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Abstract 
 

We review the ecological rationale behind the potential compatibility be- 
tween top predators and biodiversity conservation, and examine their ef- 
fectiveness as surrogate  species. Evidence  suggests that top predators pro- 
mote species richness  or are spatio-temporally associated with it for six 
causative or noncausative reasons: resource facilitation, trophic cascades, 
dependence on ecosystem productivity, sensitivity to dysfunctions, selection 
of heterogeneous sites and links to multiple ecosystem components. There- 
fore, predator-centered conservation may deliver certain biodiversity goals. 
To this aim, predators have been employed in conservation as keystone, um- 
brella, sentinel, flagship, and indicator species. However, quantitative tests 
of their surrogate-efficacy  have been astonishingly  few. Evidence  suggests 
they may function as structuring agents and biodiversity  indicators in some 
ecosystems but not others, and that they perform poorly as umbrella species; 
more consensus exists for their efficacy as sentinel  and flagship species. Con- 
servation biologists need to use apex predators  more cautiously,  as part of 
wider, context-dependent mixed strategies. 
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INTRODUCTION 
 

For millennia, top predators have inspired respect and admiration, being depicted  as powerful, 
majestic, mysterious, beautiful, elusive, dangerous, rare, fierce, and secretive (Kruuk 2002). Con- 
servation biologists have capitalized on such appeal and have used these species to lever public 
support for biodiversity preservation, raise funds, protect and restore ecosystems, prioritize re- 
serve sites, and plan the size and configuration of protected areas (e.g., Gittleman et al. 2001, 
Ray 2005). The assumption behind all these objectives is usually that the conservation of a top 
predator automatically implies the preservation of the whole biological diversity of its supporting 
ecosystem (Simberloff 1998, Ray et al. 2005). However, such claims have been questioned recently 
for various reasons. First, some recent studies have found no association between top predators 
and biodiversity value (e.g., Andelman & Fagan 2000, Kerr 1997, Ozaki et al. 2006). Secondly, 
despite their clear fundraising potential, the conservation of these species may impose high costs, 
such as livestock losses, missed revenue from resource exploitation,  and even human deaths (Biles 
& Noon 1990, Mishra 1997, Packer et al. 2005, Patterson et al. 2004). Such high costs may result 
in inefficient use of limited conservation funding and socio-economic conflict with humans, with 
consequent negative attitudes by local communities toward broader biodiversity issues (Linnell 
et al. 2000). Thirdly,  the fact that some conservation organizations  raise funds by using species 
known a priori to be glamorous may create a vicious cycle by which conservation targets are indi- 
rectly set by the public rather  than being based on scientific criteria (Entwistle & Dunstone 2000). 
The current debate on the controversial  use of these species and the enormous financial invest- 
ment dedicated annually to their protection calls for an urgent comprehensive assessment of their 
role and usefulness in the conservation arena. So far, such assessment has been conducted only for 
mammalian carnivores (Ray et al. 2005), which may or may not represent  issues concerning top 
predatory species belonging to other taxa, such as raptors, sharks, or crocodiles. 

Here, we review the assumptions and ecological rationale behind the supposed compatibil- 
ity between top predators and biodiversity conservation. We then examine quantitative tests of 
their effectiveness as surrogate  species in applied conservation. Specifically, we attempt to answer 
the following questions: Why should conservation  plans based on top predators lead to broader 
biodiversity benefits? Why and how are apex predators used as surrogate  species in conservation 
programs? What is the scientific, quantitative evidence so far for their efficiency  as surrogates? 
Throughout, we use the term top or apex predator to refer to relatively large vertebrates that reg- 
ularly feed on other vertebrates, including species such as mammalian carnivores, many cetaceans, 
diurnal and nocturnal raptors, seabirds, large lizards, crocodiles, and predatory fishes such as 
sharks. We recognize that this broad definition sometimes includes some medium-sized  species, 
because sometimes such mesocarnivores may be more important as ecosystem  structuring agents 
than locally larger predators, or may be functionally the only top predators left after the extirpa- 
tion of larger species (e.g., Boutin 2005, Steneck & Sala 2005). Unavoidably, most of the literature 
focuses on carnivores, raptors, and fishes, which are thus overrepresented in our assessment. How- 
ever, whenever possible, we have tried to present examples and citations to cover as many different 
taxa as possible. Unless otherwise stated, biodiversity  is expressed as species richness  because this 
is how most researchers have measured it and how most conservation practitioners perceive it. 

 
 
 

ECOLOGICAL RATIONALE BEHIND THE LINK BETWEEN TOP 
PREDATORS AND BIODIVERSITY 
Conservation programs  based on top predators may lead to broader biodiversity benefits for 
two main reasons: (a) the predators may directly cause high biodiversity, or (b) they may be 
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spatio-temporally associated with it and thus act as indicators.  Below, we review the ecological 
rationale behind both possibilities. 

 
 
Can Top Predators Cause High Biodiversity? 

 

There are two main ways in which top predators could directly promote high biodiversity: resource 
facilitation and trophic cascades. First, apex predators may facilitate resources essential to other 
species that are otherwise unavailable or scarcely available,  such as carrion or safe breeding  sites. 
For example, the reintroduction of wolves to Yellowstone promoted higher availability of carrion 
for scavengers (Wilmers et al. 2003a,b). In that study, wolves altered the spatio-temporal pattern 
of carrion availability, making it more uniform in time and space, and had pronounced effects on 
the scavenger assemblage (Wilmers et al. 2003a,b). Such facilitation-function was further shown 
to dampen the effects of climate change on the recipient species (e.g., Wilmers & Getz 2005, 
Wilmers & Post 2006, Sala 2006). Another way in which top predators provide essential resources 
is the frequently reported phenomenon of “breeding associations,” in which a species subject  to 
high predation pressure by species X associates with predatory species Y capable of killing or de- 
terring species X. In such cases, top predators provide a “protective umbrella of enemy-free space” 
exploited by the associated species (e.g., Bogliani et al. 1999, Haemig 2001, Quinn & Kokorev 
2002). Finally, in some cases, top predators may function as “ecological engineers,” such as when 
American alligators (Alligator mississippiensis) dig and maintain ponds that provide essential habitat 
for many species of fish, frogs, and snakes during dry periods in southern Florida (Craighead 1968). 

