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INTRODUCTION

Tracking the dynamic distribution of multiple spe-
cies in space has been key to our understanding of
the mechanisms behind species coexistence (Lomo -
lino et al. 2005, Lavergne et al. 2010). Patterns of
co-occurrence of taxonomically similar species can
provide insights into ecological and evolutionary

pro  cesses determining coexistence and species di-
versity through niche-based mechanisms (Mac arthur
& Levins 1967, Leibold 1998, Chesson 2000, Mouquet
& Loreau 2002). Related species are more likely to
have equivalent fundamental niches (i.e. similar en-
vironmental requirements) as a consequence of phy -
lo   genetic niche conservatism (e.g. Wiens et al. 2010)
but segregated realized niches (different spatial
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ABSTRACT: Examining the co-occurrence of taxonomically similar species can provide important
information about their niches and coexistence. Segregation at smaller scales can be  especially
relevant for grazers living at the edge of their geographic distribution, because environmental fac-
tors can lead to similar distribution. Related grazer species may show dispersive, i.e. uniform, dis-
tribution at small scales (few centimetres) to reduce interference among individuals. We examined
intra- and interspecific spatial distribution and habitat use in 2 phylogenetically related intertidal
limpets, Scurria viridula and S. zebrina, at the polar and equatorial edge of their geographic dis-
tribution, respectively, and in S. araucana, a widely distributed species that overlaps the range of
the other 2 species across the southeastern Pacific. S. viridula and S. zebrina overlapped in a nar-
row geographic zone (ca. 250 km) and reached relatively similar densities and sizes. Intraspecific
spatial structure estimated through autocorrelation and individual-to-indi vidual distances was
random for S. viridula and variable for S. zebrina and S. araucana, depending on the scale consid-
ered; S. zebrina was aggregated at the individual-to-individual  distances, while S. araucana was
mostly random at this scale. Segregated distribution between S. viridula and S. zebrina was
observed at the finer scale, whereas the association with S. araucana was  random. Abundance of
limpets loosely followed major habitats, namely bare rock and the alga Mazzaella laminarioides,
which showed patchy distributions. We suggests that similarity in  population traits between S.
viridula and S. zebrina found in the overlap zone may be compensated by small-scale spatial seg-
regation. Thus, at the edge of their geographic distribution,  co existence between related species
may be influenced by spatial niche differentiation  driven by habitat suitability or competition.
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 distributions) owing to biotic interactions (Godsoe
2010). Spatial patterns of abundance around the
edge of a species’ geographic distribution are impor-
tant to understand the processes driving range shift
dynamics (Goldberg & Lande 2007, Moore et al.
2007, Godsoe 2010) and rapid variation in assemblage
structure in the face of changing environmental con-
ditions (Parmesan & Yohe 2003, Lima et al. 2006,
Parmesan 2006, Chen et al. 2011). However, dynamic
patterns of taxonomic and functionally similar spe -
cies co-occurrence at the edge of their geographic
range remain largely unexplored.

In marine and terrestrial ecosystems, biogeo gra -
phic distribution patterns are affected by a suite of
abiotic and biotic processes, which shape range limits
over ecological and evolutionary scales (Case et al.
2005, Sexton et al. 2009, Lavergne et al. 2010).
Abiotic factors like habitat structure and temperature
stress can constrain range distributions and demo-
graphic patterns of both mobile and sessile species in
intertidal and subtidal habitats (Wethey 2002, Miller
et al. 2009, Mellin et al. 2011, Tam & Scrosati 2011). In
addition, biotic factors like competition and predation
can contribute to shape the edge of the range and in-
dividual spatial distribution patterns of different spe-
cies (e.g. Wethey 2002, Harley 2003, Firth et al. 2009).
In intertidal habitats, in particular, species distribu-
tions and coexistence patterns are influenced by the
interplay of environmental and biotic inter actions op-
erating at the local (centimetres to metres) and larger
scales (tens of kilometres) (Denley & Underwood
1979, Menge & Branch 2001, Fraschetti et al. 2005).

