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Abstract

There is growing interest in the effects of changing marine biodi-
versity on a variety of community properties and ecosystem pro-
cesses such as nutrient use and cycling, productivity, stability, and
trophic transfer. We review published marine experiments that ma-
nipulated the number of species, genotypes, or functional groups.
This research reveals several emerging generalities. In studies of
primary producers and sessile animals, diversity often has a weak
effect on production or biomass, especially relative to the strong ef-
fect exerted by individual species. However, sessile taxon richness
did consistently decrease variability in community properties, and
increased resistance to, or recovery from disturbance or invasion.
Multitrophic-level studies indicate that, relative to depauperate as-
semblages of prey species, diverse ones (#) are more resistant to
top-down control, (b) use their own resources more completely, and
(¢) increase consumer fitness. In contrast, predator diversity can ei-
ther increase or decrease the strength of top-down control because of
omnivory and because interactions among predators can have posi-
tive and negative effects on herbivores. Recognizing that marine and
terrestrial approaches to understanding diversity-function relation-
ships are converging, we close with suggestions for future research
that apply across habitats.
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Diversity: strictly
incorporates information
about both the number of
entities and their relative
abundance (evenness); in
practice it is used
interchangeably with
richness

Stability: measure of
community variability,
sometimes equated to
resistance, but more
generally measured as the
coefficient of variation over
time

Richness: number of
entities at a particular
hierarchical level; often used
interchangeably with
diversity

Biodiversity: variety of life
at any hierarchical level,
including genes, species,
functional groups, or
ecosystems

Ecosystem functioning:
aggregate or emergent
aspects of ecosystems (e.g.,
production, nutrient
cycling), carrying no
inherent judgment of value
Ecosystem services:
functions that are judged to
have some clear value to
humanity, (e.g., water
filtration, production of
harvestable fish)
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INTRODUCTION

Ecologists have long pondered the relationships between species diversizy (itali-
cized terms are defined in more detail in the Supplemental Glossary, follow the
Supplemental Material link from the Annual Reviews home page at http://www.
annualreviews.org/) or complexity and various measures of the stability or perfor-
mance of an ecosystem. Rapid changes in the biological composition and richness of
most of Earth’s ecosystems as a result of human activities have breathed new urgency
into these questions. Stimulated in part by these transformations, theoretical and
empirical research in ecology has turned to the relationship between biodiversity and
ecosystem functioning. Ecosystem functioning, as we consider it, includes aggregate,
community or ecosystem-level processes and properties such as production, standing
biomass, invasion resistance, food web dynamics, element cycling, resource use, and
trophic transfer (Chapin et al. 1998, Loreau et al. 2001, Tilman 1999). An influential
series of field experiments, conducted primarily in terrestrial grasslands, has demon-
strated that the identity and number of plant species in a system can strongly influence
ecosystem functioning (Hooper et al. 2005; Loreau et al. 2001, 2002; Tilman 1999;
Tilman etal. 2006). Similarly, experiments in laboratory microcosms show that chang-
ing biodiversity in multilevel food webs can also have pervasive ecosystem impacts
(Naeem & Li 1997, Naeem et al. 1994, Petchey et al. 2002).