Second, top predators may causally structure a whole community by initiating a trophic cascade, 
a series of interactions that “cascade through the community, transmitted by a chain  of strongly 
interacting links” (Paine 1980, p. 674). In its simplest form, a cascade takes place when a consumer 
influences at least two other trophic levels,  such as when a predator limits the populations of 
its prey, which in turn limits the populations of its own prey. Depending on the interaction 
strength of the species involved, this sequence of processes may cascade from top predators to 
primary producers,  so that the predator indirectly structures the whole community. Therefore, 
for a cascade to happen, two conditions must be satisfied: (a) the top predator must be capable of 
limiting its prey populations and (b) such effect is transmitted to even lower trophic levels. Below, 
we review the current evidence for both conditions in vertebrate communities. 

Many experiments and correlative studies show that top predators in both terrestrial and aquatic 
environments may limit the populations of their prey below the level allowed by local carrying 
capacity (reviews in Carpenter & Kitchell 1993, Newton 1998, Steneck & Sala 2005). For example, 
predator removal experiments have shown that coyotes (Canis latrans) and lynx (Lynx canadensis) 
limit hare populations, raptors and mustelids limit vole populations, and wolves (Canis lupus) limit 
their ungulate prey (Hayes et al. 2003, Korpimä ki et al. 2002, Krebs et al. 1995, Thirgood et al. 
2000). Such effects may be direct, such as when the predator inflicts additive mortality, or indirect, 
such as when predation risk limits the space, habitat,  or timeframes available for prey individuals 
(e.g., Berger et al. 2001, Ripple & Beschta 2004a). However, in many cases prey populations 
are not limited by predation, or they are limited by predation only under certain circumstances. 
For example, analysis of recurrent  events of extinction and recovery of sparrowhawk  Accipiter nisus 
populations have not been followed by changes in their passerine prey (Newton et al. 1997), though 
both theoretical and empirical evidence suggests that predation limitation is context-dependent 
and more likely when prey populations are already at low levels from other causes (e.g., Bowyer 
et al. 2005, Mills 2005). 

As for the second condition, evidence suggests that the prey species of top predators may in 
turn be strong interactors and exert top-down forcing on even lower trophic levels. For example, 
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multiple studies have demonstrated the effects of ungulate browsing on species composition, nutri- 
ent cycling, and whole successional pathways of vegetation communities (e.g., Hobbs 1996, Molvar 
et al. 1993, Pastor et al. 1993). Similarly, small passerines were experimentally shown to be capable 
of limiting the populations of arthropod herbivores in oak woodlands, with consequent effects on 
leaf biomass (Marquis & Whelan 1994). Finally, sea urchins may be capable of denuding whole 
seascapes originally occupied by kelp forests (reviews in Estes 2005 and Steneck & Sala 2005). 
Therefore, at least in some circumstances, there is high potential for top predators to act as struc- 
turing agents. Below, we examine the cases in which complete cascades have been documented. 

Trophic cascades initiated by top vertebrate predators are a common phenomenon in freshwater 
and marine ecosystems. Carpenter & Kitchell (1993) and Steneck & Sala (2005) provide extensive 
reviews with dozens of examples based on exclosure experiments and parallel monitoring of marine 
reserves and control sites before and after protection. Probably, the most famous example of an 
aquatic cascade is the one involving sea otters (Enhydra  lustris),  sea urchins, and kelp forests 
along the Pacific coasts of North America (review in Estes 2005). Sea otters, which prey heavily 
on sea urchins, were eradicated from vast coastal  areas by the Pacific maritime fur trade. By 
comparing areas with and without otters and by following longitudinal cycles of recovery and 
subsequent extinction of sea otters for over 30 years, Estes and colleagues demonstrated  how otter 
predation could limit herbivory by sea urchins, indirectly promoting the existence of widespread 
and structurally diverse kelp forests. In the absence of otters, sea urchins often increased to a point 
where kelp forests were rare or had completely disappeared. This process triggered diffuse indirect 
effects, thus influencing the whole seascape appearance,  ecosystem  productivity, nutrient cycling, 
growth rates of mussels and barnacles, densities of various fish species, and even the foraging 
tactics of other predators such as gulls.  A final twist of the story came in the 1990s when sudden 
predation on sea otters by killer whales, Orcinus orca, probably triggered by fisheries’ depletion of 
the killer whales’ main prey, added  a further top predator and trophic level to the system. As a 
result, otter populations declined, sea urchins increased and kelp forests deteriorated again (Estes 
et al. 1998). These results highlight the complexity and dynamic nature of the structuring force 
exerted by top predators. 

