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INTRODUCTION

Diadematidae constitutes one of the most impor-
tant sea urchin families. The ability of species in this
family to occupy different niches, associated with
their generalist diet, is an important factor that
explains their success in coral reefs (Birkeland 1989).
They have an important role in reef areas due to their
effect on algal biomass, structure, and distribution, as
well as in the composition of coral reef and reef geo-
morphology (Sammarco et al. 1974, Sammarco 1980,
1982a,b, Scoffin et al. 1980, Birkeland 1989).
Diadema is among the most abundant, widely dis-
persed, and ecologically important genera of sea
urchin in tropical shallow waters (Lessios et al. 2001).

D. antillarum is one of the most studied tropical sea
urchins because of its role in Caribbean coral reefs

before and after its mass mortality in 1983 (Ogden
1977, Scoffin et al. 1980, Sammarco 1980, 1982a,b,
Bak et al. 1984, Hughes et al. 1987). Its high densities
were probably a result of overfishing of its predators
(Hay 1984), and its feeding on algae resulted in a
greater availability of substrates for coral settlement
and recruitment (Sammarco 1980, 1982a, Carleton &
Sammarco 1987). After the mass mortality event,
along with other disturbances (Mumby et al. 2006), a
phase shift began to be noticed in the Caribbean
reefs (Hughes 1994, Bellwood et al. 2004, Bruno et al.
2009).

D. mexicanum plays a prominent role in Eastern
Tropical Pacific (ETP) reefs, as has been shown off
the western coast of Panama by Glynn (1988) and
Eakin (1992, 1996, 2001). After the El Niño event of
1982− 1983, its population densities changed from 3
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ABSTRACT: Diadema is among the most abundant, widely dispersed, and ecologically important
genera of sea urchin in tropical shallow waters. D. mexicanum is distributed from the Gulf of
 California to northern Peru, including the oceanic islands of Revillagigedo, Clipperton, Coco,
Malpelo, and Galápagos, and it is one of the most important sea urchin species in Eastern Tropical
Pacific (ETP) coral reefs. In the 1980s, El Niño caused high coral mortality, resulting in an increase
in macroalgal cover. This resulted in higher sea urchin bioerosion activity, which weakened the
reef frameworks. Considering the high vulnerability of the ETP coral reefs, the aim of this study
was to determine regional differences in the density, size (test diameter), and biomass of D. mex-
icanum at 12 localities in 4 countries between 2009 and 2010, and to determine possible causes of
these differences. The average density, size, and biomass of D. mexicanum were 0.47 ± 0.15 ind.
m−2, 4.38 ± 1.50 cm, and 0.26 ± 0.33 g m−2. The test size frequency that predominated was 2 to
3 cm. Predation by macrophagous fishes seems to be one of the most important factors that
explains the presence of low densities and small size of sea urchins throughout the region. The
increase in D. mexicanum predators is probably a result of overfishing of top predators.
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to 50−150 ind. m−2. The result of this increase was a
 significant erosion of the reef framework (Glynn
1988, Eakin 1996, 2001). At Isla del Coco, Costa Rica,
an increase in density was seen in D. mexicanum
(Guzman & Cortés 1992), causing similar effects to
those in Panama. However, for most of the ETP, the
impact of bioerosion by D. mexicanum was not
 documented. Over time, interest in understanding the
status of D. mexicanum populations has in creased in
the ETP, resulting in more data on population density
for a variety of sites (e.g. Glynn et al. 1996, Eakin
2001, Edgar et al. 2004, Herrera-Escalante et al.
2005,  Guzman & Cortés 2007, Alvarado & Chiriboga
2008, Benítez-Villalobos et al. 2008). However, many
of these studies were conducted using different
methodologies and focused on the density of sea
urchins without providing further information on size,
biomass or other factors that affect their populations.

Here we describe for the first time, with a regional
focus, the population density, test size, and biomass
distribution of D. mexicanum in the ETP. These
 variables are key to understanding ecological pro-
cesses in coral reefs such as herbivory and bioerosion
(Bak 1994, Carreiro-Silva & McClanahan 2001). We
applied a standard methodology at 12 localities off
the west coasts of Mexico, El Salvador, Costa Rica,
and Panama to address the following questions: (1)
Are there differences in the population density, test
size, and biomass of D. mexicanum between locali-
ties, biogeographic provinces, or conservation strate-
gies? (2) If there are differences, what are the most
probable causes?

MATERIALS AND METHODS

This study was carried out at 12 localities with coral
reefs in the ETP (Fig. 1). These included continental,
peninsular, and insular environments, both protected
(national parks or biological reserves) and non-pro-
tected areas (Table S1 in the Supplement at www.
int-res.com/articles/suppl/b024p151_supp.pdf). For
2 additional sites, information from the Archipiélago
de Revillagigedo (Mexico) was provided by the Reef
Systems Laboratory http://lavisauabcs.blogspot.com/
of the Universidad Autónoma de Baja California Sur
(45 transects surveyed in April 2012 in the Socorro
Islands, Roca Partida, and San Benedicto), and for
the Galápagos Islands (Ecuador) by the Charles Dar-
win Foundation http://www.darwinfoundation.org/es/
investigacion/investigacion-marina/ (40 transects sur -
veyed in March 2000 and May 2001, at the Darwin
and Wolf Islands).

At each locality (A−L, Fig. 1), 3 sites were sampled
(i.e. A1, A2, A3, etc.), with the exception of the Coiba
and Perlas archipelagos, where 5 sites were sampled,
and Carrizales and Marietas, where 2 sites were
sampled due to the size of the study area. At each
site, the density of Diadema mexicanum was quanti-
fied along 3 transects (10 × 2 m; total sampled area of
60 m2) parallel to the coast in the forereef area,
between 4 and 8 m depth. This was done without
removing any live coral colony or destroying any reef
structure.

In each transect, test diameters of a minimum of 50
sea urchins were measured using Vernier calipers
(0.01 cm). The biomass of D. mexicanum was calcu-
lated using the regression reported by Hernández et
al. (2008) for D. africanum:

DW  =  0.00913 × (TD2.57867) (1)

where DW is the sea urchin dry weight (g ind.−1) and
TD is the test diameter (mm).

The average DW of urchins per site was multiplied
by density at the site to calculate the biomass (g m−2).
The biomass represents a standard measurement for
all sea organisms and allows a simultaneous analysis
across major taxonomic groups of coral reefs. This
approximation is not possible with traditional abun-
dance or coverage measures (Newman et al. 2006).