Commonly, habitat use, distribution and survival of
grazers are largely determined by species-specific
tolerance limits (e.g. thermal stress; Garrity 1984,
Harper & Williams 2001, Miller et al. 2009) and be -
havioural preferences of individuals (e.g. Crowe &
Underwood 1998, Olabarria et al. 2002, Underwood et
al. 2004, Muñoz et al. 2005, Chapperon & Seuront
2011a). Limpets, snails and chitons commonly show
behavioural responses to desiccation stress and pre-
dation risk, which determines aggregation of indi -
viduals inside shelters (e.g. crevices, under algal
canopy) or other suitable microhabitats and generates
patchiness in the spatial distribution of abundance
(e.g. Williams & Morritt 1995, Olabarria et al. 2002,
Coleman et al. 2004, Aguilera & Navarrete 2011,
Stafford et al. 2011). On the other hand, interference
during feeding can result in random or uniform indi-
vidual distributions of species with similar require-
ments to reduce deleterious effects of individual
 encounters (Branch 1975, 1976, Underwood 1976,
Iwa saki 1992). A population is randomly distributed

when the position of each individual is independent
of other individuals and is uniformly distributed
when the distance between neighbouring individuals
is maximized (e.g. Clark & Evans 1954, Ludwig &
Reynolds 1988). Positive spatial association among
con- or heterospecific individuals, however, is con -
sidered an aggregated distribution pattern (Fortin &
Dale 2005). Similarities in diet, morphology or size
can determine competitive symmetries among limpet
grazers (e.g. Branch 1975, Iwasaki 1992, Underwood
1992). Contrarily, differences in density, size or be -
haviour can increase asymmetries and establish com-
petitive hierarchies (Chapman & Underwood 1992,
Iwasaki 1992, Marshall & Keough 1994, Boaventura et
al. 2003, Aguilera & Navarrete 2012b). Therefore,
 differences or similarities in individual traits and habi-
tat suitability can influence distribution patterns and
population size of grazers modifying their co existence
across spatial scales (e.g. Patelloida, Fletcher &
Under wood 1987; Patella, Firth & Crowe 2008, 2010).
Spatial segregation and coexistence at smaller scales
are particularly relevant for grazer populations inhab-
iting the edge of their geographic distribution, where
low population size coupled with high temporal vari -
ation in demographic patterns is expected (see Saga -
rin et al. 2006, Fenberg & Riva deneira 2011). Related
grazer species may show  dispersive (i.e. uniform) spa-
tial distribution at small scales (few centimetres) to re-
duce interference among heterospecific individuals.
Hence, identifying the spatial scales at which different
processes influence species distribution patterns is
critical to understand species responses to environ-
ment and the po tential for coexistence within the as-
semblage (Fortin & Dale 2005).

On the north-central coast of Chile, a broad transi-
tional zone of species distributions extends between
30° S and 41° S (Camus 2001, Rivadeneira et al. 2002,
Hormazábal et al. 2004, Broitman et al. 2011), but a
narrow area between 30° S and 32° S concentrates the
polar or equatorial range edge of several intertidal
species (Rivadeneira & Fernández 2005, Broitman et
al. 2011). The overlap of species with disjointed distri -
butions (i.e. parapatry) and the oc cur rence of  sev eral
closely related species across a narrow area make
this biogeographic transition zone an ideal system to
explore ecological processes such as the spatial basis
of coexistence (Broitman et al. 2001, Rivadeneira &
Fernández 2005, Rivadeneira et al. 2010). Here, we
explore the spatial distribution, habitat use and co-
occurrence at local scales (centimetres to metres) in 3
congeneric species of intertidal gra zers, the limpets
Scurria viridula, S. zebrina and S. araucana (Espoz et
al. 2004). The first 2 species overlap their polar and
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equatorial distribution limits across 30° S to 32° S (i.e.
~230 km), respectively, while the latter spans broadly
across the region. S. viridula and S. zebrina are
closely related, display similar behavioural responses
and have relatively similar morphology (Espoz & Cas -
til la 2000, Espoz et al. 2004). S. araucana, on the other
hand, shows clear differences in most traits with the
other 2 species. For example, this species has a small
size and marked radial ribs which project beyond the
shell compared with the other species and is more
distant in the  scurrinid phylogeny (Espoz et al. 2004).
In addition, S. araucana showed no active response
against their main predator, the sun star Heliaster he-
lianthus, while S. viridula and S. zebrina have an ac-
tive escape response (Espoz & Castilla 2000). Many
S. araucana individuals tend to inhabit rock pools,
where they show a mostly dispersive distribution pat-
tern and generate home scars in the rock surface
 (Espoz et al. 2004, M. A. Aguilera pers. obs.). As sug-
gested for other intertidal grazers (e.g. Firth & Crowe
2010), the 2 similar limpet species could coexist in the
overlap zone by means of small-scale segregation
caused by, for example, differential use of shelters or
resting areas. We use 2 different sampling method-
ologies to determine the spatial distribution of the
study species and to identify the scale at which
spatial segregation may take place. Thus, we hypoth-
esize that (1) both parapatric species display similar
patterns of intra specific spatial structure (either ag -
gregated or uniform), densities and body size struc-
ture; (2) these species show segregated interspecific
spatial association, i.e. uniform distribution, at small
scales (centimetres to metres) across their geographic
overlap zone; and (3) because the focal limpets use
different microhabitats, their spatial distributions
should be positively correlated to the distribution of
different habitat types. We further tested the hypo -
thesis that (4) the third species, S. araucana, which
broadly spans the overlap zone, shows independent
(uncorrelated) local spatial distribution and different
habitat use patterns when compared with the other
species.