Contrary to aquatic systems, debate exists over the prevalence of trophic cascades in terrestrial 
ecosystems (e.g., Pace et al. 1999, Strong 1992 and references therein). In Table 1, we list 15 cases 
initiated by a top predator. For example, by comparing islands with and without top predators in a 
Venezuelan lake, Terborgh et al. (2001) showed that predator extinction resulted in up to 100-fold 
increases in herbivore density, with consequent impacts on tree mortality and regeneration. Mod- 
eling of the dynamics of this system predicted a complete  forest collapse in the near future on 
predator-free  islands (review in Terborgh 2005). Various North American studies have reported 
cascades where  top carnivores, such as wolf, cougar (Puma concolor), or grizzly bear (Ursus arctos), 
affect ungulate density and foraging patterns, with indirect, positive effects on plant species or 
communities (e.g., Berger et al. 2001, McLaren & Peterson 1994, Ripple & Beschta 2006). Effects 
of these cascades were shown  to transmit to birds, amphibians, lizards, butterflies, and fish, and 
even to affect landscape structuring processes such as stream erosion  (Berger  et al. 2001, Ripple 
& Beschta 2006). However, in other cases the effects are not so far reaching. For example, some 
cascades affect  only some plant species and not others, with no overall effect on plant diversity, 
nor on other taxa such as squirrels  or birds (Korpimä ki et al. 2002, Krebs et al. 2001, Norrdahl 
et al. 2002); these have been defined  as “species-cascades” as opposed to “community-cascades” 
(Schmitz et al. 2000). 

Finally, a type of cascade of high conservation relevance is “mesopredator  release” (Soulé et al. 
1988), by which removal of a top predator causes an increase in mesopredators with consequent, 
detrimental effects on some prey populations. For example, in Doñ ana National Park (Spain) 
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Table 1   Trophic cascades initiated by vertebrate top predators in terrestrial ecosystemsa 
 

Top predator 
initiating the 
cascade 

 Species negatively 
affected in the 

next trophic level 

 Species positively 
affected in the next 

trophic level 

  
Indirect ecosystem 

effects on: 

 

 
 

Source 
Wolf and 
grizzly bear 

→ Moose → Riparian vegetation 
(e.g., willow trees 

and shrubs) 

→ Riparian birds Berger et al. 2001 

Wolf → Moose → Various shrub and 
tree species 

→ Vegetation 
composition 

McLaren & 
Peterson 1994b 

Unspecified 
vertebrate 
top predators 

→ Pooled vertebrate 
and invertebrate 

herbivores 

→ Pooled tree species → Long-term forest 
persistence 

Terborgh et al. 
2001 

Cougar → Ungulate species → Riparian vegetation → Stream bank erosion, 
fishes, amphibians, 
lizards, butterflies 

Ripple & Beschta 
2006 

Cougar  Mule deer  Black oak  Vegetation 
recruitment rates 

Ripple & Beschta 
2008 

Various 
carnivores 

→ Ungulate species → Various tree species → Vegetation 
recruitment rates 

Ripple & Beschta 
2007a 

Wolf → Elk → Various tree species → Vegetation 
recruitment rates 

Ripple et al. 
2001; Ripple & 
Beschta 2003, 
2004b; Beschta 
2005; 2007 

Wolf → Elk → Aspen → Vegetation 
recruitment rates 

Beschta & 
Ripple 2007 

Lynx and 
coyote 

→ Hares → Voles, various plant 
species 

→ –c Krebs et al. 2001 

Coyote → Mammalian 
mesopredators 
(e.g., racoon) 

→ Birds → Not tested Rogers & 
Caro 1998 

Coyote → Mammalian 
mesopredators 

→ Scrub-breeding 
birds 

→ Not tested Crooks & 
Soulé 1999 

Coyote → Mammalian 
mesopredators 

→ Rodents → Not tested Henke & 
Bryant 1999 

Fox → Gulls → Plant community 
composition 

→ Nutrient subsidies 
and ecosystem 
productivity 

Maron et al. 2006 

Dingo → Feral cats and foxes → Terrestrial 
marsupials 

→ Not tested Johnson et al. 
2006 

Raptors and 
mustelids 

→ Voles → Various plant species → –c Norrdahl et al. 
2002 

 
a For freshwater and marine ecosystems, Carpenter & Kitchell (1993) and Steneck & Sala (2005) report dozens of examples of cascades initiated by 
vertebrate top predators. 
b See also McInnes et al. (1992). 
c Significant impact on some species but not others, with no overall community-level or ecosystem-level effects (“species cascades,” sensu Schmitz  et al. 
2000). 
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both Iberian lynx (Lynx pardinus) and Egyptian mongoose (Herpestes ichneumon)  prey on rabbits 
(Orictolagus cuniculus). However, lynx also kill mongooses, which accordingly avoid areas with lynx. 
As a result, mongooses take 5–10 times more rabbits in areas without lynx and rabbits are 2–4 
times more abundant in areas with lynx (Palomares et al. 1995). In a similar vein, in the Alps, eagle 
owls  (Bubo bubo) can depress the density of tawny owls (Strix aluco), which in turn are competitors 
and predators for other owl species. As a result, eagle owl abundance promotes higher diversity 
of the owl community, composed of many conservation-sensitive species (Sergio et al. 2007). A 
further example comes from Australia,  where dingoes (Canis lupus dingo) limit the populations of 
introduced mesopredators such as feral  cats (Felis catus) and foxes (Vulpes vulpes), which are capable 
of driving to extinction many species of native mammals. As a consequence, at a continent-wide 
scale, extinction rates of terrestrial  marsupials are at minimum in areas with dingoes and maximum 
in areas from which dingoes have been extirpated (Johnson et al. 2006). Other clear examples of 
mesopredator  release are given by Soulé et al. (1988), Rogers & Caro (1998), Crooks & Soulé 
(1999), and Roemer et al. (2002). 