One-way ANOVA was performed to determine
 differences between the localities in terms of urchin
density, size, and biomass (Bakus 2007). To evaluate
differences between biogeographic provinces, the
sites were grouped a priori according to the classifi-
cation by Briggs (1974) (Fig. 2). The 2 sites of the
Cortezian province (Isla Espíritu Santo and Cabo
Pulmo) were included in the Mexican province (Islas
Marietas, Carrizales, Ixtapa-Zihuatanejo, and Huat-
ulco). The other provinces were Panamic (Los
Cóbanos, Bahía Culebra, Isla del Caño, Isla Coiba,
and Archipiélago Las Perlas) and Oceanic Islands
(Archipiélago de Revillagigedo, Isla del Coco, and
Darwin and Wolf). A similar analysis was done by
levels of protection: (1) marine protected areas
(MPAs) without fisheries (no-take MPAs: Isla del
Coco, Isla del Caño, Darwin and Wolf, and Revil-
lagigedo); (2) MPAs with fisheries (take MPAs: Isla
Espíritu Santo, Cabo Pulmo, Islas Marietas, Huat-
ulco, Los Cóbanos, Coiba, and Las Perlas); and (3)
non-protected areas (non-MPAs: Carrizales, Ixtapa-
Zihuatanejo, Bahía Culebra). One-way ANOVA tests
were performed using the biogeographic province
and the level of protection as factors, and density,
size, and biomass as variables. In the case of any sig-
nificant differences, a posteriori Tukey tests were
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performed to determine which provinces explain the
differences. For the analysis of density and biomass,
Bahía Culebra was excluded because the extreme
values of this locality are the result of a recent
recruitment due to the deteriorating environmental
conditions of the area (Alvarado et al. 2012).

The frequency distribution of test diameters was
compared using a chi-squared test. A Bray-Curtis
similarity index was calculated with the standardized
data to construct an average clustering dendrogram
and a non-metric multidimensional scaling (nMDS)
(Clarke & Gorley 2006). In this case, the factors were
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Fig. 1. Localities sampled in the Eastern Tropical Pacific (ETP). A: Isla Espíritu Santo; B: Cabo Pulmo; C: Marietas; 
D: Carrizales; E: Ixtapa-Zihuatanejo; F: Huatulco; G: Los Cóbanos; H: Bahía Culebra; I: Isla del Caño; J: Isla del Coco; 

K: Isla Coiba; L: Archipiélago Las Perlas
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biogeographic province (Cortezian-Mexican, Pan -
amic, and Oceanic Islands) and the level or protec-
tion (0: non-protected areas; I: no-take MPAs; and II:
take MPAs). An ANOSIM was done to determine

 differences between the provinces.
These analyses were performed using
PRIMER 6.0 software (Clarke & Gorley
2006).

RESULTS

In total, 114 transects were surveyed
(2280 m2), along which 9307 sea urchins
were counted and test diameters of
1600 individuals were measured. The
 average density (±SE) of Diadema mexi-
canum in the ETP was 0.47 ± 0.15 ind.
m−2, being highest in Bahía Culebra
(2.19 ± 0.57 ind. m−2) and lowest in Los
Cóbanos (0.02 ± 0.01 ind. m−2; F13,185 =
4.557, p < 0.001; Fig. 2A). The Cortezian-
Mexican Province had the lowest densi-
ties (0.19 ± 0.15 ind. m−2), followed by the
Panamic Province (0.35 ± 0.30 ind. m−2),
while the Oceanic Islands had the high-
est density (0.66 ± 0.19 ind. m−2; F2,10 =
5.465, p < 0.025). Sea urchin density was
higher in non-MPAs (0.91 ± 1.11 ind.
m−2), followed by no-take MPAs (0.57 ±
0.24 ind. m−2) and take MPAs (0.23 ±
0.36 ind. m−2; F2,11 = 1.883, p = 0.198;
Fig. 3).

Sea urchin average size (± SE) was
4.38 ± 1.50 cm, with the maximum at Isla
del Coco (6.71 ± 0.16 cm) and the mini-
mum in Cabo Pulmo (2.39 ± 0.08 cm;
F13,185 = 22.381, p < 0.001; Fig. 2B). The
largest individual was found at Isla del
Coco (12.30 cm), while the smallest was
found at Carrizales (0.37 cm). The aver-
age size of the sea urchins in no-take
MPA localities was 5.77 ± 1.22 cm, 4.11 ±
1.11 cm in non-MPAs, and 3.67 ± 1.36 cm
in take MPAs (F2,11 = 3.459, p = 0.068;
Fig. 3).

Test diameters ranged from 0.37 to
12.30 cm (Fig. 4). In general, most sizes
were 2−3 cm (n = 406), 3−4 cm (n = 300),
and 4−5 cm (n = 229). Sizes classes 1−2,
5−6, 6−7, and 7−8 cm included between
200 and 100 individuals each, while the
rest of the sizes were represented by

fewer than 10 individuals. In the majority of locali-
ties, except for Isla del Coco, Revillagigedo, Darwin
and Wolf, and Marietas, sea urchins were small (χ2 =
1795.46, df = 156, p < 0.001). Isla del Coco was the
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Fig. 2. (A) Density, (B) test size, and (C) biomass of Diadema mexicanum
along the Eastern Tropical Pacific. (D) Study areas: (1) Isla Espíritu Santo,
(2) Cabo Pulmo, (3) Archipiélago de Revillagigedo, (4) Islas Marietas, (5)
Carrizales, (6) Ixtapa-Zihuatanejo, (7) Huatulco, (8) Los Cóbanos, (9) Bahía
Culebra, (10) Isla del Caño, (11) Isla del Coco, (12) Darwin and Wolf, (13)
Coiba, and (14) Archipiélago Las Perlas. Sites allocated to 3 biogeographic
provinces (a: Cortezian-Mexican, b: oceanic islands, and c: Panamic) ac -
cording to Briggs (1974). The horizontal line represents the average. Error
bars: SE. Means with different letters are significantly different at p < 0.05 

(Tukey’s post-hoc test)



Alvarado et al.: Diadema mexicanum in Pacific coral reefs

only locality that had a high range of size intervals
(10). Cabo Pulmo had only 3, Los Cóbanos 4, Espíritu
Santo, Isla del Caño, and Las Perlas 5, Ixtapa-Zihu-
atanejo and Bahía Culebra 6, Carrizales 7, and Mari-
etas had 8 (Fig. 4).