Although early reviews lamented that comparable studies were rare in marine
systems (e.g., Emmerson & Huxham 2002), this is no longer the case. Experimen-
tal manipulations of biodiversity in marine systems have both provided independent
tests of generality of results from terrestrial systems, and exploited advantages of
marine systems to develop new frontiers in our understanding of the ecological con-
sequences of biodiversity. For example, the stronger top-down control in the sea
relative to terrestrial habitats (Shurin et al. 2002) suggests that traditional measures
of ecosystem function such as production or biomass may be influenced more by
herbivores or predators than by plant diversity in marine systems (Duffy 2003, Paine
2002). Correspondingly, marine studies have greatly influenced the developing theory
and empirical understanding of the role of predator and prey biodiversity in regulat-
ing the top-down control of populations and communities. Of course, consumers are
also important determinants of plant biomass and species composition in terrestrial
habitats (Schmitz et al. 2000), so lessons derived from marine studies of consumer
diversity may guide future work in terrestrial systems. The focus on the effects of
marine diversity at the consumer level has the potential to more directly address
conservation concerns (Srivastava & Vellend 2005) because of the bias in extinctions
toward higher trophic levels (Byrnes et al. 2007, Duffy 2003, Lotze et al. 2006). Addi-
tionally, in marine communities, the importance of diversity change relative to other
stressors may be high because of the widespread harvest of wild plants and animals
that still occurs in marine systems. Finally, the long history of detailed observational
data collection on multiple trophic levels in oceanography has been exploited to assess
the effects of natural diversity gradients at large scales, facilitating a better connection
between changes in biodiversity and disruptions of ecosysten services than is currently
possible in terrestrial systems (e.g., Frank et al. 2006, Worm et al. 2006).
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We recognize two principal motivations for understanding the effects of variation
in diversity on ecosystem function. One, ultimately motivated by practical and conser-
vation concerns, is understanding and predicting consequences of ongoing diversity
loss in nature. We discuss this in more detail below. The second, more basic, rationale
involves general understanding of how ecosystems work. For example, biodiversity-
function research has spurred experimentalists to compare effects of multiple species
together and independently. In the past, such approaches have led to major advances
in our understanding of the effects of predators on prey population and community
structure (Ives et al. 2005, Sih et al. 1998), and in the maintenance of diversity via
intransitive or context-dependent competitive networks (Buss & Jackson 1979). In
effect, biodiversity manipulations address the flip side of the coexistence question
fundamental to ecology: How do so many species coexist (or not)? Many studies mo-
tivated initially by concerns of predicting consequences of declining biodiversity may
ultimately prove to have a more enduring value in elucidating the outcome of simul-
taneous interactions among multiple species and the contingency of the outcome of
pairwise interactions on the presence of other species. Additionally, there are well
documented natural gradients in marine biodiversity with respect to latitude, longi-
tude, and depth (e.g., Rex etal. 1993, Roberts et al. 2002, Roy et al. 1998, Worm et al.
2003) that are independent of human activity and could affect the stability, consis-
tency, or performance of particular communities. For example, latitudinal gradients
in invasion (Sax 2001) or predation pressure and prey defenses (Bertness et al. 1981,
Bolser & Hay 1996) that correspond with gradients in diversity are well known, but
causal links have rarely been rigorously investigated.

Because the relationship between diversity and ecosystem functioning has been a
contentious field, with confusion in terminology often contributing to the contention,
we first briefly review key concepts and mechanisms underpinning diversity-function
relationships. We then discuss current patterns of biodiversity change in marine sys-
tems and how these relate to the types of diversity that have been manipulated in
experiments. Next, we review available studies that provide data to assess the effects
of marine biodiversity on ecosystem functioning. Finally, we close with a discussion
of the generalities that have emerged thus far, and what we perceive to be the most
pressing issues for further research.

MECHANISMS AND CONCEPTS

The theoretical basis for a positive relationship between the richness or diversity
of plants or sessile invertebrates and production, biomass or resource use is well
developed and relatively straightforward (Loreau 2000). Following previous work,
we define a richness effect as occurring when a mixture (of species, genotypes, func-
tional groups, etc; see definition of biodiversity) performs differently than the average
performance of its component species in monoculture (also known as nontransgres-
sive overyielding). Apart from richness, individual species can also differ in their
effects on ecosystem processes in different, independent ways; such functional differ-
ences among individual species or among combinations of species are often referred
to as identity or composition effects. Richness effects result from two main classes of
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Richness effect: occurs
when diverse communities
differ in ecosystem function
from the average
monoculture. Can be caused
by many mechanisms

Identity or composition
effects: describe variation
among species or particular
combinations of species in
their influence on an
ecosystem function
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Complementarity: greater

performance of a species in

mixture than expected from

its performance in
monoculture caused by

interactions such as resource

partitioning or facilitation

Sampling effect: the
greater statistical
probability of including a
species with a dominant
effect in an assemblage as
species richness increases

Multivariate
complementarity:
phenomenon by which a
diverse assemblage
maximizes multiple
ecosystem functions
simultaneously, because
different species control
different functions

