not 
alter the conclusions. Following analysis, a model vali
dation was applied to verify that underlying statistical 
assumptions w ere not violated; normality w as assessed 
by plotting theoretical quantiles versus standardised 
residuals (Q-Q plots), hom ogeneity of variance was 
evaluated by plotting residuals versus fitted values, 
and influential datapoints w ere identified using Cook's 
distance (Quinn & Keough 2002). Statistical tests w ere
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perform ed using the software package Brodgar 2.4.8 
(www.brodgar.com ). Post hoc analyses w ere p er
formed with the software package SPSS 13.0.1 (SPSS).

Two separate ANOVAs tested for the effects of spe
cies richness on nutrient concentration. In the first 
model, we used a 1-way ANOVA w ith each of the 3 
nutrients (n = 3; NH4-N, NOx-N and PO4-P) treated  as 
separate response variables and species richness (n = 
4; 0, 1, 2 and 3) as the nominal explanatory variable. In 
the second model, we used a 2-way ANOVA w here 
nutrient concentration, irrespective of nutrient identity, 
was considered as the response variable w ith species 
richness (n = 4) and nutrient identity (n = 3) as nominal 
explanatory variables. For the latter, significant differ
ences (p < 0.05) w ere identified w ith Tukey's and 
Sidak's (more conservative) post-hoc comparison tests. 
Use of the 2 separate ANOVA approaches (multiple 
response variables treated  singularly versus grouped) 
allows predictions to be m ade regard ing  the im por
tance of species richness for both the generation of 
individual nutrients and for nutrient generation per se.

To identify species identity effects on nutrient genera
tion per se, we applied a 2-way ANOVA with nutrient 
concentration as the response variable and species iden
tity (n = 8; representing  each unique combination in 
Table 1) and nutrient identity (n = 3) as nominal explana
tory variables. We assum ed that the behaviour of each 
species w as functionally different and that species ef
fects w ere not additive (i.e. inter-specific interactions 
w ere present; see Emmerson et al. 2001, Biles et al.
2003), such that each unique species combination could 
be treated  as a unique 'species'. Multiple comparisons to 
identify the source of any significant differences w ere 
perform ed using Tukey's and Sidak's post-hoc tests.

We tested  species density effects for each of the 3 
species using a 2-way ANOVA with nutrient concen
tration as the response variable and density (for 
H ediste diversicolor and Cerastoderma edule, n = 5; 
for Hydrobia ulvae, n = 6) and nutrient identity (n = 3) 
as nominal explanatory variables.

Validation of experimental approach. We used a 
pow er analysis to test 3 related  quantities: (1) the p rob
ability of finding a correct significant effect, i.e. the 
pow er of the perform ed analyses; (2) the minimum d e 
tectable difference required  to detect a significant ef
fect betw een the m ean values for nutrient concentra
tion in the monocultures and those of the multispecies 
assem blages or, for our density manipulations, betw een 
the lowest and largest m ean values of nutrient concen
tration across biomass treatm ents; and (3) the minimum 
num ber of replicates necessary in order to achieve an 
acceptable pow er (>80%) given our experim ental d e 
sign. We considered ecosystem function to be the sum 
of all 3 investigated nutrients because the minimum 
replication required  for an experim ent in which 3 re 

sponses are being tested simultaneously is likely to be 
g reater than that predicted from the behaviour of only 1 
nutrient (i.e. we sought a conservative recom m enda
tion). As ecosystem perform ance may depend  on the 
presence of specific functional groups and/or certain 
faunal traits more than  it does on species richness per 
se (Solan et al. 2004), w e reapplied the 2-way ANOVA, 
with species identity and nutrient identity as nominal 
explanatory variables, in the absence of the controls (no 
macrofauna). This yields a more appropriate fit of resid
uals versus predicted values and prevents species p res
ence (non-controls) versus absence (controls) effects 
from distorting the analysis. We determ ined power 
function and sample size using the statistical graphs of 
Pearson & Hartly (1951) at a significance level of a  = 
0.05. All pow er analyses w ere perform ed using an ad d 
on software package for Brodgar 2.4.8.