The size frequencies grouped the localities in 4 sets
with 60% similarity (Fig. 5A,B): (1) Isla del Coco, Dar-
win and Wolf, Archipiélago de Revillagigedo, and
Marietas; (2) Los Cóbanos and Ixtapa-Zihuatanejo;
(3) Bahía Culebra, Isla del Caño, Carrizales, and
Huatulco; and (4) Las Perlas, Coiba, Isla Espíritu
Santo, and Cabo Pulmo. Group 1, the larger sizes
(6−12 cm), includes all the localities that belong to
the Oceanic Islands Province, that are no-take MPAs
and 1 locality from the Cortezian-Mexican Province
that is a take MPA. The other groups included a mix-
ture of biogeographic provinces. Group 2 included a
take MPA and a non-protected area, while group 3
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Fig. 3. Mean (±SD) test size and density of Diadema mexi-
canum by management category in the sampling localities
in the Eastern Tropical Pacific. Non-MPA: non-marine pro-
tected area; take MPA: MPA with fishery; no-take MPA: 

MPA without fishery

Fig. 4. Test size frequency of Diadema mexicanum in the study areas along the Eastern Tropical Pacific. n: number of sea 
urchins measured



included all levels of protection. Group 4, however,
included only localities that are take-MPAs. This last
group had the smallest sizes (2−4 cm), while groups 2
and 3 had sizes between 3 and 5 cm (ANOSIM, R =
0.298, p < 0.05).

Sea urchin average biomass (± SE) was 0.26 ± 0.33 g
m−2, with the maximum at Revillagigedo (1.07 ± 1.52 g
m−2) and the minimum at Cabo Pulmo and Los
Cóbanos (0.01 ± 0.01 g m−2, for both localities;
F13,185 = 4.433, p < 0.001; Fig. 2C). Significant differ-
ences were also found between the biogeographic
provinces (F2,10 = 24.750, p < 0.001; Bahía Culebra
excluded), the 2 continental provinces being differ-
ent from the Oceanic Province (p < 0.001).

DISCUSSION

Global patterns

The average Diadema mexicanum density in the
ETP was 0.47 ± 0.15 ind. m−2 (min.: 0.02, max.: 2.19 ind.
m−2), which is intermediate compared to other reef
regions harboring the genus Diadema (Table S2 in
the Supplement at www.int-res.com/articles/ suppl/
b024p151_supp.pdf). Low densities (<0.10 ind. m−2)
have been found in Fiji, Australia, and Hawaii (Cop-
pard & Campbell 2007, Vermeij et al. 2010, Young &
Bellwood 2011). Intermediate densities (0.1−1.0 ind.
m−2) have been found in Fiji, Cuba, and the ETP
(Coppard & Campbell 2007, Martín Blanco et al.
2010, this study), and high densities (>1.0 ind. m−2)
have been found in the Caribbean, Brazil, the Canary
Islands, and Kenya (Table S2). The highest densi -
ties in the Caribbean (71−100 ind. m−2; Table S2)

occurred prior to the 1983 mass mortality of D. antil-
larum (Sammarco 1980). As stated by Hay (1984),
these high densities were likely the result of the lack
of sea urchin predators caused by over fishing. More-
over, the reefs during the 1970s and the early 1980s
were structurally more complex, providing shelter
to sea urchins (Haley & Solandt 2001, Lee 2006,
Álvarez-Filip et al. 2009). Other localities with high
densities of Diadematidae such as Kenya (5.7 ind.
m−2; McClanahan & Shafir 1990) and the Canary
Islands (2.82 ind. m−2; Hernández et al. 2008), lack
sea urchin predators due to overfishing.

Sammarco (1985) indicated that in the Great Bar-
rier Reef in Australia, the densities of sea urchins are
insignificant (i.e. D. setosum: 0.06−0.76 ind. m−2).
Clark (1938) stated that the sea urchins are conspi -
cuously absent from the Great Barrier Reef. Unlike
the Caribbean where overfishing produced high
densities of D. antillarum (Hay 1984), fishing in the
Great Barrier Reef has been more specific and
directed toward Serranidae, Lutjanidae, and Lethrin -
idae (Sam marco 1985). This specific type of fishing
probably allowed more predatory fish species to
 survive, resulting in low sea urchin abundances.
This may suggest a similar situation in the ETP with
D. mexicanum.

Biomasses of D. mexicanum in the ETP were lower
than those of other Diadema species in Tanzania
(D. savignyi: 54.2 g m−2; D. setosum: 4.3 g m−2), but
similar to those found in protected areas in Kenya
(D. savignyi: 0.03 g m−2; D. setosum: 0.09 g m−2;
Muthiga & McClanahan 2007). In the Canary Islands,
D. africanum had high biomass in fishing areas
(81.6 g m−2) compared to protected areas (2.41 g m−2;
Hernández et al. 2008).

Aquat Biol 24: 151–161, 2016156

Fig. 5. (A) Single linkage dendrogram and (B) non-metric multidimensional scaling (nMDS) established from a Bray-Curtis
similarity index of the frequency distribution of test diameter of Diadema mexicanum in the study localities. MPA: marine 

protected area
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Survivorship and predation

The abundance of macrophagous fish associated
with the unavailability of shelter are the factors that
seem to explain the density, size, and biomass distri-
bution of D. mexicanum in the ETP. It is likely that
overfishing of top predatory fish has allowed popula-
tions of macrophagous predators to increase. Preda-
tion can alter the structure of the communities and
ecosystem functions (Hairston et al. 1960, Duffy &
Hay 2000), reflecting its influence on the distribution
and abundance of prey organisms (Paine 1966, Levi-
tan & Genovese 1989) and on community structure
(Clemente & Hernández 2007). Fish predation is one
of the most likely causes of differences in size distri-
bution, abundance, and foraging behavior in sea
urchins (Birkeland 1989, Sala & Zabala 1996,
Guidetti 2007, Coma et al. 2011). However, other
 factors such as recruitment, competition, diseases,
and physical factors may be equally important (Sala
1997, Coma et al. 2011).

Pocillopora reefs (of low complexity) provide very
little shelter for sea urchins, compared to reefs that
have a greater presence of massive species like
Porites lobata (of higher complexity) (Palacios & Zap-
ata 2014) (Fig. S1 in the Supplement). In most conti-
nental localities, Pocillopora reefs dominate, whereas
in oceanic islands there is a greater presence of P.
lobata reefs. As sea urchins grow, they cannot use
small shelters such as those provided by Pocillopora
reefs and become more exposed to predation (Sala &
Zabala 1996). More structurally complex reefs pro-
vide shelter from predation, and Diadema can have
higher densities and attain larger sizes (Haley &
Solandt 2001), finally reaching a size large enough to
escape from predators (Sala & Zabala 1996, Sala
1997). Also, sea urchin populations are small under
high predator abundance (McClanahan & Sala 1997),
and small increases in fish biomass dramatically
reduce sea urchin biomass (Harborne et al. 2009).