Selection effect: a more

general version of sampling
effect that can be positive or

negative
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phenomena: (#) complementary properties of species including niche partitioning
and facilitation (complementarity), and (b) strong effects of a dominant species on the
function of interest (samzpling effect). These mechanisms are most clearly distinguished
in experiments that include diverse mixtures of species as well as each of the compo-
nentspecies in monoculture. When the response of the species mixture is greater than
the highest performing monoculture (transgressive overyielding), this can be taken
as clear evidence that the richness effect is not accounted for purely by the effects of a
dominantspecies, and that some form of complementarity is operating. The sampling
effect occurs when the presence of a particular species drives the relationship between
richness and ecosystem function, as a result of two conditions: (#) a greater statistical
probability of including a species with a particular trait (e.g., high productivity) in an
assemblage as species richness increases, and (b) the species with highest function in
monoculture is also the dominant competitor in a mixed species assemblage (Huston
1997, Tilman et al. 1997). When multiple functions are considered, the highest lev-
els of different processes can sometimes be caused by different species. In such cases,
when multiple functions are considered simultaneously or combined into a multi-
variate index of ecosystem functioning, a sort of multivariate complementarity results,
in which diverse communities simultaneously maximize multiple functions and thus
produce an ecosystem state different from any monoculture (e.g., Duffy et al. 2003).

The premise of the sampling effect, that high production in monoculture and com-
petitive dominance are correlated, is not always met, especially given likely trade-offs
between growth rate and competitive ability. Thus, the sampling phenomenon has
been generalized to selection effects (Hector et al. 2002, Loreau & Hector 2001), which
can be either positive or negative depending on whether the dominant species in
polyculture displays relatively high or low performance, respectively, when grown
alone. Importantly, this means that the absence of a significant relationship between
species richness and ecosystem function can result from the counteracting mecha-
nisms of positive effects of complementarity driven by resource partitioning and the
tendency for productive species to fare poorly in competition in mixed species plots
(negative selection; e.g., Bruno et al. 2005, Hector et al. 2002). Additionally, what
appears to be a sampling effect in which mixture performance is equivalent to the
best performing monoculture may in fact be the result of positive complementarity
balanced by negative selection. This can make predicting the consequences of the
loss of diversity for function not only complex but dependent on relative extinction
risks of different species.

Although these basic mechanisms and experimental approaches originally devel-
oped for sessile organisms also apply to mobile consumers, studies of predator richness
effects have typically employed one of two distinct experimental design strategies.
First, replacement series (or substitutive) designs control the initial abundance or
biomass of organisms, but as a result intraspecific density declines with increasing
richness. Second, additive designs hold intraspecific density constant with increasing
species richness, but as a result total organism density increases with richness. Most
within-trophic-level richness experiments begin as replacement designs to avoid ex-
plicitly confounding biomass and richness. But the initial design is somewhat irrele-
vant for these experiments as they often track population-level processes over longer
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time frames using organisms with sufficiently rapid generation times that their rel-
ative and absolute densities adjust during the experiment owing to birth, death, and
recruitment. The choice between additive and replacement designs is more important
in experiments of short duration or when density of the manipulated taxon is other-
wise prevented from changing over the course of the experiment. A full discussion
of the costs and benefits of each design is beyond the scope of our review (see, e.g.,
Sackville-Hamilton 1994), but we note two cautions. First, additive designs confound
total density of organisms with species richness, whereas replacement designs con-
found intraspecific density with richness, so each is limited in the types of mechanisms
and outcomes that it can elucidate. Second, additive designs will become intractable
when experiments include a large range of species richness because organism density
in polycultures will become unnaturally high and can force interactions that might
rarely occur in nature. The optimal design choice may be guided by the particular
question of interest or by empirical richness-abundance relationships when known.