Overall, these findings demonstrate that trophic cascades do occur widely across realms, habi- 
tats, and continents and that, in these cases, the predators may constitute an evolutionary compo- 
nent essential to the integrity and stability of the ecosystem. However,  caution should be used in 
assuming that top predators always have a structuring role, for the following reasons. (a) Top-down 
forcing is context-dependent  and may be affected by carrying capacity, food web complexity, prey 
refugia, and human action (Bowyer et al. 2005, Ray 2005, Schmitz et al. 2000); it follows that 
cascades do not always happen.  (b) Species cascades are probably more common than community 
cascades (Schmitz et al. 2000). Therefore, the capability of a top predator to trigger a cascade is no 
guarantee that this will affect the whole community or ecosystem. Most of the time it will affect 
only some species and not others. (c) Even when community cascades are in place, their outcome 
may be unexpected and sometimes undesirable. For example, killer whale predation on sea otters 
may indirectly disfavor the persistence of kelp forests, probably resulting in biodiversity-poor 
ecosystems (Estes et al. 1998).  (d ) Some species may be better than others  as structuring agents 
and some species may exert top-down forcing at one site but not at other ones. For example, 
wolf reintroduction has produced pronounced community effects in the Yellowstone  area but 
not in the eastern United States, where wolf populations will probably  never reach a sufficiently 
high density to limit its prey because of human  social issues (Berger  & Smith 2005, Ray 2005). 
(e) Similarly, many top predators are unlikely ever to regain the densities they once attained, 
because of widespread modification of ecosystems and conflict with humans. Therefore, their 
presence may frequently be more easily restored than their former densities and functional struc- 
turing role. These points suggest great caution in assuming that the protection or restoration of 
a top predator will automatically causally deliver broader ecosystem benefits. 

 
 

Spatio-Temporal Associations: Can Top Predators Indicate High Biodiversity? 
 

Top predators could be used in conservation  even if they do not cause high biodiversity value, 
provided that they are spatially or temporally associated with it. For example, they could be used 
to identify sites in need of protection. There are various ecological reasons why we could expect 
top predators to be associated with biodiversity  value. (a) Many studies have highlighted that the 
density of carnivores, raptors, and marine predators is often correlated with estimates of ecosystem 
productivity such as soil fertility, phosphorus levels in lakes, or the NDVI of vegetation produc- 
tivity (Carroll et al. 2001, Newton et al. 1977, Seoane et al. 2003, Sergio et al. 2003, Worm et al. 
2003). In turn, these ecosystem properties are usually strong predictors  of biodiversity value (re- 
views in Gaston 1996, Rosenzweig 1995), which would provide a direct link between abundance 
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of top predators and biodiversity. (b) Top predators are often sensitive to major ecosystem dys- 
functions, such as chemical pollution, habitat alteration, fragmentation, and other anthropogenic 
disturbances that are likely to impact many different taxa and whole communities (see below, in 
the Section, Top Predators as Sentinel  Species). (c) Apex predators often select sites with high to- 
pographical, habitat, and vegetational complexity (e.g., Carroll et al. 2001; Ferná ndez et al. 2003; 
Hyrenbach et al. 2000; Klimley et al. 2003; Sergio et al. 2004a, 2006b), which frequently promotes 
high biodiversity (Gaston 1996, Rosenzweig 1995). (d ) Most top predators have diets dominated 
by relatively few main prey species but include a large number of secondary prey species: richer 
(prey) communities will allow prey-switching during periods of scarcity of the main prey, ulti- 
mately favoring predator population persistence and linking predators to prey species diversity 
(e.g., Asseburg et al. 2006, Sinclair et al. 1998, Steenhof & Kochert 1988). Furthermore, because 
each of these prey species in turn depends on a complex suite of biotic and abiotic conditions, the 
presence of a predator implies the persistence of such diffuse complexity. The above reasoning 
highlights an interesting and often discounted aspect: In many  cases, top predators may need high 
biodiversity value and thus be associated with it in a bottom-up manner. 

In conclusion, we have listed at least six causative or noncausative reasons that may justify a 
link between apex predators and biodiversity  value: resource facilitation, trophic cascades, depen- 
dence on ecosystem productivity, sensitivity to dysfunctions, selection of heterogeneous sites, and 
extended links to many ecosystem components.  Below, we review the evidence for the applied 
effectiveness of top predators as surrogate species. 

 
 
TOP PREDATORS AS SURROGATE SPECIES 

 

Surrogate  species are most commonly classified  as keystone,  indicator, umbrella, sentinel, or 
flagship species (Caro & O’Doherty 1999). Below, for each surrogate scheme, we (a) explain the 
rationale for using top predators within such a scheme;  (b) report examples of their use; and 
(c) review quantitative  tests of their effectiveness as such a surrogate. 

 
 
Top Predators  as Keystone  Species 

 

Keystone  species are usually  defined  as those that have a disproportionate impact on the ecosys- 
tem relative to their abundance (Paine 1980, Simberloff 1998). We have already discussed the 
ecosystem structuring potential of top predators and the caveats involved.  In applied programs, 
the keystone role of top predators is usually invoked as a way to achieve ecosystem restoration 
within reintroduction projects (e.g., Berger & Smith 2005, Ray 2005, Soulé & Noss 1998). As we 
have seen, such a function may be highly context-dependent and does not hold necessarily for all 
species; thus it should be invoked with great caution. Warren et al. (1990) highlight the danger 
of such an approach: The reintroduction of bobcats (Lynx rufus) was justified as a way to control 
high-density ungulate populations. One year after the release, the media contested the project  be- 
cause of the absence of the marketed effects on ungulates, and emphasis had to be switched to the 
intrinsic value of the predator as a restored ecosystem-component itself. Probably, the keystone 
role of top predators could be used more reliably as a conservation  tool in aquatic ecosystems, 
where trophic cascades are more common. 

 
 
Top Predators  as Biodiversity  Indicators 

 

Above, we listed six reasons why top predators could be expected to indicate biodiversity value. Such 
a function has been usually employed  in conservation programs to identify the location of areas in 
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need of biodiversity protection, at sites as diverse  as tropical woodland, temperate mountainous 
areas, or the ocean (e.g., Andelman & Fagan 2000, Hooker & Gerber 2004, Wikramanayake et al. 
2002). 