RESULTS 

Species richness effects

The concentration of NH4-N and P04-P increased 
with species richness, while the concentration of NOx- 
N decreased w ith species richness levels (Fig. 1). 
ANOVA confirmed significant effects of species rich
ness on log10 transform ed nutrient concentration for 
NH4-N (F = 3.65, df = 3, p < 0.05) and P04-P (F = 5.44, 
df = 3, p < 0.01), but not for NOx-N (F= 2.12, df = 3, p 
= 0.12). For the 2-way ANOVA of nutrient concentra
tion (log10 transformed), w here nutrient identity was 
treated  as an additional explanatory variable to species 
richness, w e found significant effects of species rich
ness (F = 7.00, df = 3, p < 0.001), nutrient identity (F = 
192.39, df = 2, p < 0.001) and the interaction of species 
richness x nutrient identity (F = 4.43, df = 6, p < 0.001).

Post hoc analyses of the 1 -way ANOVA for NH4-N re 
vealed that the controls w ere not significantly different 
from the m onocultures (Tukey's, p = 0.57; Sidak's, p = 
0.74) but there w ere m arginal differences betw een the 
controls and the multiple species richness levels 
(Tukey's, p » 0.05; Sidak's, p » 0.07). The highest spe
cies richness treatm ent (= 3) was not significantly differ
ent to the interm ediate (1 and 2) species richness levels 
(Tukey's, p > 0.22; Sidak's, p > 0.30). For P 0 4-P, controls 
w ere not significantly different from the m onocultures 
(Tukey's, p = 0.34; Sidak's, p = 0.46) but there w ere 
significant differences betw een the controls and the 
multiple species richness levels (Tukey's and Sidak's, 
p < 0.01). The highest species richness treatm ent (= 3) 
w as not significantly different to the interm ediate spe
cies richness levels (Tukey's, p > 0.12; Sidak's, p > 0.16).

Post hoc analyses for the 2-way ANOVA confirmed 
that nutrient concentrations w ere dependent on nutri-

http://www.brodgar.com
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Fig. 1. Replicated (n = 5) accum ulated nutrient concentrations 
of (a) NH4-N (b) NOx -N and (c) P 0 4-P w ith increasing species 
richness. Species identity in the single species treatm ents are 
denoted by O: H ediste diversicolor; A: Cerastoderma edule; 

X: Hydrobia ulvae

ent identity (Tukey's and Sidak's, p < 
0.001 for every nutrient identity com 
parison), and that there w ere signifi
cant species richness effects irrespec
tive of nutrient identity. Although the 
controls w ere not significantly different 
from the m onocultures (Tukey's, p = 
0.28; Sidak's, p = 0.38), the 2-species 
combinations w ere significantly differ
ent to the controls (Tukey's and Sidak's, 
p < 0.01) and the monocultures (Tukey's 
and Sidak's, p < 0.05), but not from the 
3-species combinations (Tukey's and 
Sidak's, p > 0.89); the 3-species com bi
nations w ere significantly different 
from the controls (Tukey's and Sidak's, 
p < 0.01) and monocultures (Tukey's

and Sidak's, p < 0.05), but not from the 2-species com 
binations (Tukey's and Sidak's, p > 0.87).