The decrease in top predators combined with
eutrophication can have drastic impacts on lower
trophic levels by generating cascading changes in
the composition of herbivores (Sieben et al. 2011).
Overfishing of top carnivorous fish (snappers,
groupers, sharks) has resulted in an increase in
lower trophic level carnivores that prey on sea
urchins. This would explain the predominance of
small-sized sea urchins in several reefs where they
can hide from predators.

The preferential predation on small sea urchins
can result in urchins not reaching adult sizes. The
most important predators of D. africanum in the

Canary Islands prefer sizes between 3 and 5 cm
(Clemente et al. 2010). With D. mexicanum, we infer
that the presence of small or juvenile sea urchins
(Fig. 4) is the result of high predation pressure. In
environments with moderate- or large-sized urchins,
shelters are important as they allow urchins to reach
‘escape sizes’ (Sala 1997), after which they experi-
ence reduced predation (Clemente et al. 2010).

The size frequencies of D. mexicanum reported in
this study (Fig. 4) represent very specific moments in
time. There are 2 possible explanations: (1) they
reflect specific settlement events of new recruits,
explaining why predominantly small sizes are
observed, or (2) they may reflect a pattern typical of
the region. Thus, the sizes are the result of other
effects such as over-fishing, predators, MPA enforce-
ment, or a non-quantified combination of all of these
factors. Whereas several factors influence the pres-
ence of sea urchins, such as recruitment, shelter
availability, and physical conditions, predation is
among the key factors controlling sea urchin popula-
tions (Guidetti 2007). It is important to focus on the
maximum sizes observed, because they are an excel-
lent indicator not influenced by recruitment events
(Ebert 2010). The oceanic localities of the ETP,
including Islas Marietas (Fig. 5B), had a higher num-
ber of large individuals (6−12 cm; Fig. 4). Size distri-
bution can provide indirect evidence of intensity of
predation on sea urchins (Behrens & Lafferty 2004).
A bimodal distribution of frequencies occurs when
there are spatial shelters against predation for the
small sizes and a shelter in size for the larger ones.
When sea urchin predators are less abundant, sea
urchins have a normal distribution. This type of
 distribution is found in fished areas, while bimodal
frequencies are found in protected areas (Behrens &
Lafferty 2004).

In the ETP, 7 species of predators of D. mexicanum
have been reported (Arothron meleagris, A. hispidus,
Diodon holocanthus, Bodianus diplotaenia, Pseudo -
balistes naufragium, Balistes polylepis, and Suffla-
men verres; Glynn et al. 1972, Guzman 1988, Eakin
2001). The abundance of these fishes can be a limit-
ing factor for the presence of sea urchins at Isla del
Caño, resulting in their cryptic behavior (Guzman
1988). In Cabo Pulmo, sea urchins are the second
most important item in the diet of the puffer A. me -
leagris (26.3%), but higher in smaller fishes (9−15 cm,
38.0%) (Moreno et al. 2009). At Isla Espíritu Santo,
coral coverage, sea surface temperature, and the
interaction between substrate heterogeneity and
the abundance of Labridae, specifically the Mexican
hogfish B. diplotaenia, explained 50.3% of sea urchin
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density (Rojero-León 2009). The author stated that
environmental variables have a greater effect on sea
urchin density than predation, but when the environ-
mental effects decrease, predation by the triggerfish
B. polylepis seems to be stronger. In the majority of
the localities studied in this research, for which infor-
mation about fish abundance is available, sea urchin
predatory species are abundant and common (Domi -
nici-Arosemena et al. 2005, Rodríguez-Romero et al.
2005, Álvarez-Filip et al. 2006, Chávez-Comparán &
Macías-Zamora 2006, Dominici-Arosemena & Wolff
2006, Ramírez-Gutiérrez et al. 2007, Benfield et al.
2008).

Trends across management levels

Marine reserves restore populations of predators
that reduce sea urchin populations (Harborne et al.
2009), as trophic interactions between sea urchins
and their predators are reestablished (McClanahan
et al. 1999). Predation in marine reserves with a high
abundance of fish predators cannot completely
reduce the densities of sea urchins because most of
them may be protected in crevices or under large
blocks of stone or coral (Hereu et al. 2005). In Fiji,
Coppard & Campbell (2007) found a relationship
between the quantity and the size of crevices and
diadematid distribution. Large sea urchins were
found where size and availability of crevices were
higher. Small sea urchins were found in areas with
small crevices. This may explain why there are larger
sea urchins and a larger range of sizes in no-take
MPAs located in oceanic islands, compared to take
MPAs and localities that are not protected. This same
pattern has been observed in other sea urchin spe-
cies, where large sea urchins are found in protected
areas (Shears & Babcock 2002, Tuya et al. 2004). In
take MPAs or in areas that are not MPAs, sea urchins
cannot reach sizes larger than 4 cm, probably due to
predation pressure and lack of shelter for individuals
larger than 4 cm.

Low to medium densities of sea urchins have been
found in MPAs with high fish densities, while urchin
densities were higher in fished areas (Sala & Zabala
1996, Brown-Saracino et al. 2007, Hernández et al.
2008). A similar pattern was found between take and
no-take MPAs and localities that are not MPAs
(Fig. 3). Nonetheless, in take MPAs, the average den-
sity of sea urchins was lower. Tuya et al. (2004) found
that the density of D. antillarum diminishes as the
richness of fish species increases. A low abundance
and biomass of predatory fish is associated with high

densities of D. antillarum. These fish control the
structure of sea urchin populations.