In Table 2 we list the studies that have explicitly examined the spatial link between the presence 
of top predators and biodiversity value. Surprisingly, we found only eight studies, which tested 
the hypothesis using 15 predatory  species or pooled groups of species; all of them focussed on 
temperate  areas, except for a study on jaguars in Belize. Furthermore, these studies used a very 
different suite of spatial scales, methods,  sample sizes, data-sources, and estimates of biodiversity 
(Table 2), which makes cross comparisons quite difficult. For example, in some cases the identities 
of the predatory species were unspecified,  some assessments were based on a single individual of 
the investigated predatory species, and in one case the analysis was restricted to threatened species 
both in terms of the predators involved and of the taxa used for the biodiversity assessment. Overall, 
only about half of the studies found a positive  association and most of these centered on raptor 
species studied in the Alps, which makes it more difficult to extract any meaningful generalization. 

It may be worth mentioning that other studies have reported positive relationships between the 
occurrence of a predator and the richness of its main prey taxa, the most common  pattern being for 
higher richness of fish species recorded  at lakes occupied by piscivorous raptors (Berkelman et al. 
1999, Dzus & Gerrard 1989, Sergio et al. 2003). However, because in such cases the predator 
is directly trophically linked to the richness estimate, it is unclear whether such a relationship 
extends also to other components of biodiversity. The importance of using biodiversity measures 
trophically “disconnected” from the predator has been highlighted by various researchers (e.g., 
Bifolchi & Lode 2005; Sergio et al. 2005, 2006a). 

Finally, some studies have included top predatory species in wider assessments of the role 
of surrogate  species (e.g., Tognelli 2005, Williams et al. 2000). Unfortunately, researchers of 
such studies usually pool top predators and herbivores in the same test, obfuscating  comparisons 
between the performance of upper and lower trophic-level species. In one such study, Williams 
et al. (2000) selected six bird and mammal species that, when combined, cooccurred with the 
greatest amount of biodiversity. This set of species included only one top predator: the barn owl 
(Tyto alba). In conclusion, given the paucity of studies and the disparity of their results, it is difficult 
to reach any general conclusion, except that in some cases top predators may be used as biodiversity 
indicators and in others they should not. 

 
 

Top Predators  as Umbrella Species 
 

Top predators usually need large areas for foraging and breeding and are thus considered good 
umbrella species: the size, shape, and interconnectedness of protected areas, if planned on the basis 
of their exigent area requirements,  is expected to encompass the requirements of less demanding 
species. The underlying assumption is that the population of the top predator in the reserve 
must be viable (i.e., its requirements fully met). In contrast to biodiversity indicators, which may 
help to select the location of a reserve, umbrella  species can provide information on the size and 
configuration of protected areas. Top predators have been variously employed as umbrella species 
in conservation programs. For example, the Frontier Forest Initiative of the World  Resources 
Institute identified intact forests on the basis of various criteria, one of which was a patch-size 
large enough to sustain viable populations of the largest local carnivores (Bryant et al. 1997). 
In other cases, park area has been increased  to increase the viability of the populations of top 
predators, such as for bears in Austrian parks and Iberian lynx in Doñ ana National Park in Spain. 

There have been few tests of the hypothesis that protecting viable populations of top predators 
will benefit other taxa. Noss et al. (1996) tested the umbrella species concept in Idaho using an 
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Table 2   Published studies testing the spatial association between the presence of top predatory species and biodiversity 
valuea 

 

 
Type of top 
predator 

 

 
 

Region 

 
 

Scaleb 

 
Type of sample 

location 

 
Data 

“quality”c 

 
Sample 
sized 

 
Biodiversity 

estimatee 

Association 
with 

biodiversityf 

 

 
 

Reference 
One 
unknown 
species of 
carnivore 
or raptor 

California, 
USA 

25 km2 Quadrat Coarse 785g –h No Andelman & 
Fagan 2000 

Three 
species of 
carnivores 
and raptors 

Columbia 
Plateau, 

USA 

– Quadrat Coarse 1241g –h No Andelman & 
Fagan 2000 

13 species of 
carnivores 
and raptors 

USA – Whole county Coarse 2856g –h No Andelman & 
Fagan 2000 

Carnivores USA – Quadrat Coarse 336g Mammals, 
bees, 

moths, 
butterflies 

No Kerr 1997 

European 
otter 

France 0.3 km2 River transects Fine 9 Birds, 
amphibians, 

molluscs 

No Bifolchi & 
Lode 2005 

Jaguar Belize 1 km2 Quadrat Fine 1 Small 
mammals, 
birds, frogs 

No Caro et al. 
2004 

Wolf and 
grizzly bear 

Grand 
Teton, 
USA 

0.1 km2i Transects Fine 3 Birds Yes Berger et al. 
2001 

Cougar Zion 
Canyon, 

USA 

– River transects Fine 1 Plants, 
lizards, 

amphibians, 
butterflies 

Yes Ripple & 
Beschta 
2006 

Goshawk Hokkaido, 
Japan 

12 km2 Circle Fine 21 Plants, 
butterflies, 
carabids, 

birds 

No Ozaki et al. 
2006 

Goshawk Alps, 
Italy 

3 km2 Circle Fine 25 Birds, trees Yes Sergio et al. 
2005, 2006a 

Pygmy owl Alps, 
Italy 

3 km2 Circle Fine 25 Birds, trees Yes Sergio et al. 
2005, 2006a 

Tengmalm’s 
owl 

Alps, 
Italy 

3 km2 Circle Fine 25 Birds, trees Yes Sergio et al. 
2005, 2006a 

Tawny owl Alps, 
Italy 

3 km2 Circle Fine 25 Birds, trees Yes Sergio et al. 
2005, 2006a 

Long-eared 
owl 

Alps, 
Italy 

3 km2 Circle Fine 25 Birds, 
butterflies, 

trees 

Yes Sergio et al. 
2005, 2006a 

(Continued ) 
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Table 2   (Continued ) 
 