MATERIALS AND METHODS

Intertidal community characterization

The intertidal community of the overlap zone (30° S
to 32° S) of the 2 focal species is dominated by the
 corticated alga Mazzaella laminarioides (Santelices
1990, Broitman et al. 2001). Opportunistic algae like
Ulva rigida, U. compressa and Pyropia columbina are

abundant in high to middle intertidal levels. The her-
bivore assemblage inhabiting mid to high intertidal
levels is characterized by molluscan species that feed
differentially on micro algae and both microscopic
and macroscopic stages of algae, as well as small
invertebrates (Camus et al. 2008, and see Aguilera
2011 for review). The most abundant species are the
chiton Chiton granosus, the keyhole limpet Fissurella
crassa, the littorinid snails Austrolittorina araucana
and Echinolittorina peruviana, the pulmonate limpet
Siphonaria lessoni and scurrinid limpets (see below)
(Broitman et al. 2001, Riva de neira et al. 2002, Espoz
et al. 2004). The overlap zone corresponds to the
equatorial range limit of M. laminarioides, the bull
kelp Durvillaea antarctica and the limpet Scurria
zebrina and to the polar range limit of the chiton Eno-
plochiton niger and the limpet S. viridula (Espoz et
al. 2004, Rivadeneira & Fernández 2005, Broitman et
al. 2011).

Focal species

Throughout the overlap zone, 6 scurrinid species
are common: Scurria viridula, S. ze brina, S. arauca -
na, S. ceciliana, S. plana and S. variabilis. S. viri dula
and S. zebrina are the most derived species of the
scurrinid clade of Chile and Peru (Espoz et al. 2004)
and show conserved behavioural responses to preda-
tor attack when compared with an older co existing
patellogastropod species, Lottia orbignyi (Espoz &
Castilla 2000). In addition, adult individuals of these
species have relatively similar morphology, making
identification in the field difficult (see identifica -
tion protocol in Supplement 1 at www.int-res. com/
 articles/ suppl/m483p185_supp). S. viridula and S. ze -
bri na inhabit high to middle intertidal levels (from
1.0 to 2.5 m above mean low water level, MLWL), and
their polar and equatorial range edges, respectively,
overlap narrowly from 30° S to 32° S (Espoz et al.
2004). S. araucana geographic distribution ranges be -
tween 15° S and 42° S, thus broadly spanning the
overlap zone. It is worth noting that S. viridula has
expanded its geographic distribution in recent times
(Riva deneira & Fernández 2005, authors’ pers. obs.).
No information about range shift of S. zebrina has
been reported in previous studies.

Geographic distribution surveys

To determine geographic co-occurrence patterns of
the 3 focal species at local scales, we used long-term
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abundance datasets (i.e. 1998 to 2000, 2003 to 2005
and 2009 to 2011) obtained from surveys conducted
during austral summer (December to March) and
winter (June to August) at 10 sites spanning ~600 km
in central-north Chile (Broitman et al. 2011) (see
Fig. 1). In these surveys, density of Scurria lim pets
was estimated within 10 to 15, 50 × 50 cm quadrats
haphazardly positioned along ~15 m alongshore tran-
sects on 2 gently sloping, flat, rocky shore platforms
at each study site, ~1.5 to 2.0 m above MLWL.

