
   Chapter 26   
 The Role of Biodiversity for the Functioning 
of Rocky Reef Communities       

     Lars   Gamfeldt    and    Matthew E.S.   Bracken        

  26.1 Introduction  

 A major focus of ecological research has been on understanding the processes that 
determine the diversity of organisms at a particular location (Hutchinson  1959) . 
Many important classic studies elucidating these local-scale processes have been 
conducted in marine hard-bottom communities (e.g. Kitching and Ebling  1961 ; 
Paine  1966 ; Menge and Sutherland  1976 ; Connell  1978 ; Lubchenco  1978 ; Sousa 
 1979 ; Fletcher  1987) . These studies and subsequent work have shown that diversity 
in rocky intertidal and subtidal systems is regulated by a combination of abiotic 
(e.g. disturbance, productivity, nutrient availability) and biotic (e.g. competition, 
consumption) processes (Worm et al.  2002 ; Nielsen  2003 ; Graham  2004 ; Bracken 
and Nielsen  2004 ; see Part II of this book). However, the organisms inhabiting 
these ecosystems are not only influenced by the performance of the systems—they 
also, in part, determine it. Growing evidence from a variety of systems indicates 
that organisms, by virtue of their roles in mediating ecosystem performance, influence 
the rates of biogeochemical processes, stability, and other attributes of the ecosystems 
in which they live (Naeem  2002 ; Kinzig et al.  2002 ; Cardinale et al.  2006) . 

 Because of the unique roles that different organisms play in mediating ecosystem 
performance, there is a growing awareness that the diversity of organisms in a system 
can influence that system’s performance (reviewed in Hooper et al.  2005) . Recent 
studies have illustrated several key ways in which organisms inhabiting temperate 
and tropical reefs—and, by extension, the diversity of those organisms—influence 
the performance of marine ecosystems (reviewed in Worm et al.  2006) . Below, we 
review studies from hard-bottom marine ecosystems and provide suggestions for 
future research into the functional roles of marine biodiversity in temperate and 
tropical hard-bottom communities. Accumulated evidence and theoretical reasoning 
suggest that the diversity of benthic communities may be an important property for 
the functioning of these ecosystems.  
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362 L. Gamfeldt and M.E.S. Bracken

  26.2  How and Why Biodiversity Can Be Linked to Ecosystem 
Performance  

 Several general mechanisms have been identified that link the diversity of organisms 
in an ecosystem with the performance of that system. The first, the “selection 
effect” or “sampling effect”, arises because of the increased likelihood that a 
diverse community contains a species that performs well with respect to the 
ecosystem function being measured (Huston  1997) . These species may be highly 
productive, in which case the selection effect results in communities with high 
productivity that rely on only one or a few species. Species may also dominate 
assemblages because they are the superior competitors even though they are not 
highly productive (Bruno et al.  2006) . In such a case, the selection effect results in 
low-productivity communities. A second mechanism, complementarity, occurs 
when species partition limiting resources, so that resource use is enhanced when 
more species are present (Loreau and Hector  2001) . Finally, facilitation is associated 
with enhanced performance due to positive interactions between species (Cardinale 
et al.  2002) . 

 Research in marine ecosystems suggests that “species-identity effects”—key 
contributions by one or a few species—are often responsible for enhanced performance 
in high-diversity assemblages (O’Connor and Crowe  2005 ; Bruno et al.  2005,   2006 ; 
but see Byrnes et al.  2006) , and a recent cross-system meta-analysis by Cardinale 
et al.  (2006)  suggests that these effects commonly link diversity and ecosystem 
performance in most ecosystems worldwide. Why might identity effects be important 
in marine systems? Two key ecological terms—the “keystone species” concept 
(sensu Paine  1969)  and the roles of “foundation species” (sensu Dayton  1972) —
were coined based on benthic marine research. These ideas highlight the impor-
tance of one or a few species (e.g. consumers or providers of habitat) in ultimately 
determining the functioning of hard-bottom marine ecosystems (Schiel  2006) . 
Furthermore, the importance of density-dependence in these systems means that 
experiments must consider not only the number of species but also the identities of 
those species and their densities (O’Connor and Crowe  2005) . This is especially 
important in experiments that manipulate diversity, as the interpretations and results 
of often-used replacement-series designs are critically dependent on the density of 
organisms (Jolliffe  2000) . Benedetti-Cecchi  (2004,   2006)  has developed a detailed 
experimental and statistical framework for distinguishing between the effects of the 
number, identity and density of species, and these distinctions need to be incorporated 
into future experimental designs. It is important to note, however, that the design of 
most experiments hitherto has been relatively limited in both temporal and spatial 
scale, and researchers have often aimed to minimize environmental heterogeneity. 
These factors actually make studies more likely to detect species-specific effects, 
rather than effects of diversity per se (Cardinale et al.  2004 ; Ives et al.  2005) . 
Spatial and temporal heterogeneity, and the ways in which organisms partition 
those spatial and temporal resources, are important mechanisms underlying 
diversity-function relationships (see   Chap. 28     by Benedetti-Cecchi).  
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26 The Role of Biodiversity for the Functioning of Rocky Reef Communities 363