 
Type of top 
predator 

 

 
 

Region 

 
 

Scaleb 

 
Type of sample 

location 

 
Data 

“quality”c 

 
Sample 
sized 

 
Biodiversity 

estimatee 

Association 
with 

biodiversityf 

 

 
 

Reference 
Scops owl Alps, 

Italy 
3 km2 Circle Fine 25 Birds, 

butterflies, 
trees 

Yes Sergio et al. 
2005, 2006a 

Eagle owl Alps, 
Italy 

100 km2 Quadrat Coarse 31 Birds, 
amphibians, 

reptiles 

Yes Sergio et al. 
2004a 

a Whenever possible, results are reported on a per species basis. To be conservative, we discounted studies in which biodiversity was only measured  as the 
richness of the taxa that are also the main prey species for the predator (e.g., biodiversity only measured  as the richness of fish species when the top 
predator is a piscivorous  raptor, such as in Sergio et al. 2003). –, information not specified. 
b Approximate  size of the sample-unit at which biodiversity  estimates were collected, such as an atlas-quadrat, or a circle around  a nest site. 
c Coarse, datasets based on mixed sources, including museum specimens or occasional sightings; Fine, datasets based on ad hoc surveys. 
d Number of sample locations occupied by the top predatory species. 
e Taxa employed as estimates  of biodiversity value. 
f Yes, top predator found to be positively associated with biodiversity; No, no significant  associations between the two. 
g Overall sample size of sites occupied or not by the top predators. 
h Assessment only restricted to an existing  database of threatened  species, without specifying the taxa. 
i Based on three 100-m transects spaced ≥200 m apart (Berger et al. 2001). 

 
action plan for grizzly bear conservation  (using a population that was assumed to be viable) and 
distributions of terrestrial vertebrate  species. They found that some taxa benefited  from setting 
up reserves to protect the bears (e.g., birds and mammals) while others did not (e.g., reptiles). 
Similarly, Carroll et al. (2003) showed that the effectiveness of using population viabilities of a 
suite of large carnivores in the Rocky Mountains (United States and Canada) to determine the 
location and dimensions of reserves was variable depending  on the nontarget taxon and degree 
of endemism. For example, the reserve network achieved the coverage of 50% of bird species, 
27% of rare mammals, and 19% of nonvascular plants. Along the same lines, biodiversity levels 
did not vary between 13-km2 areas used or not used by goshawks for foraging in Japan, the size 
of the areas being based on the average, local home range size of goshawks (Ozaki et al. 2006). 
On the contrary, higher biodiversity value was associated with larger  expanses of habitat classified 
as suitable  for eagle owls in the Alps, based on a validated habitat-selection  model (Sergio et al. 
2004a). Finally, different studies have shown that sites used by top marine predators for breeding 
and foraging overlap widely with biodiversity hotspots in the open oceans (Worm et al. 2003, 
2005). Networks of marine  reserves based on these areas could  achieve high biodiversity coverage 
(Hooker & Gerber 2004, Zacharias & Roff 2001). 

In conclusion, there has been little quantitative investigation of the effectiveness of top preda- 
tors as umbrella species. The few results currently available are mixed and mostly show relatively 
low effectiveness of terrestrial predators as umbrellas, though their employment in marine envi- 
ronments seems more promising. From a qualitative  point of view, it has been suggested that the 
umbrella role of top predators may be useful simply as a way to “think large,” thus promoting large 
reserve size (Ray et al. 2005). The fact that larger areas support  more species is a widely accepted 
pattern in ecology (reviews in Gaston 1996, Rosenzweig 1995). 

 
Top Predators  as Sentinel  Species 

 

Apex predators are often suggested  as reliable  sentinel  species (also called “condition indicators”) 
owing to their position at the top of the food chain and to a number of life history traits (low 
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density, low fecundity, extended periods of juvenile dependence, etc.) that make them particularly 
vulnerable to human-induced alterations of their supporting ecosystems. For example,  a group 
of carnivore species is employed  as an early warning system of ecosystem dysfunctions  within 
Canadian national  parks, whereas sharks, whales, and seabirds are often used as indicator species 
in various marine parks and ecosystems (Boyd & Murray 2001, Ray 2005). 