Localities in the ETP with varying levels of protec-
tion and management, no-take MPAs, and with a
high level of protection (e.g. Isla del Coco) possess a
greater biomass of carnivorous fish, low sea urchin
densities, and high coral coverage compared to
MPAs with limited protection or non-MPAs (Edgar et
al. 2011). They found that D. mexicanum densities
were always higher in no-take MPAs than in take
MPAs or fished zones. The highest densities of these
sea urchins were found inside no-take MPAs in the
oceanic islands, while in the continental localities,
densities were lower, being more similar to fishing
areas than to take-MPAs. The lowest density values
were found in this second category. The authors sug-
gested that the impact of over-fishing on trophic
chains has been more intense on the mainland than
in the oceanic islands. Similarly, the authors found
that certain fish types such as planktivores, herbi-
vores, and some macrophagous predators did not
show a significant decrease in their populations in
fished areas in relation to no-take MPAs, which dif-
fers from what has been reported in other regions
such as the Indo-Pacific or the Caribbean. This dis-
crepancy suggests that these species have not been
the focus of fisheries in the ETP as they have been in
other regions. The consequence of this type of fishing
is reflected in the reduction of macroinvertebrate
populations in areas with a low protection level.
Edgar et al. (2011) stated that the pufferfish A.
meleagris is more abundant in MPAs with low pro-
tection levels than in fishing areas, affecting the sea
urchin populations in these localities.

Some take MPAs allow fishing in some parts of the
protected areas. Fishing is prohibited in core zones
that are small or recently created, where the effect
of fishing closure is not yet perceptible. This is an
essential aspect in understanding the role of protec-
tion of fish populations, and the time that they have
had to recover and reach an almost  ‘pristine’ state
with unaltered trophic chains. Marine reserves that
have been established for over 15 yr have more and
larger fish compared to non- protected areas (Molloy
et al. 2009). These populations of large fish species
take longer to recover because they have larger
home ranges that overlap with non-protected areas,
but which in turn makes it easier to find and colonize
marine reserves. Hence, the older reserves will allow
a greater number of recruitment events for this group
of fishes (Molloy et al. 2009). In addition, Claudet
et al. (2008) stated that by increasing the area of non-
fishing zones, the density of commercial fish inside
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and outside the marine reserves increases. In marine
reserves where populations of sea urchin predators
are re-established (Harborne et al. 2009), trophic
interactions between sea urchins and their predators
are restored (McClanahan et al. 1999). It is likely that
in take-MPAs or in the surrounding areas, an
increase in the abundance of macroinvertebrate
predators is being favored due to more time needed
by large predators to reach established populations,
as well as by the effect of fishing in the surrounding
area. In unprotected areas, fishing may be affecting
both top predator populations and macroinvertebrate
predators, resulting in higher sea urchin sizes and
densities than the ones observed in take MPAs.

Acknowledgements. We thank the following individuals who
collaborated during the development of this work: C. Fernán-
dez, O. Breedy, C. Sánchez, S. Martínez, E. Gómez, A.
Planas, V. Flores, O. Norzagaray, L.E. Calderón-Aguilera, A.
Ayala, J. Carrión, L. Hernández, G. Ramírez, V. Vargas, J.
Ramírez, and the Bezy, Sánchez-Camacho, and García-
Zuñiga families. We also thank the following institutions, or-
ganizations, and companies: Centro de Investigación en
Ciencias del Mar y Limnología (CIMAR, Universidad de
Costa Rica), Universidad Autónoma de Baja California Sur
(UABCS), Laboratorio de Sistemas Arrecifales (LSA), Centro
de Investigaciones en Ciencias Marinas (CICIMAR), Univer-
sidad de Guadalajara, Centro de Investigación Científica y
Educación Superior de Ensenada (CICESE), Universidad del
Mar, Ministerios del Ambiente y Recursos Naturales-El Sal-
vador, Universidad de El Salvador, Smithsonian Tropical Re-
search Institute, Liquid Jungle Lab, Charles Darwin Founda-
tion, Hotel Pacífica, Mero Divers, Vallartec, Fundarrecife,
and Reserva Biológica Isla del Caño, Parque Nacional Isla del
Coco, and Parque Nacional Los Cóbanos park rangers, MY
Adventure crew, Instituto Costarricense de Turismo, Sistema
Nacional de Áreas de Conservación-Costa Rica (SINAC), Au-
toridad Nacional del Ambiente- Panamá (ANAM), Hotel
Punta Marenco Lodge, and Águila de Osa Inn. We acknowl-
edge financial support from the Vicerrectoría de Investi-
gación-Universidad de Costa Rica, Ministerio de Ciencia y
Tecnología de Costa Rica (MICIT), Consejo Nacional para
 Investigaciones Científicas y Tecnológicas de Costa Rica
(CONICIT), Consejo Nacional de Ciencia y Tecnología de
México (CONACYT), Fonds Français pour l’Environnement
Mondial (FFEM), Ecodesarrollo Papagayo, and Grupo Ade-
lante. Finally, we are grateful to M. Chavez for help with the
graphs and to P. Hanson and J. Lawrence for their English re-
view and comments. We appreciate the  comments of 3
anonymous reviewers who greatly improved this paper.

LITERATURE CITED

Alvarado JJ, Chiriboga A (2008) Distribución y abundancia
de equinodermos en las aguas someras de la Isla del
Coco, Costa Rica (Pacífico Oriental). Rev Biol Trop
56(Suppl 2): 99−111

Alvarado JJ, Cortés J, Reyes-Bonilla H (2012) Reconstruc-
tion of Diadema mexicanum A. Agassiz, 1863 bioerosion
impact on three Costa Rican Pacific coral reefs. Rev Biol

Trop 60(Suppl 2): 121−132
Álvarez-Filip L, Reyes-Bonilla H, Calderón-Aguilera LE

(2006) Community structure of fishes in Cabo Pulmo
Reef, Gulf of California. Mar Ecol 27: 253−262

Álvarez-Filip L, Dulvy NK, Gill JA, Coté IM, Watkinson AR
(2009) Flattening of Caribbean coral reefs:  region-wide
declines in architectural complexity. Proc R Soc B 276: 
3019−3025

Bak RPM (1994) Sea urchin bioerosion on coral reefs:  place
in the carbonate budget and relevant variables. Coral
Reefs 13: 99−103

Bak RPM, Carpay MJE, de Ruyter van Steveninck ED (1984)
Densities of the sea urchin Diadema antillarum before
and after mass mortalities on the coral reefs of Curaçao.
Mar Ecol Prog Ser 17: 105−108

Bakus GJ (2007) Quantitative analysis of marine biological
communities:  field biology and environment. Wiley-
Interscience, Hoboken, NJ

Behrens MD, Lafferty KD (2004) Effects of marine reserves
and urchin disease on southern Californian rocky reef
communities. Mar Ecol Prog Ser 279: 129−139

Bellwood DR, Hughes TP, Folke C, Nyström M (2004) Con-
fronting the coral reef crisis. Nature 429: 827−833