Small-scale spatial structure

Local spatial structure of grazers was assessed at 2
spatial scales, the quadrat scale (i.e. 900 cm2) and the
individual scale (nearest neighbour [NN] distance,
i.e. few centimetres). These methodologies allowed
us to identify the spatial scale at which environmen-
tal or ecological mechanisms determine both intra-
and interspecific spatial structure. At the quadrat
scale, it was possible to identify processes affecting
spatial distribution of abundance across the sampling
site. On the other hand, NN distances captured pro-
cesses operating at the between-individuals scale
(e.g. behaviour) that may influence spatial associa-
tions at very small spatial scales (Fortin & Dale 2005). 

(1) We determined if spatial distribution of the 3
species was aggregated, random or uniform (i.e. dis-
persion of individuals). To this end, and to quantify
interspecific spatial associations, we re corded focal
species density at 4 sites across the overlap zone
(Guana  queros, Limarí, Punta Talca and Huentelau -
quén) by means of 15 to 25, 30 × 30 cm contiguous,
i.e. adjoined, quadrats placed along 5 to 10 m tran-
sects parallel to the shoreline in the mid-high inter-
tidal zone (1.5 to 2.0 m above MLWL). This sampling
protocol is appropriate to describe the spatial distrib-
ution of organisms with different distribution pattern
in space because it en sures a complete mapping of
the study area (Ludwig & Reynolds 1988). In addi-
tion, percentage cover of algae, sessile animals and
bare rock were estimated in each quadrat. Our spa-
tial sampling unit (i.e. quadrat size; 30 × 30 cm) has
been shown as an ap propriate scale to characterize
the spatial distribution of Scurria araucana abun-
dance elsewhere, but spatial patterns occurring at
≤30 cm (900 cm2) can re main undetected (Aguilera &
Navarrete 2011).

(2) The analysis described above was complemented
by NN individual-to-individual linear distances, which
allowed us to detect either aggregation or dispersion
at finer, individual-level scales of a few centimetres

(e.g. Branch 1976, Underwood 1976, Aguilera &
Navarrete 2011). In each site and for each species, we
selected two 4 × 2 m areas in which we randomly
measured ~260 NN distances of conspecific and 377
NN distances of heterospecific limpets, i.e. from Scur-
ria zebrina to S. viridula and from S. viridula to S. zeb-
rina, respectively. Heterospecific distances were esti-
mated separately in 1 of each 4 × 2 m areas selected.
This last analysis was not conducted for S. araucana
due to its low abundances in some sites. In this way,
we completely mapped the rocky platforms at the
study sites. Surveys were performed during daytime
low tides, corresponding to the resting phase of the

Fig. 1. (a) Sampling sites in central-north Chile, and (b) per-
centage of occurrence, i.e. percentage of plots where Scurria
viridula, S. zebrina and S. araucana were found. Arrows:
small-scale sampling sites within the overlap zone (8: Guana-

queros; 9: Limarí; 10: Punta Talca; 12: Huentelauquén)
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Scurria species. Individuals of the focal Scurria
species tend to use the same home scar after foraging
excursions cease, which can be persistent through
time (M. A. Aguilera unpubl. data, and see Aguilera &
Navarrete 2011 for homing in S. araucana). Therefore,
the individual spatial distribution should be persistent
over daily to monthly temporal scales.

Body size structure

To evaluate interspecific similarity in size structure
of focal species, we estimated body sizes of Scurria
viridula, S. zebrina and S. araucana in the field by
measuring the shell length of all individuals present
on the surveyed platforms at each site (see ‘Small-
scale spatial structure’, above). Sampling was con-
ducted during summer and winter in 2010 and 2011
and was aided by a mark-recapture study conducted
in Guanaqueros and Punta Talca to ensure correct
identification of both adult and juvenile individuals
in the field (see Supplement 1).