Much evidence suggests that the sentinel role of predators is justified: (a) Top predatory species 
are usually the first to go extinct in a system, consistent  with the idea of their higher sensitivity 
(Duffy 2002). (b) Many studies have demonstrated bioaccumulation  of toxic pollutants along the 
food chain. The best example is surely the spectacular declines of numerous raptor species through- 
out Europe and North America in the 1950s–1970s caused by DDT and PCB contamination. This 
triggered  extensive investigations, demonstration of wide-ranging effects on other taxa, and a sub- 
sequent ban on these products,  known to be harmful also to human health (the “DDT saga,” 
reviewed in Newton 1979). Other examples of sensitivity to toxic chemicals include sea otters 
and petroleum pollution; American alligators and heavy metals; and a large array of aquatic or 
marine predators known to be capable of pronounced bioaccumulation, such as polar bears (Ursus 
maritimus), dolphins, killer whales, herons, and seabirds (Bossert 2006, Burger & Gochfeld 2004, 
Duvall & Barron 2000, Jessup et al. 2004, Wells et al. 2004). (c) Top predators are often sensitive to 
human modifications of landscape structure and composition. Even if not all species are similarly 
affected and even if some may be more resilient than others or even favored by human-induced 
changes (Bird et al. 1996, Crooks 2002, Rodr ı́guez-Estrella et al. 1998, Weaver et al. 1996), studies 
that have followed the whole landscape transformation process have usually reported profound 
community changes and progressive extirpation of many demanding species (e.g., Crooks 2002; 
Thiollay 1993, 2006). Ferguson & Lariviere (2002) suggest ways to predict the identity of the most 
sensitive species in a predator community based on their life history traits. (d ) Many top preda- 
tory species respond to vegetation structure within habitat patches, which is often determined by 
management regimes, such as silvicultural or agro-pastoral practices. These species have been fre- 
quently employed as management indicator species,  such as American martens (Martes americana), 
goshawks (Accipiter gentilis), and spotted owls (Strix occidentalis) in the United States, Canada, and 
Japan (Hanley et al. 2005, Ozaki et al. 2006, Ray 2005). The rationale behind such a role is that 
management practices that affect these sensitive species also negatively affect other less demanding 
ones (a variant of the umbrella-concept). We are not aware of quantitative tests of this hypothesis. 
(e) Populations of top predators are often reported to respond to various ecosystem perturbations, 
often provoked by human action and besides those already detailed above. Examples include  elec- 
trocution, eutrophication, unsustainable harvest of resources,  excessive use of rodenticides, and 
poisoning campaigns (Pauly et al. 1998; Sergio et al. 2003, 2004b; Shore et al. 1999; Stone et al. 
2003). The last are usually directed at mammalian carnivores and, being illegal, would be difficult 
to detect if they did not cause massive mortality of nontarget predatory  species, such as raptors 
(Villafuerte et al. 1998). In this sense, top predators may help to uncover subtle ecosystem threats. 

In conclusion, the sentinel role of many top predatory species has been widely demonstrated 
and seems promising. Some species may be particularly useful because they may function as early 
warning systems for contamination by chemicals that are harmful to many biota as well as humans 
(e.g., mercury, DDT, PCB). However, the efficacy of top predators as indicators of landscape degra- 
dation and management practices may be more conditional on the identity of the chosen species. 

 
Top Predators  as Flagship Species 

 

Top predators feature prominently among flagship species owing to their inherent charismatic 
appearance and behavior. Conservation  organizations use them extensively  as poster  species on 
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campaign logos, magazine covers, and advertisements to attract funding and attention to a larger 
cause. For example, the jaguar was used as a symbol to promote a large-scale, crossnational conser- 
vation corridor that linked protected  areas ranging from Mexico to Colombia (“Paseo Pantera”) 
and received $7.1 million US from the World Bank (World Bank 1997). On a smaller  scale, in 
Florida, members of the public can pay extra for a panther-bearing  license plate, the additional 
money being devoted to biodiversity conservation (Ray 2005, Simberloff 1998). 

The high appeal that many top predators exert on the public has been well demonstrated in 
polls (e.g., Carvell et al. 1998, Leader-Williams & Dublin 2000, Ray 2005). Probably, the best 
demonstration of the superior value of top predators  as flagships  is given by an assessment of 
the economic  value assigned by U.K. citizens to a predator, the otter (Lutra lutra), and to an 
herbivore, the water vole (Arvicola terrestris) (White et al. 1997). Both species occupy the same 
habitat and are threatened by habitat change, fragmentation,  and pollution. Interviewed people 
were willing to pay more for the otter (  11.9) than for the water vole (  7.4) and, even more 
surprisingly, they were willing to pay more for the otter alone than for the otter and water vole 
together (  10.9). Further demonstration of the enormous fundraising potential of some apex 
predators is shown by estimates of their economic  value: a single lion (Panthera  leo) in Amboseli 
National Park (Kenya)  was worth $27,000 US per year in visitor attraction and a leopard  (Panthera 
pardus) in Londoloze Game Reserve (South Africa) was worth $50,000 US per year, while the 
reintroduction of lions to Pilanesberg National Park (South Africa) would generate $9 million US 
per year for the regional economy (Martin & de Meulenaer 1988, McNeely 2000). Raptors also 
feature prominently as flagships: In the 1960s peregrine falcons (Falco peregrinus) became the icon 
of conservation  campaigns against pesticides, while spotted owls are world renowned  as poster 
species in campaigns to preserve old-growth forests (Newton 1979, Yaffee 1994). 

Overall, few conservation biologists would doubt the fundraising potential of most mammal or 
avian top predatory  species. Besides the economic gains, flagship predators are also ideal targets 
for education and dissemination, because the attention of a nonexpert  audience is usually more 
easily captured by charismatic species than by difficult concepts such as functional biodiversity and 
ecosystem integrity (Entwistle & Dunstone 2000, Ray 2005). However, there are circumstances in 
which  these species should  not be used,  such  as when they generate conflict with local communities 
because of human deaths, livestock  losses, or other conflict situations (e.g., Linnell et al. 2000, 
2005; Naughton-Treves et al. 2003; Woodroffe et al. 2005; Zimmermann et al. 2005). 

 
 

CONCLUSIONS 
 

In this review, we have outlined the rationale and efficacy of the employment of top predators 
in conservation biology and have been careful to separate conservation  plans, projects, and in- 
vestigations according to surrogate schemes. Overall, we found a mix of positive and negative 
support for their efficacy  as surrogates,  which is a common theme in most assessments of sur- 
rogate species, not just top predatory  ones (e.g., Carignan & Villard 2002, Caro & O’Doherty 
1999). For example, apex predators may function as structuring agents and biodiversity indicators 
in some ecosystems or regions but not in others, and there is little evidence for their umbrella 
role, while more consensus exists for their efficacy  as sentinel and flagship species. 