Species identity effects

Our data reveal clear differences in the relative con
tribution of individual species to nutrient generation, 
irrespective of nutrient identity (Hediste diversicolor > 
Hydrobia ulvae > Cerastoderma edule-, Fig. 1). Two- 
w ay ANOVA of nutrient concentration (log10 trans
formed), w ith species identity and nutrient identity 
treated  as explanatory variables, confirmed significant 
effects of species identity (F = 12.39, df = 7, p < 0.001), 
nutrient identity (F = 335.43, df = 2, p < 0.001) and a 
significant interaction of species identity x nutrient 
identity (F = 13.55, df = 14, p < 0.001). Post hoc analy
ses on all treatm ents revealed that nutrient concentra
tions in m onocultures of H. diversicolor w ere m argin
ally greater than those in H. ulvae (Tukey's, p = 0.05; 
Sidak's, p = 0.07) and significantly g reater than those 
containing m onocultures of C. edule  (Tukey's and 
Sidak's, p < 0.001). W hen comparisons w ere m ade 
betw een all species identity levels, post hoc analysis 
revealed that the presence of H. diversicolor in a m ul
tispecies combination, irrespective of the composition 
of the rem aining species, led to a significant increase 
in nutrient concentration relative to those com bina
tions w here H. diversicolor was absent (Tukey's and 
Sidak's, p < 0.05; dark  grey shaded entries, Table 2). 
W hen species combinations that contained H. diversi
color are com pared to other multi-species com bina
tions that also contained H. diversicolor, irrespective of 
proportional representation, differences in nutrient 
concentrations are non-significant (Tukey's and 
Sidak's, p > 0.05; non-shaded areas in HD column, 
Table 2). For treatm ents that contained H. ulvae, C. 
edule  or H. ulvae and C. edule, nutrient concentrations

Table 2. Tukey's pairwise comparisons of species identity for controls (CNTRL) and 
all species combinations in  the species richness manipulations; HD: Hediste 
diversicolor; CE: Cerastoderma edule; HU: Hydrobia ulvae. Light grey: HD absent 
inbo thpairw ise combinations; dark grey: HD in one of the pairwise combinations. 
* “ p < 0.001, * *p < 0.01, ‘p < 0.05, ns = not significant. Sidak's pairwise comparisons

had identical results

CNTRL HD CE HU CEHU CEHD HDHU HDCEHU

CNTRL
HD
CE
HU
CEHU
CEHD
HDHU
HDCEHU

ns
ns ns
ns ns ns ns

ns
ns
ns

ns
ns
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w ere not significantly different from those generated  
in the controls or any other treatm ent w here H. diver
sicolor was absent (Tukey's and Sidak's, p > 0.05; light 
grey shaded areas, Table 2). Thus, mesocosms that 
contained H. diversicolor had  high m ean NH4-N and 
PO4-P concentrations, and low NOx-N concentrations.

Examination of our biomass treatm ents confirmed 
that inclusion of biomass as a covariate, or as an inde
pendent explanatory variable, was unnecessary in any 
of our models exam ining species richness or species 
identity effects, because the realised (mean ± SE = 
2.0082 ± 0.0196 g, n = 35) and target (2.0 g) biomass 
w ere sufficiently similar (CV < 0.01 g, n = 35).

Species density effects

Two-way ANOVA of nutrient concentration, with 
species density and nutrient identity treated  as nom i
nal explanatory variables, revealed significant effects 
of density (Fig. 2) relative to the controls for H ediste 
diversicolor (F = 5.20, df = 4, p < 0.01), but not for 
Cerastoderma edule  (F = 1.12, df = 4, p = 0.37) or 
Hydrobia ulvae (F = 1.86, df = 5, p = 0.11). The same 
analysis revealed significant effects for nutrient iden
tity (p < 0.001) and density x nutrient identity in terac
tions (p < 0.01) for all 3 species. These results are con
sistent w ith the findings of the single species 
mesocosms in the species richness manipulations, 
although the m agnitude of response is comparatively 
higher for H. ulvae (reflecting seasonal differences in 
sedim ent nutrient content).