In addition to measuring the effects of diversity on processes like production us-
ing a single measure approach at the end of an experiment, one can also measure
the relationship between richness and variability in these same processes over time
(review in Hooper et al. 2005, McCann 2000, Tilman et al. 2006). In general, di-
versity is predicted to increase the stability (or decrease temporal fluctuations) of
aggregate community properties like biomass, while slightly destabilizing population
abundance of individual species (Lehman & Tilman 2000, May 1974). This can be the
result of several, nonmutually exclusive mechanisms, including statistical averaging
(the portfolio effect), as well as complementary responses of species to changing envi-
ronmental conditions (often detected as negative covariances in species abundances
in diverse communities), and overyielding, which indicates that species are stably co-
existing (Tilman 1999, Tilman et al. 2006). A related idea is that diversity contributes
to the resistance to, or resilience (recovery) from a disturbance (see Pimm 1984 for
terminology), which can be caused by the mechanisms above as well as by the inclu-
sion of highly resistant species in diverse assemblages (sampling effect). We group
these together because they all involve assessing the effect of richness on variability
in ecosystem processes rather than on mean states.

REALISTIC SCENARIOS OF DIVERSITY CHANGE

Even though there have been relatively few documented global-scale extinctions of
marine species compared to land, many species are locally extinct and even more
have been driven ecologically extinct: Their populations are sufficiently small that
they can no longer play a significant ecological role in a particular community (Sala
& Knowlton 2006, Steneck et al. 2004). The order in which species go extinct is not
likely to be random, and the relative extinction risks of different species can alter
the expected correlation between diversity and ecosystem functioning (Solan et al.
2004). For example, the depletion of predators relative to prey by selective harvest
and habitat degradation has caused a skewing of trophic structure toward dominance
at lower levels and the general alteration of aquatic and terrestrial food webs (Duffy
2003, Jones et al. 2004, Pauly et al. 1998, Petchey et al. 2004).
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Resistance: capacity of a
system to resist change in
the face of a perturbation

Resilience: capacity of a
system to recover from a
disturbance or perturbation
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Consumer 37.6%

Consumer omnivore 8.3%
Deposit feeder 0.8%

Detritivore 11.2%

Herbivore 7.5%

Macroplanktivore 49.7%

Trophic skew: altered
distribution of species
richness among trophic
levels because of differential
effects of invasion and
extinction at each level
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Invasions

Extinctions

Predator 24.1%

Trophic classifications

Algae 9.0%
_ Predator
Macroplanktivore 10.5% ! Consumer
el CONsumer omnivore

Herbivore 9.8%

Herbivore
Deposit feeder
I Detritivore
Macroplanktivore
Zooplankton

Deposit feeder 9.9%

Consumer omnivore 5.0%

Consumer 8.1%

Predator 1.9%
Parasite 1.2%
Plant 1.9%

Algae 3.7%

Figure 1

Changing patterns of trophic skew in coastal/estuarine marine ecosystems as the combined
result of species introductions and local extinctions. Data replotted from Byrnes et al. (2007).
Species loss is biased toward higher trophic levels, whereas species gain is biased toward lower
levels (primary consumers). The functional groups most responsible for this skew were top
predators (24.1% of extinctions but 6.1% of invasions on average), secondary consumers
(37.6% of extinctions but 2.2% of invasions), and suspension feeding macroplanktivores
(10.5% of extinctions but 44.6% of invasions). (Percentages may sum to greater than 100%
owing to rounding.)

However, at the local to regional scale, diversity gains also occur through species
introductions, so the net change in species richness is not always clear cut. Because
different processes drive extinctions (e.g., overfishing) and invasion (e.g., ballast water
transport), the types of species being gained and lost differ (Lotze et al. 2006). Byrnes
etal. (2007) classified all documented marine species extinctions from several regions
by trophic level and feeding mode and found that 70% of species lost were high-
order consumers (trophic level 3 or 4), whereas 70% of invaders were lower order
consumers, particularly suspension feeders or deposit feeders (Figure 1). Thus the
combined effect of both processes has resulted so far in little net change in richness
but an enhancement of trophic skew by decreasing predator richness while increasing
primary consumers and detritivores. Invasions are most numerous in coastal embay-
ments, so their influence on trophic skew may be reduced in open coast or oceanic
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environments, but the loss of top predators appears to be a global phenomenon. Little
is known about how diversity is changing at the local scale at which most experiments
are conducted, although local and regional diversity are often strongly correlated.