Benfield S, Baxter L, Guzman HM, Mair JM (2008) A
 comparison of coral reef and coral community fish
assemblages in Pacific Panama and environmental
 factors governing their structure. J Mar Biol Assoc UK
88: 1331−1341

Benítez-Villalobos F, Domínguez-Gomez MT, López-Pérez
RA (2008) Temporal variation of the sea urchin Diadema
mexicanum population density at Bahías de Huatulco,
Western Mexico. Rev Biol Trop 56(Suppl 3): 255−263

Birkeland C (1989) The influence of echinoderms on coral-
reef communities. In:  Jangoux M, Lawrence JM (eds)
Echinoderm studies 3. AA Balkema, Rotterdam, p 1−79

Briggs JC (1974) Marine zoogeography. McGraw-Hill, New
York, NY

Brown-Saracino J, Peckol P, Curran HA, Robbart ML (2007)
Spatial variation in sea urchins, fish predators, and bio-
erosion rates on coral reefs of Belize. Coral Reefs 26: 
71−78

Bruno JF, Sweatman H, Precht WF, Selig ER, Schutte VGW
(2009) Assessing evidence of phase shifts from coral to
macroalgal dominance on coral reefs. Ecology 90: 
1478−1484

Carleton JH, Sammarco PW (1987) Effects of substratum
irregularity on success of coral settlement:  quantification
by comparative geomorphological techniques. Bull Mar
Sci 40: 85−98

Carreiro-Silva M, McClanahan TR (2001) Echinoid bioero-
sion and herbivory on Kenyan coral reefs:  the role of pro-
tection from fishing. J Exp Mar Biol Ecol 262: 133−153

Chávez-Comparán JC, Macías-Zamora R (2006) Structure of
reef fish communities in the littoral of Colima, Mexico.
J Biol Sci 6: 65−75

Clark HL (1938) Echinoderms from Australia, an account of
collections made in 1929 and 1932. Mem Mus Comp Zool
Harv Coll 55: 1−596

Clarke KR, Gorley RN (2006) PRIMER v6:  user manual.
PRIMER-E, Plymouth

Claudet J, Osenberg CW, Benedetti-Cecchi L, Domenici P
and others (2008) Marine reserves:  size and age do
 matter. Ecol Lett 11: 481−489

Clemente S, Hernández JC (2007) Identificación de los
depredadores capaces de controlar las poblaciones del

http://dx.doi.org/10.1111/j.1461-0248.2008.01166.x
http://dx.doi.org/10.3923/jbs.2006.65.75
http://dx.doi.org/10.1016/S0022-0981(01)00288-X
http://dx.doi.org/10.1890/08-1781.1
http://dx.doi.org/10.1007/s00338-006-0159-9
http://dx.doi.org/10.1017/S0025315408002002
http://dx.doi.org/10.1038/nature02691
http://dx.doi.org/10.3354/meps279129
http://dx.doi.org/10.3354/meps017105
http://dx.doi.org/10.1007/BF00300768
http://dx.doi.org/10.1098/rspb.2009.0339
http://dx.doi.org/10.1111/j.1439-0485.2006.00108.x
http://dx.doi.org/10.15517/rbt.v60i2.19975


Aquat Biol 24: 151–161, 2016

erizo de lima (Diadema aff. antillarum) y su importancia
para la gestión, conservación y recuperación de los fon-
dos marinos de Canarias. Servicio de publicaciones de la
Caja General de Ahorros de Canarias, Tenerife

Clemente S, Hernández JC, Rodríguez A, Brito A (2010)
Identifying keystone predators and the importance of
preserving functional diversity in sublittoral rocky-
 bottom areas. Mar Ecol Prog Ser 413: 55−67

Coma R, Serrano E, Linares C, Ribes M, Díaz D, Ballestero E
(2011) Sea urchin predation facilitates coral invasion in a
Marine Reserve. PLoS ONE 6: e22017

Coppard SE, Campbell AC (2007) Grazing preferences of
diadematid echinoids in Fiji. Aquat Bot 86: 204−212

Dominici-Arosemena A, Wolff M (2006) Reef fish community
structure in the Eastern Tropical Pacific (Panamá):  living
on a relative stable rocky reef environment. Helgol Mar
Res 60: 287−305

Dominici-Arosemena A, Brugnoli-Olivera E, Cortés-Núñez
J, Molina-Ureña H, Quesada-Alpízar M (2005) Commu-
nity structure of eastern Pacific reef fishes (Gulf of Papa-
gayo, Costa Rica). Tecnociencias 7: 19−41

Duffy JE, Hay ME (2000) The ecology and evolution of mar-
ine consumer-prey interactions. In:  Bertness MD, Gaines
SD, Hay ME (eds) Marine community ecology. Sinauer,
Sunderland, MA, p 131−157

Eakin CM (1992) Post-El Niño Panamanian reefs:  less accre-
tion, more erosion and damselfish protection. Proc 7th Int
Coral Reef Symp Guam 1: 387−396

Eakin CM (1996) Where have all the carbonates gone? A
model comparison of calcium carbonate budgets before
and after the 1982-1983 El Niño at Uva Island in the East-
ern Pacific. Coral Reefs 15: 109−119

Eakin CM (2001) A tale of two ENSO events:  carbonate
budgets and the influence of two warming disturbances
and intervening variability, Uva Island, Panama. Bull
Mar Sci 69: 171−186

Ebert TA (2010) Demographic patterns of the purple sea
urchin Strongylocentrotus purpuratus along a latitudinal
gradient, 1985−1987. Mar Ecol Prog Ser 406: 105−120

Edgar GJ, Banks S, Fariña JM, Calvopiña M, Martínez C
(2004) Regional biogeography of shallow reef fish and
macro-invertebrate communities in the Galapagos archi-
pelago. J Biogeogr 31: 1107−1124

Edgar GJ, Banks SA, Bessudo S, Cortés J and others (2011)
Variation in reef fish and invertebrate communities with
level of protection from fishing across the Eastern Tropi-
cal Pacific seascape. Glob Ecol Biogeogr 20: 730−743

Glynn PW (1988) El Niño warming, coral mortality and reef
framework destruction by echinoid bioerosion in the
eastern Pacific. Galaxea 7: 129−160

Glynn PW, Stewart RH, McCosker JE (1972) Pacific coral
reefs of Panamá:  structure, distribution and predators.
Geol Rundsch 61: 483−519

Glynn PW, Veron JEN, Wellington GM (1996) Clipperton
atoll (eastern Pacific):  oceanography, geomorphology,
reef-building coral ecology and biogeography. Coral
Reefs 15: 71−99

Guidetti P (2007) Predator diversity and density affect levels
of predation upon strongly interactive species in temper-
ate rocky reefs. Oecologia 154: 513−520

Guzman HM (1988) Distribución y abundancia de organis-
mos coralívoros en los arrecifes coralinos de la Isla del
Caño, Costa Rica. Rev Biol Trop 36: 191−207

Guzman HM, Cortés J (1992) Cocos Island (Pacific of Costa
Rica) coral reefs after the 1982-83 El Niño disturbance.