  26.3 Roles of Species in Mediating Ecosystem Performance  

 The diversity of organisms can potentially influence both bottom-up (e.g. nutrient 
uptake and production) and top-down (e.g. grazing and predation) processes, as 
well as other key processes such as larval settlement and survival (Fig.  26.1 ). For 
example, when one organism consumes another organism, energy and structural 
and functional materials (e.g. carbon, nitrogen and phosphorus) are moved from 
one trophic level to the next. One important function involving consumers in benthic 

 Fig. 26.1    Hypothetical benthic marine food web showing different aspects of diversity and 
functions. The figure presents three different levels of biodiversity (genetic, species and functional 
group) at three different trophic levels:  1  primary producers (macroalgae and phytoplankton),  2  
primary consumers (grazers and filter feeders) and  3  predators (e.g. fish and crabs).  Arrows  indicate 
important ecosystem processes that can be affected by biodiversity. Arrows pointing upwards 
mark processes associated with energy transfer up the food web (exceptions are functions such as 
settlement and survival), and arrows pointing downwards relate to processes of biocontrol of 
biomass at lower trophic levels. The  dashed arrow  is representative of the many possible indirect 
interactions among species  
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364 L. Gamfeldt and M.E.S. Bracken

marine systems is the role that various filter-feeding taxa play in capturing particulate 
organic matter (which is otherwise unavailable to many benthic taxa) and 
transforming it into a consumable form. The well-known role that mussels and 
barnacles play as basal organisms (sensu Pimm  1982)  in hard-bottom ecosystems 
is an example of this type of benthic-pelagic coupling (e.g. Menge et al.  1997) . 
Consumers also serve as “chemical transformers”, organisms that change materials 
from one form into another form. For example, by consuming particulate organic 
nitrogen and excreting ammonium as a metabolic waste product, invertebrates 
mediate the supply of nitrogen to marine algae (Bracken and Nielsen  2004 ; Bracken 
et al.  2007a) . Another important consequence of benthic diversity may be to limit 
the success of invading algae and invertebrates (e.g. Stachowicz et al.  1999) . 
Furthermore, many benthic primary producers, especially large seaweeds (Graham 
 2004 ; Schiel  2006) , also serve as foundation species (sensu Dayton  1972) , providing 
physical structure and habitat. These “ecosystem engineers” (Jones et al.  1994) , 
which also include bivalves (Witman  1985 ; Suchanek  1992) , tunicates (Castilla et al. 
 2004) , and other sessile invertebrates, modify the environment and thereby influence 
the functioning of marine ecosystems. The physical structure provided by foundation 
species commonly enhances the diversity and abundance of associated taxa (Bracken 
et al.  2007b) , partly by expanding the realized niche of these organisms (Bruno 
et al.  2003) .         

  26.4 Biodiversity and Primary Production  

 Most marine diversity-function research has focused on consumers, whereas most 
terrestrial work has been on producers, making it difficult to adequately compare the 
mechanisms linking diversity and performance in different systems and to come up 
with a general framework for understanding the consequences of declining diversity 
(Giller et al.  2004) . This discrepancy is unfortunate, because mechanisms linking 
algal diversity and productivity in marine systems do not necessarily overlap with 
those identified in terrestrial habitats. Unlike higher plants, seaweeds have no roots, 
take up nutrients directly through their tissues, are surrounded by water and nutrients, 
rather than air, and compete mainly for space in a two-dimensional arena. Several key 
mechanisms often used to explain diversity-function relationships on land do not 
apply in marine systems. For example, in hard-bottom aquatic environments, water 
movement makes nutrient stratification less apparent, and there are no belowground 
interactions like those in the soil. Furthermore, competition for space involves not only 
algae but also sessile animals such as mussels, barnacles and corals. 