EMPIRICAL RESEARCH

A summary of results for the most studied ecosystem processes and properties is
provided in Table 1a,b, and a complete catalog of experimental manipulations is
provided in Supplemental Tables 1-4. The compilation in Table 1a,b includes
experimental studies that manipulated the richness of at least three functional groups,
species, or genotypes. Though observational studies can be very useful, especially in
testing for links between diversity and ecosystem services (see the sidebar, Connecting
Diversity to Ecosystem Services), we limit ourselves primarily to experiments in this
review. Most experiments manipulate richness in randomly constructed communities,
allowing partitioning of effects owing to richness versus identity. We focus on these
random assembly experiments, as these more directly address our principal theme of
how the number and variety of species per se influence ecosystem properties.
Opverall, the majority of experiments and metrics reported in Table 1a,b detected
a significant effect of richness (85/123). Although publication bias against finding no
effectis possible, itis nonetheless clear that richness effects are widespread. Transgres-
sive overyielding, in which the diverse assemblage outperforms the best monoculture
was found in far fewer studies (26/105), over half of which were from studies of the
effect of animal richness on invasion resistance, resource use, or secondary production.

CONNECTING DIVERSITY TO ECOSYSTEM SERVICES

Worm et al. (2006) analyzed the effects of changes in marine biodiversity on
fundamental ecosystem services by combining available data from sources rang-
ing from small scale experiments to global fisheries. At a global scale, they
analyzed relationships between species richness and fishery production in 64
large marine ecosystems varying naturally in diversity. Ecosystems with natu-
rally low diversity showed lower fishery productivity, more frequent collapses
(strong reductions in fishery yield), and lower resilience than naturally species-
rich systems. They suggested that the greater resilience of more diverse ecosys-
tems may result because fishers can switch more readily among target species
when there are many species available (high richness), potentially providing
overfished taxa with a chance to recover. This mechanism is consistent with
theory, small-scale experiments, and with the negative relationship Worm et al.
(2006) found between fished taxa richness and variation in catch from year to
year. Although the correlative approach employed in their comparison did not
allow assignment of causation or mechanisms, it does allow the examination
of larger scale processes and the connection between richness and ecosystem
services (fish production) with clear value to humans.
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Table 1a Summary of experiments manipulating diversity of marine organisms published through early 2007%:

Within-trophic-level manipulations

Transgressive
Response Positive Negative No effect overyielding
Stability, disturbance, resistance, or resilience® 9 1 0 N/A
Plant biomass or production 7 0 6 0/13
Decomposition 0 0 2 0/2
Associated species diversity 0 0 3 0/2
Associated species abundance 2 0 1 0/2
Resource use” 6 0 3 4/84
Resource regeneration® 4 4 9 1/14
Invader abundance or survival 0 6 1 5/7
Invader settlement 2 0 1 2/3
Secondary production 6 0 1 4/6

*Full data for all studies are in Supplemental Tables 1-4. Individual studies may be counted multiple times in the table if they either
conducted more than one independent experiment or measured more than one potentially independent response variable. Not all studies
explicitly tested for transgressive overyielding, and so its existence was inferred in some cases from data available in graphs; in some cases it
was impossible to tell because monoculture means were not given, so the total number of possible studies in which trangressive overyielding
could be detected is often less than the total number of studies that showed a richness effect (see Supplemental Materials for details).
bincludes data from plants, sessile and mobile invertebrates.

¢includes multivariate complementarity.

dinfauna and epifauna manipulated.

Table 1b  Summary of experiments manipulating diversity of marine organisms published through early 2007%:

Effects of manipulating richness at one level on response by other levels

Taxon Transgressive
manipulated Response Positive | Negative | No effect overyielding
Algal prey Consumer growth 6 0 0 1/6
Consumer survival 5 0 2 0/7
Consumer reproduction 5 0 3 1/8
Integrated production or population growth 6 0 1 5/7
Consumer Prey biomass 3 8 4 2/15
Predator Plant biomass (two trophic levels away) 3 2 1 2/5

*Full data for all studies are in Supplemental Tables 1-4. Individual studies may be counted multiple times in the table if they either
conducted more than one independent experiment or measured more than one potentially independent response variable. Not all studies
explicitly tested for transgressive overyielding, and so its existence was inferred in some cases from data available in graphs; in some cases it
was impossible to tell because monoculture means were not given, so the total number of possible studies in which trangressive overyielding
could be detected is often less than the total number of studies that showed a richness effect (see Supplemental Materials for details).