Rev Biol Trop 40: 309−324
Guzman HM, Cortés J (2007) Reef recovery 20 years after

the 1982-1983 El Niño massive mortality. Mar Biol 151: 
401−411

Hairston NG, Smith FE, Slobodkin LB (1960) Community
structure population control and competition. Am Nat 94: 
421−425

Haley MP, Solandt JL (2001) Population fluctuations of the
sea urchin Diadema antillarum and Tripneustes ventrico-
sus at Discovery Bay, Jamaica:  a case of biological suc-
cession? Caribb J Sci 37: 239−245

Harborne AR, Renaud PG, Tyler EHM, Mumby PJ (2009)
Reduced density of the herbivorous urchin Diadema
antillarum inside a Caribbean marine reserve linked to
increased predation pressure by fishes. Coral Reefs 28: 
783−791

Hay ME (1984) Patterns of fish and urchin grazing on Carib-
bean coral reefs:  are previous results typical? Ecology 65: 
446−454

Hereu B, Zabala M, Linares C, Sala E (2005) The effects of
predator abundance and habitat structural complexity on
survival of juvenile sea urchins. Mar Biol 146: 293−299

Hernández JC, Clemente S, Sangil C, Brito A (2008) Actual
status of the sea urchin Diadema aff. antillarum popula-
tions and macroalgal cover in marine protected areas
compared to a highly fished area (Canary Islands—east-
ern Atlantic ocean). Aquat Conserv 18: 1091−1108

Herrera-Escalante T, López-Pérez RA, Leyte-Morales GE
(2005) Bioerosion caused by the sea urchin Diadema
mexicanum (Echinodermata:  Echinoidea) at Bahías de
Huatulco, Western Mexico. Rev Biol Trop 53(Suppl 3): 
263−273

Hughes TP (1994) Catastrophes, phase shifts and large-
scale degradation of a Caribbean coral reef. Science 265: 
1547−1551

Hughes TP, Reed DC, Boyle MJ (1987) Herbivory on coral
reefs:  community structure following mass mortalities of
sea urchins. J Exp Mar Biol Ecol 113: 39−59

Lee SC (2006) Habitat complexity and consumer-mediated
positive feedbacks on a Caribbean coral reef. Oikos 112: 
442−447

Lessios HA, Kessing BD, Pearse JS (2001) Population
 structure and speciation in tropical seas:  global phylo-
geography of the sea urchin Diadema. Evolution 55: 
955−975

Levitan DR, Genovese SJ (1989) Substratum-dependent
predatory-prey dynamics:  patch reefs as refuges from
gastropod predation. J Exp Mar Biol Ecol 130: 111−118

Martín Blanco F, González-Sansón G, Pina-Amargós F,
Clero-Alonso L (2010) Abundance, distribution and size
structure of Diadema antillarum (Echinodermata:  Diade-
matidae) in South Eastern Cuban coral reefs. Rev Biol
Trop 58: 663−676

McClanahan TR, Shafir SH (1990) Causes and conse-
quences of sea urchin abundance and diversity in
Kenyan coral reef lagoons. Oecologia 83: 362−370

McClanahan TR, Muthinga NA, Kamukuru AT, Machado H,
Kiambo RW (1999) The effects of marine parks and fish-
ing on coral reefs of northern Tanzania. Biol Conserv 89: 
161−182

McClanahan TR, Sala E (1997) A Mediterranean rocky-bot-
tom ecosystem fisheries model. Ecol Model 104: 145−164

Molloy PP, McLean IB, Côté IM (2009) Effects of marine
reserve age on fish populations:  a global meta-analysis.
J Appl Ecol 46: 743−751

160

http://dx.doi.org/10.1111/j.1365-2664.2009.01662.x
http://dx.doi.org/10.1016/S0304-3800(97)00121-X
http://dx.doi.org/10.1016/S0006-3207(98)00123-2
http://dx.doi.org/10.1007/BF00317561
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20527467&dopt=Abstract
http://dx.doi.org/10.1016/0022-0981(89)90198-6
http://dx.doi.org/10.1554/0014-3820(2001)055[0955%3APSASIT]2.0.CO%3B2
http://dx.doi.org/10.1111/j.0030-1299.2006.14247.x
http://dx.doi.org/10.1016/0022-0981(87)90081-5
http://dx.doi.org/10.1126/science.265.5178.1547
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17469255&dopt=Abstract
http://dx.doi.org/10.1002/aqc.903
http://dx.doi.org/10.1007/s00227-004-1439-y
http://dx.doi.org/10.2307/1941407
http://dx.doi.org/10.1007/s00338-009-0516-6
http://dx.doi.org/10.1086/282146
http://dx.doi.org/10.1007/s00227-006-0495-x
http://dx.doi.org/10.1007/s00442-007-0845-5
http://dx.doi.org/10.1007/BF01771897
http://dx.doi.org/10.1007/BF01896330
http://dx.doi.org/10.1111/j.1466-8238.2010.00642.x
http://dx.doi.org/10.1111/j.1365-2699.2004.01055.x
http://dx.doi.org/10.3354/meps08547
http://dx.doi.org/10.1007/s10152-006-0045-4
http://dx.doi.org/10.1016/j.aquabot.2006.10.005
http://dx.doi.org/10.1371/journal.pone.0022017
http://dx.doi.org/10.3354/meps08700


Alvarado et al.: Diadema mexicanum in Pacific coral reefs 161

Moreno XG, Abitia LA, Favila A, Gutiérrez FJ, Palacios DS
(2009) Ecología trófica del pez Arothron meleagris
(Tetraodontiformes:  Tetraodontidae) en el arrecife de Los
Frailes, Baja California Sur, México. Rev Biol Trop 57: 
113−123

Mumby PJ, Hedley JD, Zychaluk K, Harborne AR, Black-
well PG (2006) Revisiting the catastrophic die-off of the
urchin Diadema antillarum on Caribbean coral reefs: 
fresh insights on resilience from a simulation model. Ecol
Model 196: 131−148