 Using a set of both outdoor mesocosm- and short-term field experiments, Bruno 
et al.  (2005)  investigated the role of macroalgal richness and identity for primary 
productivity in North Carolina, USA. They found that species-identity effects, i.e. 
dominant roles of certain species, were much more important than richness effects 
in terms of biomass accumulation. Bruno et al.  (2006)  used a similar approach for 
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26 The Role of Biodiversity for the Functioning of Rocky Reef Communities 365

coral reef algae and obtained similar results. They concluded that both complementarity 
and facilitation were generally present but that their positive effects on biomass 
production were cancelled out by negative selection effects. These results suggest 
that algal species that are not highly productive are competitively superior, as would 
be expected if species experience trade-offs among different traits such as growth, 
reproduction and defence. 

 The experiments used by Bruno et al.  (2005,   2006)  were run for relatively short 
periods of time (2.5–5weeks), and emerging evidence suggests that the results of 
diversity–performance experiments are dependent on the length of time over which 
an experiment is maintained (Stachowicz et al.  2008a ; see also   Chap. 16     by Molis 
and da Gama). Many factors likely contribute to enhanced performance in 
high-diversity experimental units, and it may take relatively long periods of time 
(months to years) for the effects of some of those factors (e.g. seasonal buffering of 
stressful events, facilitation of recruitment) to become apparent. For example, in an 
experiment on the coast of northern California, USA, Stachowicz et al.  (2008a)  
removed seaweeds from multi-species assemblages to create monocultures of each 
of the four common mid-intertidal seaweed species. They also removed an equivalent 
amount of biomass from polycultures containing all four of those species. They 
found that cover (an excellent surrogate for biomass in this system) in the four-
species polycultures was higher than that in any of the component monocultures. 
Furthermore, polyculture cover was no different from that in unmanipulated controls, 
despite the biomass removed from the polycultures. However, these effects took 
approximately a year to become apparent. Maintaining experiments for longer 
periods of time under field conditions will benefit our understanding of both the 
consequences of declining marine diversity and the mechanisms underlying diver-
sity-mediated changes in performance. 

 Why might we expect to see enhanced primary production in more diverse 
producer assemblages? One mechanism, often suggested in terrestrial studies 
(Kinzig et al.  2002) , is that more diverse producer assemblages are more effective 
at using limiting nutrients (Fig.  26.1 ). However, the relationship between seaweed 
diversity and nutrient use remains largely unexplored. Bracken and Stachowicz 
 (2006)  evaluated the relationship between intertidal algal diversity and nutrient 
uptake and found that more diverse seaweed assemblages are more effective at 
utilizing limiting nutrients because some algal species are more effective at using 
nitrate as a nitrogen source, whereas others are better at using ammonium. When 
both nitrogen forms are present, as they often are in benthic marine systems, total 
nitrogen use by diverse seaweed assemblages is therefore higher than predicted 
based on the uptake rates of the component species. Another potential mechanism 
is that different seaweeds prefer different microhabitats. Some find refuge from 
grazing in cracks and crevices while others are unpalatable or able to withstand 
high grazing pressure. Some species are tolerant to desiccation whereas others 
require a constant and moist environment. Environmental heterogeneity might be a 
key factor in explaining why diverse producer assemblages experience enhanced 
primary production (Stachowicz et al.  2008a) .  

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165



366 L. Gamfeldt and M.E.S. Bracken

  26.5 The Role of Consumer Diversity  

 Whereas it is widely known that consumers can have dramatic effects on algal 
communities, both directly (Hay  1981 ; Hughes and Connell  1999)  and via trophic 
cascades (Estes et al.  1998) , many of the studies that have evaluated effects of 
producer diversity on productivity and resource acquisition (e.g. Bruno et al.  2005, 
  2006 ; Bracken and Stachowicz  2006)  have deliberately excluded grazers. Thus, 
while these experiments may help us understand some of the mechanisms underlying 
effects of producer diversity, the ultimate fate of production will depend on higher 
trophic levels (Paine  2002)  and the numerous indirect effects that are associated 
with complex food webs (Menge  1995 ; Fig.  26.1 , dashed arrow). At higher trophic 
levels in the food web, the chance that a species will go ecologically extinct 
increases (Duffy  2003 ; Petchey et al.  2004)  and, while documented extinctions of 
primary producers are rare, they appear to be more common for consumer species 
(Duffy  2003 ; Byrnes et al.  2007) . For example, overexploitation of fish and 
shellfish in the oceans has resulted in dramatic shifts in many ocean ecosystems 
(Dayton et al.  1998 ; Jackson et al.  2001 ; Bellwood et al.  2004) , often with significant 
effects on vital ecosystem processes (Worm et al.  2006 ; Myers et al.  2007) . This is 
likely to skew ecosystem structure on rocky bottoms, especially as species additions 
by invasions are dominated by species lower in the food web (Byrnes et al.  2007) . 