746 Stachowicz o Bruno ¢ Duffy



Annu. Rev. Ecal. Eval. Syst. 2007.38:739-766. Downloaded from arjournals.annualreviews.org

by Universitadegli Studi di Lecce on 12/04/07. For personal use only.

Strikingly, despite a large number of experiments examining plant richness effects
on plant community properties or processes, none found evidence of transgressive
overyielding (see also Cardinale et al. 2006). The frequency of richness effects also
varied among taxa and response metrics, though in most cases the total number of
experiments was small. Still, we note that richness effects appear to be less com-
mon for within-trophic-level response variables (Table 1a, 47/74) than for those that
cross trophic levels (Table 1b, 38/49), although some experiments were difficult to
classify into one of those groups. Nearly all studies (91/99, see data in Supplemen-
tal Tables 1-4) find significant identity effects, indicating that most experiments
find strong effects of particular species, regardless of taxonomic group or metric of
response.

Effects of Producer Diversity on Primary Production
and Related Processes

The most common ecosystem processes measured in species richness manipulations
to date are primary production and biomass accumulation (Hooper et al. 2005).
Terrestrial experiments usually measure production as biomass accumulation over
a season. Biomass is less reflective of production for algae because the majority of
biomass can be removed by a variety of disturbances, transported away from pro-
duction sites by currents or removed by intense herbivory (Cebrian 1999). For these
reasons, experiments examining the effects of marine primary producer (hereafter,
plant) diversity on production are often performed in herbivore-free cages or meso-
cosms that minimize tissue loss due to natural senescence or disturbance. Further,
in many marine systems, macrophyte biomass is inversely, or nonlinearly, related to
primary productivity due to resource depletion that can limit production when stand-
ing stock is high (Carpenter 1986). Production and biomass are thus in some ways
separate ecosystem functions in many marine systems, with production measuring
energy and material fluxes and biomass measuring habitat characteristics.

Primary production and biomass. A positive relationship between algal richness
and biomass was detected in field surveys of highly diverse macroalgal communities in
Jamaica (Bruno etal. 2006). This pattern is concordant with the diversity-productivity
hypothesis but could clearly be driven by a variety of factors other than algal richness.
All the experiments that measured the effects of marine algal or angiosperm richness
and identity on primary production detected strong identity effects but only roughly
half found evidence for an effect of richness (Table 1a,b; Supplemental Table 1).
In several studies, the relative strength of these was compared, and all found that
the magnitude of the identity or composition effects was roughly 10 times stronger
than that of richness, which was generally weak and likely ecologically insignificant
(e.g., Bruno et al. 2005, 2006). Thus even where richness effects occurred, iden-
tity and richness contributed little to primary production. By comparison, a recent
meta-analysis across terrestrial and aquatic habitats (Cardinale et al. 2006) detected
more consistent richness effects (67/76 studies for biomass) that the researchers ar-
gued were largely explained by the strong effects of particular species present in

www.annualreviews.org o Effects of Marine Biodiversity

47


Joachim Claudet
Highlight


Annu. Rev. Ecal. Eval. Syst. 2007.38:739-766. Downloaded from arjournals.annualreviews.org

by Universitadegli Studi di Lecce on 12/04/07. For personal use only.

[ Y]

Effect on production
in mixtures

] Complementarity
[ Selection
[ Net richness effect

o
(2]

Bruno
et al. 2005

@ 100 - 0.5 -

g P =0.014, r?adj. = 0.19 P =0.001, r? adj. = 0.29

& 75 ° 4l

g 0.