Data analysis

For the 4 study sites located within the overlap
zone, we examined the local spatial structure of each
Scurria species measured with the 30 × 30 cm
quadrats, Mazzaella laminarioides and bare rock by
using Moran’s I spatial correlograms (Fortin & Dale
2005). No analyses were conducted for S. zebrina at
Guanaqueros because of low densities of this species
at this site (Fig. 1a). Correlogram data and interpre -
tations were restricted to lag distances shor ter than
half the transect length, as statistical estimations over
longer distance classes have curtailed degrees of
freedom (e.g. Rossi et al. 1992). Probabilistic signifi-
cance of autocorrelation coefficients was determined
by means of permutations (Manly 1997), where we
randomly shuffled our observed dataset and recal -
culated the autocorrelation statistic 1000 times for
each lag. Significance levels for individual lags were
examined after checking whether the  correlogram
contained at least one significant correlation, with
probabilities adjusted with Bonferroni correction for
multiple comparisons (α’ = 0.05 per number of dis-
tance classes). As needed, data were normalized to
zero mean and unit variance to reduce the effects of
outliers. Data of M. laminarioides and bare rock were
presence-absence transformed. It is worth noting
that significance at the shorter distance class consid-
ered in our correlograms (i.e. 30 to 40 cm) indicates

that individuals are aggregated at the quadrat scale,
while significance at larger distance classes suggests
a dispersive pattern of distribution. A random distrib-
ution is observed when the correlogram fluctuates
around zero or is negative at the shorter distance
class considered (Fortin & Dale 2005).

The interspecific spatial associations between focal
species estimated through the quadrat sampling
method were analysed using cross-correlations
(Fortin & Dale 2005). Confidence intervals (95%) of
cross-correlation coefficients for different distance
lags were estimated through bootstrapping (Manly
1997). To determine habitat use at the 900 cm2 scale,
we estimated the lag 0 Pearson’s spatial correlation
(r) between each limpet species density and the per-
centage cover of algae, sessile invertebrates and
bare rock across quadrats in each site. Significance
was calculated through a t-test corrected for the
effective degrees of freedom based on lag 1 autocor-
relation estimates of Moran’s I (Dutilleul 1993). No
spatial analyses involving Scurria zebrina at Guana-
queros were conducted due to insufficient densities
of the focal species observed at this site (see Fig. 2a).
Analyses were implemented in the software PAS-
SaGE v.2 (Rosenberg & Anderson 2011).

We calculated mean conspecific NN distances (i.e.
dA, where d is the distance in centimetres from a
given individual to its nearest neighbour and A is the
total survey area) comparing this measure with the
expected (E) NN distance based on a random distrib-
ution model: dE = 1/2√ρ, where ρ is the density of
individuals within the survey area (Clark & Evans
1954). Thus, we calculated the R index = dA/dE,
which provides a measure of aggregated (R close
to 0), random (R close to 1) or maximum spacing (R
close to 2.15 for perfect over-dispersion) distribution
(Clark & Evans 1954, and see also Fortin & Dale
2005). The R index provides the general form of the
spatial distribution of the focal species, but NN dis-
tances are non-independent because of the presence
of reflexive points (i.e. when 2 ind. are mutually near-
est neighbours; Cox 1981), which complicates tests of
statistical significance (Meagher &  Burdick 1980).
We used a similar approximation as with autocorrela-
tion, where we randomly shuffled our dataset and
recalculated the R index 1000 times.

Interspecific NN distances are dependent on con-
specific distributions and are difficult to analyse be-
cause of the presence of reflexive points (see above)
and shared nearest neighbours that occurs when 2 or
more points have the same neighbour; thus, we use 2
complementary methodologies for analysis. (1) We
visually examined NN distributions and differences

189



Mar Ecol Prog Ser 483: 185–198, 2013

in mean and median hetero specific distances esti-
mated from Scurria zebrina to S. viridula and vice
versa for each study site. (2) We estimated the degree
of spatial segregation be tween species using the
method proposed by Pielou (1961) and further im-
proved by Dixon (1994), based on the observed rela-
tive abundance of conspecific and heterospecific
neighbours. Thus, 2 species are segregated if the
ratio of conspecific to heterospecific nearest neigh-
bours is greater than expected by chance and are at-
tracted when this ratio is less than expected (Pielou
1961, Dixon 1994). We used the Sij index proposed
by Dixon (1994), based on the observed frequency
of conspecific neighbours relative to the expected
 frequency of each: Sij = –log[Nj · (nii/nij) · (Ni –1)–1],
which corresponds to the simplified measures of in-
terspecific segregation presented by Dixon (1994),
where nii is the number of grazer species i with con-
specific neighbour i; nij is the number of grazer spe-
cies i with heterospecific neighbour j; and Ni and Nj

are the total number of individuals considered of spe-
cies i and j, respectively. In this case, i corresponds to
S. zebrina and j corresponds to S. viridula. A value
of Sij < 0 indicates interspecific spatial segregation,
Sij > 0 indicates an attraction or aggregation and Sij =
0 indicates a random pattern. To test the significance
of the segregation index, we use Dixon’s C statistic
(Dixon 1994), which takes into account the presence
of both reflexive and shared nearest neighbour
points. This test has an asymptotic chi-squared distri-
bution with 2 degrees of freedom (see also Coomes et
al. 1999). According to differences in intraspecific
patterns between S. zebrina and S. viridula (see re-
sults on NN conspecific distan ces), we assumed here
that Sij ≠ Sji, and then both indexes and their corre-
sponding tests were estima ted.