 Differences in feeding structures and strategies (e.g. Steneck and Watling  1982)  
suggest that high diversity of consumers could facilitate efficient use of the available 
resource space (Duffy  2002) . High consumer diversity may play roles in both 
top-down control and in energy transfer up the food chain, partly due to its interaction 
with prey diversity (Gamfeldt et al.  2005a ; Fig.  26.1 ). Partitioning of algal resources 
has been shown for mesograzers inhabiting algal communities (Fletcher  1987 ; 
Lotze and Worm  2000 ; Råberg and Kautsky  2007) . Similarly, the disappearance of 
both herbivorous fishes and urchins on coral reefs resulted in a shift from coral to 
algal dominance (Hughes and Connell  1999) . Grazing by urchins and fish was 
important for controlling the growth of macroalgae, and the loss of both these 
components of diversity had dramatic consequences. In contrast, field manipulations 
of grazer diversity in rock pools in Ireland did not show any effects of consumer 
richness on the algal community level (O’Connor and Crowe  2005) . 

 Observational data indicate that predator abundance can have strong effects on 
the structure of hard-bottom communities (Estes et al.  1998 ; Halpern et al.  2006) , 
and that predator species richness per se may be strongly linked to functional diversity 
(Micheli and Halpern  2005) . Laboratory experimental manipulations of the richness 
of predators from macroalgal communities have rendered mixed results. Using a set 
of crabs, Griffin et al.  (2008)  showed that crab diversity was important for the 
consumption of prey, due to feeding complementarity, but only at high predator 
density. Byrnes et al.  (2006)  showed that a more diverse predator assemblage is 
more effective at controlling herbivores (via a combination of behavioural changes 
and consumption), leading to enhanced algal production. Bruno and O’Connor 
 (2005)  also found evidence for predator richness effects but only in the absence of 
omnivores. In the presence of omnivorous fish (which also consumed the algae in 
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their experiments), there were no diversity effects. Together with results from 
terrestrial environments, results in marine systems seem to show that predator diversity 
can have important effects but the exact form of these effects depends strongly on 
feeding preferences (Duffy et al.  2007) . One gap in our understanding of the role 
of consumer diversity concerns the potential link between consumer diversity and 
consumer productivity. Most work has focused only on consumer effects on their 
prey (but see Fox  2004 ; Gamfeldt et al.  2005a) . This is unfortunate, since the 
production of consumer biomass is an important ecosystem process that ultimately 
drives fisheries production.  

  26.6 The Role of Within-Species Diversity  

 Many marine ecosystems like seagrass meadows, kelp forests, salt marshes and 
deep-sea coral reefs are dominated by, or dependent on, one or a few species (see 
our discussion of foundation species above). Even though these dominant species 
are unlikely to go globally extinct, habitat destruction and fragmentation, as well as 
local population declines are predicted to alter the genetic structure of populations 
through processes such as genetic drift, inbreeding and reduced gene flow among 
populations (although this is not always the case; see Young et al.  1996) . This may 
reduce the ability of species to adapt to changes in the environment (Frankham 
 2005) . Furthermore, whereas consumer species high in the food web are not 
numerically dominant, they can play disproportional roles in regulating community 
structure. These consumers may decline in numbers as an effect of human exploitation, 
release of toxic chemicals, and habitat destruction (Jackson et al.  2001 ; Myers et al. 
 2007) . Changes in the intraspecific diversity of these species are likely to influence 
ecosystem processes. 

 However, whereas the importance of individual species for ecosystems is widely 
agreed upon, there has been little focus on the importance of altered changes in 
within-species diversity for ecosystem processes. There is evidence for important 
effects of within-species diversity in both terrestrial (Crutsinger et al.  2006)  and 
marine (Hughes and Stachowicz  2004 ; Reusch et al.  2005)  angiosperms. Increasing 
genetic diversity of these plants enhanced productivity or their resistance to stressors 
such as consumption and high water temperatures. For Pacific sockeye salmon, the 
diversity of different populations is critical for sustaining total salmon production 
(Hilborn et al.  2003) . Only two studies, however, have examined hard-bottom organ-
isms. Gamfeldt et al.  (2005b)  found that within-species diversity of the barnacle 
 Balanus improvisus  Darwin was important for larval settlement, and Gamfeldt and 
Källström  (2007)  showed that increasing the diversity of amphipod populations 
enhanced predictability in population survival (Fig.  26.1 ). Even though current 
evidence is scarce, these two experiments, together with a recent study on honey-bee 
colonies elegantly showing that genotypic diversity can be important for bee colony 
productivity (Mattila and Seeley  2007) , suggest that within-species diversity of animals 
can influence community structuring and ecosystem functioning. Furthermore, since 
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the results of experiments on both producers and consumers are similar, the impor-
tance of genetic diversity for ecosystem functioning may be a general phenomenon 
of ecosystems.  