5 50 5

k= = 03

[

o 25 o

c S 02t

£ o

) o

0.1+

c

S 25

L

Q _50 L L L L L 0 L L L L L

Reusch —100 -50 0 50 100 150 200 -100 -50 0 50 100 150 200
et al. 2005 Monoculture performance Monoculture performance

Figure 2

748

Partitioning of richness effects from two field experiments into complementarity and selection
effects. (#) Bruno et al. (2005) tested the effects of seaweed richness on production, measured
as final wet mass, and Reusch et al. (2005) tested the effects of seagrass genotypic richness on
shoot density. Calculations are based on comparing net production in monocultures and
mixtures. In both cases the relatively small richness effect is the result of strong positive
complementarity offset by negative selection effects. () Relationship between the
performance (% change in wet biomass) of a species in monoculture and its relative
performance in polyculture (polyculture% growth-monoculture% growth). (c) Relationship
between the performance (% change in wet biomass) of a species in monoculture and its
proportion of the total final polyculture biomass (that is, dominance). The dashed line in & is
the 1:1 growth function; points above this line are cases where species grew faster in mixture.
(b and ¢ are redrawn from Bruno et al. 2005.)

polyculture (sampling effects), because species-rich mixtures rarely outperformed
the best-performing monoculture.

Simple equations allow the partitioning of diversity effects into components at-
tributable to sampling (or more generally selection) and complementarity (Loreau &
Hector 2001). Interestingly, studies that have performed this analysis generally find
that complementarity effects are positive and selection effects are negative (Figure 2).
Positive complementarity occurs when species are more productive on average in
mixtures than in monoculture, likely owing to facilitation or resource partitioning
(Bruno et al. 2005, Loreau 1998). Negative selection indicates that species that do
well in monoculture (e.g., fast growing species) perform relatively poorly when grown
with other species. These mechanisms can counteract each other, leading to weak or
neutral net richness effects despite strong complementarity among species. This find-
ing contrasts with the sampling effect hypothesis (Huston 1997), which argues that
positive effects of richness are driven largely by the random inclusion and ultimate
dominance of species with especially high functionality (that is, those with the great-
est monoculture performance). In benthic marine communities the most productive
genotypes and species often do not dominate polycultures, and species with lower in-
herent productivity often persist and perform well in diverse communities (Figure 2;
see also Bracken & Stachowicz 2006, Bruno et al. 2006, Duarte et al. 2000, Hughes
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& Stachowicz 2004; Reusch et al. 2005), frequently negating positive effects of biodi-
versity on algal biomass based on facilitation and complementarity. This could be due
in part to trade-offs between fast growth and competitive ability and is not a uniquely
marine phenomenon (Hooper & Dukes 2004, Loreau & Hector 2001), although it
is not yet known whether positive or negative selection effects are more prevalent in
different habitats.

The ability to explicitly partition richness effects between sampling and com-
plementarity is restricted to metrics for which the contribution of each species in
polyculture can be unambiguously determined. For some metrics, such as invasion re-
sistance or nutrient uptake or regeneration, partitioning would be impossible because
one cannot easily determine the amount of function due to each species in polycul-
ture. However, there are other processes where this partitioning could be profitably
applied, including the relative contribution of different predators to prey mortality.

Resistance, resilience, and stability. Virtually all studies that have examined the
effects of producer richness on measures of stability have found a positive effect,
though the effects on different metrics of stability vary among studies. Allison (2004)
manipulated intertidal macroalgal diversity and measured community resistance and
resilience in response to thermal stress. Surprisingly, the more diverse plots were
less resistant than depauperate ones, losing more biomass to heat stress, but this
was largely because they had greater biomass before the stress was imposed. In con-
trast, there was a positive effect of functional group richness on resilience (recovery),
owing to the presence of particularly resilient species and to facilitation promoting
recruitment. In contrast, experimentally enhancing eelgrass (Zostera marina) geno-
typic (clonal) richness increased community resistance to grazing by geese (measured
as the change in shoot density in response to the disturbances) but had no effect on
resilience (rate of recovery) (Hughes & Stachowicz 2004). Two other eelgrass experi-
ments (Reusch et al. 2005, Williams 2001) provide evidence consistent with an effect
of intraspecific diversity on processes associated with recovery after disturbance or
transplantation.