To test differences in shell length between Scurria
viridula and S. zebrina, we constructed a 2-way con-
tingency table based on the size classes (counts) of
the study species recorded at each study site, per-
forming a Pearson’s chi-squared exact test.

RESULTS

Geographic patterns

Long-term datasets (i.e. from 1998 to 2011) of sur-
veys conducted at 10 sites across the transition zone
showed that Scurria zebrina is not present north of
30° S, while the polar distribution edge of S. viridula
is around 32° S (Fig. 1a). Thus, these species co-
occurred for only ~250 km of coastline in central-
north Chile (Fig. 1). The limpet S. araucana was ob -
served at all study sites north and south of the
over lap zone of S. viridula and S. zebrina (Fig. 1).

Spatial patterns at the overlap zone

Abundance of the focal species was variable across
sites in the overlap zone. Densities of Scurria zebrina
were lowest at Guanaqueros (mean ± SE: 0.087 ±
0.06 ind. 900 cm−2) and highest at Limarí (5.083 ±
1.134 ind. 900 cm−2) (Fig. 2a). In contrast, density of
the limpet S. viridula was highest at Guanaqueros
(2.26 ± 0.413 ind. 900 cm−2), at the northern edge of
the overlap zone (Figs. 1 & 2), and relatively constant
at the other sites where it occurred (Fig. 2a). S. arau-
cana showed the lowest density of the 3 limpets sam-
pled in Limarí (Fig. 2a; 0.080 ± 0.0576 ind. 900 cm−2).

Body sizes of Scurria viridula and S. zebrina sam-
pled between late summer and early winter were
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Fig. 2. (a) Density of the focal Scurria limpets present in the
mid-high intertidal level at 4 sites located in the overlap zone
(see Fig. 1), and (b) percentage cover (%) of the most impor-
tant habitat types recorded in these sites. Note the log scale 
of the y-axis in (a). Means +SE. Dotted line: 1 ind. 900 cm−2
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similar across the sites (Fig. 3). Median shell length
ranged from 2.3 to 2.8 cm for S. viridula and 2.7 to
3.1 cm for S. zebrina (see arrows, Fig. 3). Accord-
ingly, shell length was independent of the site and
focal species considered (Pearson’s χ2 test: 3.176, df =
2; p = 0.204). Maximum shell lengths of S. viridula
and S. zebrina were recorded in Punta Talca, with
individuals reaching 6.3 and 5.8 cm, respectively
(Fig. 3). Smaller individuals were observed in most
sites and ranged from 1.27 to 1.33 cm shell length for
both species. S. araucana showed small size in all
sites compared with the other species, with a median
shell length ranging from 1.1 to 1.8 cm (Fig. 3c,f,i).

Intraspecific spatial distribution 
across different scales

At the quadrat scale (900 cm2), spatial autocorrela-
tion analyses showed that individuals of Scurria viri -
dula and S. zebrina were not significantly autocorre-
lated at most distance classes (Fig. 4a,b); thus, both
species generally showed random patterns of distrib-
ution. At 1 site (Guanaqueros), however, S. viridula
showed an aggregated distribution, with significant
autocorrelation at distance classes of ~30 to 40 cm

(Fig. 4a). Spatial abundance distribution of S. arau-
cana was aggregated at the smaller distance classes
(i.e. 30 to 40 cm) in Guanaqueros and Punta Talca but
was random at Huentelauquén (Fig. 4c). Abundance
of S. araucana was very low in Limarí, and the global
correlogram could not be appropriately interpreted
at this site.