Muthiga NA, McClanahan TR (2007) Ecology of Diadema.
In:  Lawrence JM (ed) Edible sea urchins:  biology and
ecology. Elsevier, Amsterdam, p 205−219

Newman MJH, Paredes GA, Sala E, Jackson JBC (2006)
Structure of Caribbean coral reef communities across a
large gradient of fish biomass. Ecol Lett 9: 1216−1227

Ogden JC (1977) Carbonate-sediment production by parrot
fish and sea urchins on Caribbean reefs. Stud Geol
(Tulsa) 4: 281−288

Paine RT (1966) Food web complexity and species diversity.
Am Nat 100: 65−75

Palacios MM, Zapata FA (2014) Fish community structure
on coral habitats with contrasting architecture in
the Tropical Eastern Pacific. Rev Biol Trop 62(Suppl 1): 
343−357

Ramírez-Gutiérrez M, Tapia-Garcia M, Ramos-Santiagoz E,
Ulloa R (2007) Fish community structure in San Agustin
Bay, Huatulco, México. Rev Chil Hist Nat 80: 419−430

Rodríguez-Romero J, Muhlia-Melo AF, Galván-Magaña F,
Gutiérrez-Sánchez FJ, Gracia-López V (2005) Fish
assemblages around Espiritu Santo Island and Espiritu
Santo seamount in the lower Gulf of California, México.
Bull Mar Sci 77: 33−50

Rojero-León S (2009) Estructura comunitaria de equinoder-
mos conspicuos de las islas:  San José, Espíritu Santo y
Cerralvo, Baja California Sur, México. MSc thesis, Uni-
versidad Autónoma de Baja California Sur, La Paz

Sala E (1997) Fish predators and scavengers of the sea
urchin Paracentrotus lividus in protected areas of the
north-west Mediterranean Sea. Mar Biol 129: 531−539

Sala E, Zabala M (1996) Fish predation and the structure of
the sea urchin Paracentrotus lividus populations in the

NW Mediterranean. Mar Ecol Prog Ser 140: 71−81
Sammarco PW (1980) Diadema and its relationship to coral

spat mortality:  grazing, competition and biological dis-
turbance. J Exp Mar Biol Ecol 45: 245−272

Sammarco PW (1982a) Echinoid grazing as a structure force
in coral communities:  whole reef manipulations. J Exp
Mar Biol Ecol 61: 31−55

Sammarco PW (1982b) Effects of grazing by Diadema antil-
larum Phillipi (Echinodermata:  Echinoidea) on algal
diversity and community structure. J Exp Mar Biol Ecol
65: 83−105

Sammarco PW (1985) The Great Barrier Reef vs. the Carib-
bean:  comparisons of grazers, coral recruitment patterns
and reef recovery. Proc 5th Int Coral Reef Congr Tahiti 4: 
391−397

Sammarco PW, Levington JS, Ogden JC (1974) Grazing and
control of coral reef community structure by Diadema
antillarum Phillipi (Echinodermata:  Echinoidea):  a pre-
liminary study. J Mar Res 32: 47−53

Scoffin TP, Stearn CW, Boucher D, Frydl P, Hawkins CM,
Hunter JG, MacGeachy JK (1980) Calcium carbonate
budget of fringing reef of the West coast of Barbados.
Part II. Erosion, sediments and internal structure. Bull
Mar Sci 30: 475−508

Shears NT, Babcock RC (2002) Marine reserves demonstrate
top-down control of community structure on temperate
reefs. Oecologia 132: 131−142

Sieben K, Rippen AD, Eriksson BK (2011) Cascading effects
from predator removal depend on resource availability in
a benthic food web. Mar Biol 158: 391−400

Tuya F, Boyra A, Sanchez-Jerez P, Barbera C, Haroum RJ
(2004) Relationships between rocky-reef fish assem-
blages, the sea urchin Diadema antillarum and macro-
algae throughout the Canarian Archipelago. Mar Ecol
Prog Ser 278: 157−169

Vermeij MJA, Dayler ML, Walsh SM, Donovan MK, Smith
CM (2010) The effects of trophic interactions and spatial
competition on algal community composition on Hawai-
ian coral reefs. Mar Ecol 31: 291−299

Young MAL, Bellwood DR (2011) Diel patterns in sea urchin
activity and predation on sea urchins on the Great
 Barrier Reef. Coral Reefs 30: 729−736

Editorial responsibility: Paul Sammarco, 
Chauvin, Louisiana, USA

Submitted: July 29, 2015; Accepted: December 12, 2015
Proofs received from author(s): January 11, 2016

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

http://dx.doi.org/10.1007/s00338-011-0754-2
http://dx.doi.org/10.1111/j.1439-0485.2009.00343.x
http://dx.doi.org/10.3354/meps278157
http://dx.doi.org/10.1007/s00227-010-1567-5
http://dx.doi.org/10.1007/s00442-002-0920-x
http://dx.doi.org/10.1016/0022-0981(82)90177-0
http://dx.doi.org/10.1016/0022-0981(82)90020-X
http://dx.doi.org/10.1016/0022-0981(80)90061-1
http://dx.doi.org/10.3354/meps140071
http://dx.doi.org/10.1007/s002270050194
http://dx.doi.org/10.4067/S0716-078X2007000400003
http://dx.doi.org/10.15517/rbt.v62i0.16360
http://dx.doi.org/10.1086/282400
http://dx.doi.org/10.1111/j.1461-0248.2006.00976.x
http://dx.doi.org/10.1016/j.ecolmodel.2005.11.035
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19637693&dopt=Abstract

	cite10: 
	cite21: 
	cite23: 
	cite16: 
	cite30: 
	cite25: 
	cite18: 
	cite32: 
	cite27: 
	cite41: 
	cite4: 
	cite43: 
	cite36: 
	cite50: 
	cite34: 
	cite45: 
	cite54: 
	cite47: 
	cite61: 
	cite56: 
	cite49: 
	cite58: 
	cite65: 
	cite67: 
	cite1: 
	cite5: 
	cite9: 
	cite11: 
	cite13: 
	cite22: 
	cite15: 
	cite24: 
	cite31: 
	cite2: 
	cite26: 
	cite40: 
	cite19: 
	cite28: 
	cite6: 
	cite35: 
	cite37: 
	cite51: 
	cite33: 
	cite39: 
	cite53: 
	cite46: 
	cite55: 
	cite48: 
	cite62: 
	cite60: 
	cite44: 
	cite57: 
	cite59: 
	cite64: 
	cite66: 
	cite7: 