The most common pattern to emerge from this overview is probably that the efficacy of top 
predators as surrogates  seems highly species- and context-dependent. Three examples may high- 
light the complex roles of these species: (a) in the Florida Everglades, American alligators create 
and maintain ponds that are essential habitat for other taxa; their nests, guarded against predators, 
offer safe breeding  sites favored by turtles and snakes, which in turn are preyed upon by foraging 
alligators with indirect, positive effects on aquatic invertebrates, crayfish, frogs, salamanders, mice, 
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and rats (Bondavalli & Ulanowicz 1999). However, alligators may not be good flagship  species 
and may create local conflict because of attacks on humans (Jacobsen & Kushlan 1986). (b) Otters 
are good flagships and provide a reliable sentinel role against pollution but may not be reliable 
biodiversity indicators (Bifolchi & Lode 2005, Mason 1996, White et al. 1997). (c) Lions are 
spectacular fund raisers, but their role as structuring agents is highly context-dependent; they can 
limit the populations of threatened mesocarnivores, and they sometimes generate extreme conflict 
with local communities because of human killings and livestock predation (Gittleman et al. 2001, 
McNeely 2000, Mills 2005, Packer et al. 2005). The context-dependence and species-dependence 
demonstrated above indicate the importance of locally tailored, cautious choices of top predatory 
species appropriate to the conservation task to be achieved. In this sense, the advantage of using 
top predators may lie in their frequent potential to adhere to various surrogate schemes, making 
them flexible tools. Under this scenario, conservation biologists could be seen as “talent scouts” 
or “trainers” who must identify the surrogate-potential of each species and use it or market it at 
its best depending on the socio-ecological context and target. 

 
 

Ways Forward 
 

Our review has uncovered  an astonishing lack of quantitative studies testing the efficacy of top 
predators  as surrogates.  This is even more surprising when one considers that conservation has 
focused on these species for a century and annually entails enormous financial investments. In 
particular, there is an urgent need for studies on their structuring potential in terrestrial ecosystems 
and on their efficacy as local biodiversity indicators. The latter type of investigation could be easily 
incorporated as a pilot study into many conservation programs; it may be accomplished relatively 
quickly (Sergio et al. 2005, Ozaki et al. 2006), and it is needed to reach a consensus about how 
general is the pattern of spatial association with biodiversity value,  a crucial and controversial 
issue currently based on a handful of studies. A further unexplored field is the use of species 
richness of a whole top predator assemblage as a biodiversity surrogate. This could be a promising 
measure because of the low species-redundancy of predator communities (Woodroffe & Ginsberg 
2005) and because the species richness of predator assemblages is commonly reported as a reliable 
predictor of the species richness of their prey communities (Begon et al. 1990). 

Despite the mixed support for apex predators  as surrogates,  these species can still be used 
in conservation, albeit with more caution. Here, we list some conservation strategies that could 
incorporate top predators as useful surrogate species. (a) A focus on apex predators may be useful 
in promoting the idea of protection or management of large areas (“think large” hypothesis,  see 
above). For example, Linnell et al. (2005) propose to use top predators for coarse-level, large-scale 
conservation planning. These large, interconnected areas and their matrix can then be managed 
at a finer scale on the basis of the ecological requirements of other species. (b) Top predators could 
be used as flagships for fund raising only after biodiversity targets have been decided on the basis 
of other criteria. For example, once an area is the target of protection based on a reserve selection 
algorithm applied to biodiversity measures, a charismatic predator present in the potential reserve 
could be used as a flagship for fund raising and education. (c) Top predators could be used as part of 
a set of surrogate  species selected from as many trophic levels  as possible (Hanley et al. 2005). The 
above proposals are in line with the increasing consensus about the efficacy of mixed strategies in 
conservation biology (e.g., Carignan & Villard 2002, Entwistle & Dunstone 2000, Groves 2003). 

Finally, based on the issues raised by our overview, we list a series of criteria that could help 
to choose a candidate surrogate  species among those available in the local predator community: 
(a) avoid species generating  local conflict, unless this use is exclusively for fund raising operated 
at a distant location; (b) focus on species that are well-studied, easy to monitor, appeal to the 

http://www.annualreviews.org/�


14 Sergio et al.  

. 

public, and whose ecology is known in detail; (c) choose species with a varied diet (i.e., linked 
to many other ecosystem components) or specialized on herbivores that are likely to be keystone 
species for their ecosystem (e.g., voles in Fennoscandia, hares in boreal forests); (d ) select predators 
dependent on prey species with high interaction strength,  such as ungulates capable of exerting 
strong browsing pressure or mesopredators known to prey on threatened birds; (e) at the same 
time, avoid top predators that may depress populations of other threatened  species, such as lions 
in areas of sympatry with endangered  cheetahs (Acinonyx jubatus) or wild dogs (Lycaon pictus); ( 
f ) focus on species known to trigger a trophic cascade or hypothesized to do so, and include a 
follow-up plan to monitor community effects, as for the wolf reintroduction to Yellowstone (Berger 
& Smith 2005); (g) if possible, use a threatened  species or a species dependent  on a threatened 
habitat  and prey, so that its conservation may be useful anyway based on its intrinsic value. 

In conclusion,  and based on observations from the past 50 years, top predators will continue 
to be used extensively in conservation programs, especially because of their enormous potential as 
tools for fund raising and public relations. Our review has highlighted many gaps in our knowledge 
about the performance of such species and various examples of low efficiency, but also many cir- 
cumstances in which  these species may be extremely useful. Instead of passing from the idea of top 
predators as a “panacea” for biodiversity conservation to their complete dismissal because of some 
negative examples, the way forward may be to use them more cautiously and opportunistically, 
depending on local context, as part of wider mixed strategies and within an adaptive management 
approach. 
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and Gabriela Cruz-Piñ ón ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣93 

 
Morphological Integration and Developmental Modularity 

Christian  Peter Klingenberg ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ 115 
 
Herbivory from Individuals to Ecosystems 

Oswald J. Schmitz ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ ♣ 133 
 

Stoichiometry and Nutrition of Plant Growth in Natural Communities 
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