Validation of effects

Application of a pow er analysis to the species rich
ness and species identity data revealed that the m ini
mal difference required  for the detection of a signifi
cant species richness effect for nutrient concentration 
per se was 1.79 mg I-1. By com paring the nutrient con
centrations for individual species in m onocultures with 
that observed in the 3-species combinations, results 
showed that both Hydrobia ulvae and Cerastoderma 
edule  exhibited sufficiently large betw een-m ean con
centration values (1.85 mg T1 and 2.30 m g I-1, respec
tively) in order to achieve a pow er >80 % at the level of 
replication used in our study (minimum replication 
required, n = 5 and n = 3, respectively; Fig. 3). Thus, for 
a given density, nutrient concentrations w ere higher in 
a 3-species combination than would be expected for 
corresponding monocultures containing only H. ulvae 
or C. edule  (i.e. evidence of a significant diversity 
effect). For H ediste diversicolor, however, the same 
comparison revealed an insufficiently large betw een-
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Fig. 2. Relationship betw een  species biomass and (a) NH 4-N, 
(b) NOx-N and (c) PO4-P nutrient concentration tor H ediste  

diversicolor

m ean concentration value (1.14 m g F 1) to detect a sig
nificant diversity effect. W hen treatm ents contain H. 
diversicolor, >100 replicates at each density level are 
necessary to detect a significant effect of diversity over 
that of species identity at a desirable pow er (Fig. 3).

W hen applied to the species density data, power 
analysis revealed that our design (replication n = 3 or 
n = 5 per density level) was not sufficient in all cases to 
detect true density effects for the biomass levels used 
in our experim ents. The minimum num ber of rep li
cates per density interval required  to detect a density 
effect w ith sufficient pow er (1 -  ß >80% ) was >3 for 
H ediste diversicolor (Fig. 4a), >9 for Hydrobia ulvae 
(Fig. 4b) and >80 for Cerastoderma edule  (Fig. 4c). 
Thus, only for H. diversicolor had  we achieved the 
appropriate level of replication necessary to detect 
density effects in our experiments.
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Fig. 3. Sample size (replicates) requ ired  to distinguish species 
richness from species identity effects for Cerastoderma edule, 
Hydrobia ulvae and H ediste diversicolor at a  = 0.05 for the 
present experim ental set-up. The minim um level of re p 
lication occurs w hen pow er (1- ß) >80% . Large values of 
replication w hen 1-  ß = 80% indicate strong effects of 

individual species

DISCUSSION

Our study identifies clear effects of increased infau
nal species diversity on nutrient generation in the 
m arine benthos, although significant species identity 
and density effects underpin  the observed response. 
These findings support those of previous studies on 
m arine benthic invertebrates w here consistent diver
sity effects have been shown to develop from the idio
syncratic contributions of individual species (Emmer
son et al. 2001, Biles et al. 2003, W aldbusser et al.
2004). Several studies have reported the relative im 
portance of com plem entarity by using comparisons 
betw een the perform ances of species combinations 
and monocultures (Loreau 1998, Emmerson & Raffaelli 
2000, Loreau & Hector 2001, Spaèkovà & Leps 2001,

Hector et al. 2002, Petchey 2003), though it has always 
been  a difficult task to select the minimum subset of 
com plem entary species w ithin the regional species 
pool in order to explain diversity effects. In the present 
study, nutrient concentrations varied betw een diver
sity treatm ents and undoubtedly correlate w ith the 
role that the com ponent species play w ithin the ecosys
tem. The bioturbation activities of the deposit-feeding 
polychaete H ediste diversicolor w ere of particular 
im portance to nutrient generation, more so than either 
Cerastoderma edule  (suspension feeder) or Hydrobia 
ulvae (surficial grazer), whose bioturbatory activities 
w ere m asked w hen H. diversicolor was present (con
sistent w ith Mermillod-Blondin 2005). The decreasing 
patterns of NOx-N w ith increasing NH4-N observed 
here  indicate that m acrofaunal bioturbation stimulated 
microbial denitrification, leading to a reduction of the 
internal pool of dissolved and particulate nutrients in 
the sedim ent and the associated increase in nutrients 
in the w ater column (Hansen & Kristensen 1997).