  26.7 Conclusions and Outlook  

 Dominant genotypes and species have often been identified as the most important 
drivers of community and ecosystem performance (Cardinale et al.  2006) , especially 
in marine ecosystems (O’Connor and Crowe  2005 ; Bruno et al.  2005,   2006) . 
As described in this chapter, however, diversity per se is often an important factor 
as well. Due to logistical constraints, both laboratory and field manipulations of 
biodiversity have been limited in scale (both temporal and spatial) and heterogeneity. 
This has probably biased experiments to detect species-identity effects (Ives et al. 
 2005 ; Stachowicz et al.  2008b) . Both theory and more recent experimental results 
suggest that increasing our scales of inference will make effects of diversity more 
prominent (Cardinale et al.  2004 ; Stachowicz et al.  2008a) . An interesting and as 
yet unexamined aspect of diversity-function research is the incorporation of habitat 
heterogeneity and landscape perspectives (Bengtsson et al.  2002) . Just as diversity 
of species may be important, so may be a diversity of different habitats. Furthermore, 
most studies have hitherto looked only at individual functions. Emerging evidence 
suggests that different species maximize different ecosystem functions (Hooper 
and Vitousek  1998 ; Duffy et al.  2003 ; Bracken and Stachowicz  2006 ; Gamfeldt 
et al.  2008) . This “multivariate complementarity” means that even when species-
identity effects are more important than complementarity for any one performance 
measure, diversity can enhance overall performance when multiple functions are 
considered simultaneously. Future work should explicitly evaluate multiple ecosystem 
functions simultaneously. 

 An important task of future research is to explore the interactive effects of 
diversity loss across multiple trophic levels. All benthic habitats contain multiple 
trophic levels and only by studying the effects of diversity loss of one level on 
other levels can we gain a more comprehensive understanding of the conse-
quences for whole systems. Recent evidence from experiments shows clearly that 
the effects of diversity loss of both algae and grazers are dependent on the presence 
and diversity of adjacent trophic levels (Gamfeldt et al.  2005a ; Bruno et al.  2008 ; 
Douglass et al.  2008) . 

 Whereas most experiments linking diversity and performance have used 
randomly selected species from a region to construct gradients of diversity, we 
know that diversity does not change randomly in natural ecosystems. Instead, benthic 
marine diversity is influenced by a variety of factors, including consumers (Paine 
 1966 ; Lubchenco  1978) , disturbance (Sousa  1979)  and nutrient availability 
(Bracken and Nielsen  2004) . Recent work evaluating the consequences of non-
random diversity changes (Solan et al.  2004) —e.g. due to overexploitation of 
resources by humans (Myers et al.  2007) —and explicitly comparing these to random 
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diversity gradients (e.g. Bracken et al.  2008)  is improving the realism of our assessments 
of the consequences of declines in marine biodiversity. 

 Because many species in marine systems are broadcast spawners with far-dispersing 
larvae, and because many of the consumers in marine habitats are highly mobile, it 
is likely that the conclusions of diversity-function research—much of which has, to 
date, been conducted in closed mesocosms—might change when experiments are 
carried out under more “open” field conditions (Giller et al.  2004) . Results from 
marine microcosm studies that have included connectivity between local patches in 
their experimental designs have found that migration of small grazers have quite 
strong effects on grazing rates and the structure of algal communities (France and 
Duffy  2006 ; Matthiessen et al.  2007) . Migration of species is an important and 
ubiquitous feature of marine systems, and it is reasonable to hypothesize that 
migration of both grazers and highly mobile predators will have notable effects on 
local (patch) dynamics and community structure. 

 Given the rate of anthropogenic global change, and the potential effects of those 
changes on species’ interactions in marine habitats (e.g. Sanford  1999) , the roles of 
species in mediating community and ecosystem performance may change radically 
over the next century. The marine environment is likely to change both locally and 
globally due to factors such as environmental warming and acidification (see Part 
IV of this book). This means that today’s winners may be tomorrow’s losers. Such 
scenarios call for precautionary actions in terms of protecting biodiversity. Models 
and experiments that incorporate global-change scenarios will make diversity-
function research a more predictive field and will help us understand the future 
consequences of changing biodiversity.      
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