Kertesz (2006) tested the effects of diversity on stability by crossing macroalgal
richness with manipulations of nutrient concentration. The results suggested that
richness tended to stabilize biomass production across seasons and in response to
variable resource concentrations, as the coefficient of variation in biomass declined
with increasing richness. When we compared the results of seven published experi-
ments performed with the same species pool across environmental gradients in time
and space (Bruno et al. 2005, 2006), we found that the cross-experiment coefficient
of variation in biomass was nearly an order of magnitude higher for algal mono-
cultures, on average, than for the highest-diversity mixtures. Similarly, Worm et al.
(2006) reanalyzed the experimental data of Watermann et al. (1999) and found that
microalgal biomass accumulation varied less at high than low richness across a facto-
rial combination of three sediment types and three temperatures. Thus, experimental
manipulation of marine microalgae, seaweeds, and seagrasses all showed that diversity
consistently reduces temporal fluctuations in community biomass (see also Stachowicz
et al. 2002) and/or increases stability. This, combined with the relatively weak

www.annualreviews.org o Effects of Marine Biodiversity

749



Annu. Rev. Ecal. Eval. Syst. 2007.38:739-766. Downloaded from arjournals.annualreviews.org

by Universitadegli Studi di Lecce on 12/04/07. For personal use only.

750

contribution of richness to average production, suggests that the effects of richness on
marine plant production and biomass may be greatest when considering ecosystem
processes that involve variability rather than mean responses (Table 1a,b).

Decomposition, nutrient availability, and uptake. Bracken & Stachowicz (2006)
directly tested the hypothesis that seaweed species richness is positively related to
nutrient depletion by manipulating the richness and composition of macroalgae across
a gradient of nutrient concentrations in microcosms. They found that species differed
in their use of nitrate and ammonium and that nutrient uptake was 22% greater in
polycultures than predicted based on a weighted average of species’ uptake rates in
monoculture. Complementarity among species in total nitrogen uptake only emerged
when the use of multiple forms of nitrogen (ammonium and nitrate) were considered
simultaneously (multivariate complementarity); diversity had no effect on uptake of
either nitrogen form alone. In a separate study, total soil nitrogen accumulation in
a restored salt marsh was positively related to plant species richness (Callaway et al.
2003). Despite this, total soil nitrogen availability was also higher in the most diverse
plots, probably reflecting the increased organic matter incorporation into soils as a
result of higher total aboveground and litter biomass in the species-rich plots. These
diversity effects may have resulted from a mix of sampling and complementarity
effects, as one species in monoculture (Salicornia virginica) did achieve equal biomass
to the mixture, whereas no single species had as great an effect on soil nutrient
levels as the mixture. Of two experiments examining the effect of seagrass genotypic
diversity on sediment porewater ammonium concentration, one found an inverse
relationship suggestive of more complete resource use when diversity is high (Hughes
& Stachowicz 2004, but not Reusch et al. 2005).

Facilitation of associated species. Macrophyte diversity could affect the structure
of communities of epiphytic algae and animals that inhabit them not only by provid-
ing enhanced food through greater primary production, but also via creation of larger
and more structurally complex or heterogeneous habitats (Bruno & Bertness 2001,
Heck & Orth 1980). Results of experimental studies of this phenomenon are mixed.
Two studies found that seagrass genotypic diversity had no effect on the diversity
of associated invertebrate species but was positively related to epifaunal abundance
(Hughes & Stachowicz 2004, Reusch et al. 2005). Higher shoot density in higher
diversity treatments did play some role in this (Reusch et al. 2005), but at least one
study found an effect of diversity even when controlling for shoot density (Hughes
& Stachowicz 2004). Several studies found little effect of manipulating plant or al-
gal species diversity on the animal community despite strong effects of particular
plant or algal species (Moore 2006, Parker et al. 2001). In contrast, intertidal seaweed
diversity increased the richness and diversity but not the abundance of associated in-
vertebrates, apparently because each algal species harbored a semiunique invertebrate
fauna (J. Stachowicz, M. Bracken and M. Graham, in preparation). The generally
weak and inconsistent effects of macrophyte richness on associated species richness
could be due to the relative rarity of host specialization in the particular sys