The detection of strong species identity effects give 
credence to the view  that functional diversity (groups 
of ecologically equivalent species) may be equally, if 
not more, im portant for the delivery of ecosystem 
services than species diversity (Solan et al. 2004). For 
certain ecosystem processes, some species w ithin an 
assem blage will therefore be functionally less im por
tant than  other species (in line w ith insurance; Yachi & 
Loreau 1999), albeit for a given set of circum stances in 
time and/or space (i.e. context, e.g. Biles et al. 2003). 
This property of biological communities has im portant 
implications for the design of BEF experim ents. If we 
are to distinguish identity effects from diversity effects, 
the disparity betw een the contributions that individual 
species m ake to ecosystem function dem ands the use 
of different levels of replication for each species within 
an experim ent. W here species have a particularly 
strong and disproportionate effect on ecosystem func
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Fig. 4. Estimation of sam ple size (replicates) required  to detect a significant effect of species density betw een  the control and 
highest density level at a significance level of a  = 0.05 for (a) H ediste diversicolor, (b) Hydrobia ulvae and (c) Cerastoderma edule. 
The minimum level of replication occurs w hen pow er (1 -  ß) > 80% (indicated by the dashed line). Large values of replication

w hen 1-  ß = 80 % indicate w eak  density effects of individual species
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tion, such as H ediste diversicolor, a high num ber of 
replicates are required  to statistically rule out the pos
sibility that the observed response is a true diversity 
effect (complementarity) and not a product of species 
identity (sampling or selection). The converse is true 
w hen species have a comparatively less m arked contri
bution to ecosystem function, such as Cerastoderma 
edule  and Hydrobia ulvae. Thus, both types of factorial 
balanced designs used in the present study w ere suffi
cient to identify a diversity effect, but they w ere unable 
to elim inate the selection effect for treatm ents that 
included H. diversicolor.

A further complication is that a similar problem 
arises w ith the choice of density w ithin each mesocosm 
(Marinelli & Williams 2003). A lthough we indepen
dently found evidence for a significant effect of species 
density, the level of replication per density level to 
detect a true density effect is m arkedly different b e 
tw een species. These differences arise because species- 
specific traits m ediate the functional contribution of 
each species, such that mesocosms containing species 
w ith strong per capita effects (e.g. H ediste diversi
color) require fewer replicates per density level to 
detect a true density effect from that of a presence ver
sus absence effect. That said, there is some evidence 
that adopting a larger biomass interval, rather than 
increasing the minimum replication required, might 
solve the problem  of insufficient discriminatory power 
betw een density treatm ents.

An appropriate solution may be a factorial balanced 
design in w hich species richness and biomass are 
m anipulated in concert (Benedetti-Cecchi 2004) at 
appropriate replication levels that account for density 
and identity effects of the species under study. A dop
tion of such a design may also relieve some of the 
constraints im posed by inequality of variance with 
increasing levels of species richness, although w hen 
no significant differences am ong treatm ents are found 
in balanced samples, heterogeneity  of variance is of 
no concern (p. 194, Underwood 1997). Nevertheless, 
w hichever design is ultimately chosen it is clear that 
the density, identity and num ber of species richness 
levels w ithin an experim ent need to be chosen with 
care because they greatly influence the scope of infer
ence perm itted. This point is not trivial, because it 
raises concerns about experim entally m anipulating 
unknow n or uncharacterised species, whose contribu
tion to ecosystem function is either more difficult to 
determ ine or unknown. Use of species that are func
tionally equivalent (i.e. selectively choosing species 
from w ithin a functional group to standardise the com 
parative w eighting of per capita effects betw een  spe
cies) in BEF experim ents would be unrepresentative of 
real biological communities and could m isrepresent the 
relative im portance of contrasting functional groups.

We contend that, in naturally occurring communities, 
the individual contribution of species to ecosystem 
function is a complex product of niche com plem entar
ity, species density, sampling and selection effects, 
although the relative contribution of each of these 
m echanism s most likely alters in time and space 
according to context (e.g. Biles et al. 2003). If we are to 
fully understand the causal relationship betw een  bio
diversity and the delivery of ecosystem processes, 
future experim ental analyses will need  to adopt a more 
holistic approach aim ed at distinguishing the relative 
contribution of multiple m echanisms to ecosystem 
functioning.
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