At the individual-to-individual scale, distribution of
NN distances to conspecifics showed differences in
the individual distribution for Scurria viri dula and S.
zebrina in Limarí (Fig. 5a,b). At this site, individual
distribution of S. viridula was random with an R index
of 1.182 (Fig. 5a,b), while for S. zebrina, this pattern
was aggregated (median NN value = 6.0 cm) with an
R index value around 0.0. Contrastingly, individual
distribution patterns of S. viridula and S. ze bri  na at
Punta Talca were random, as confirmed by R index
values around 1 for these species. At this site, median
NN distances to conspecifics were 15.0 and 9.0 cm for
S. viridula and S. zebrina, respectively (Fig. 5d,e). In
Huentelauquén, distances to conspecific neigh bours
were random for S. viridula and ag gregated for S. ze-
brina, with median distances of 11.6 and 2.9 cm for
these species, respectively (Fig. 5g,h). For S. arau-
cana, the conspecific distribution pattern was aggre-
gated in Limarí, with a median NN distance of 6.5 cm

(Fig. 5c). At Punta Talca and Huen -
telau quén, conspecific distribution was
found to be random according to a R
index close to 1.0 and with median NN
distances of 11.0 cm and 9.0 cm, re-
spectively (Fig. 5f,i).

Interspecific spatial structure across
different scales

Spatial cross-correlation between
abundances of Scurria limpets esti-
mated through the quadrat sampling
method showed contrasting patterns
between species pairs at the different
distance classes considered (Fig. 6).
For S. viridula and S. zebrina, correlo-
grams showed non-significant cross-
correlations at small distance classes
(30 to 40 cm) and significant positive
cross-correlations at distances of ~150
to 180 and 120 to 150 cm at Limarí and
Punta Talca, respectively (Fig. 6a,b).
At Huentelauquén, we found 1 sig -
nificant positive cross- correlation at
the smallest distance class (i.e. 30 to
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Fig. 3. Shell length frequency (%) for (a,d,g) S. viridula, (b,e,h) S. zebrina and
(c,f,i) S. araucana in Limarí, Punta Talca and Huentelauquén. Arrows indicate 

median length
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40 cm, the quadrat level, Fig. 6c). No significant
cross-correlations were obser ved at any site between
S. viridula and S. araucana (ds, Fig. 6a,b,c). Similarly,
the species S. zebrina and S. araucana were uncorre-
lated at all study sites (s, Fig. 6a,b,c). Hence, both

species showed a spatial abundance distribution pat-
tern independent of S. araucana.

The analyses using individual-to-individual dis tan -
ces showed that the values of the segregation index
were generally in agreement with the ob served me-

dian and mean values of hetero specific
NN distances (Fig. 7). Scurria zebrina
tended to maintain a segregated pat-
tern from S. viridula, with median dis-
tances to S. viridula neighbours of
27.6, 23.0 and 13.0 cm in Limarí, Punta
Talca and Huentelau quén, respective -
ly (Fig. 7a,c,e). The segregation Sij in-
dex was negative for all sites, indicat-
ing that individuals of S. zebrina
tended to stay closer (i.e. aggregated)
to conspecifics than individuals of
S. viri dula (Fig. 7a,c,e). Accordingly,
the test of segregation was significant
for all sites (Dixon’s C statistic; Li marí:
χ2 = 7.174, p = 0.030; Punta Talca: χ2 =

9.031, p = 0.010; Huentelauquén: χ2 =
6.260, p = 0.040; see asterisks in
Fig. 7a,c,e). When estimating hetero -
specific NN distances from S. viridula
to S. zebrina, we found median dis-
tances of 13.0, 16.8 and 7.1 cm in Li-
marí, Punta Talca and Huentelauquén,
respectively (Fig. 7b,d,f). The segrega-
tion index was nega tive in Limarí and
Punta Talca, indicating a potentially
segregated distribution pattern, and
positive in Huentelauquén, indicating
attraction to hetero speci fics, but the
test of segregation was not significant
for any site (Dixon’s C statistic; Limarí:
χ2 = 0.905, p = 0.640; Punta Talca: χ2 =
2.756, p = 0.250; Huentelauquén: χ2 =
0.344, p = 0.840; Fig.7b,d,f).

Habitat type and Scurria
spatial patterns

Spatial correlations between Scurria
densities and habitat types were vari-
able across sites (Table 1). Strong posi-
tive and significant correlation was ob -
served for Scurria viridula and bare
rock at Guanaqueros, which coincides
with a significant negative association
with chthamalid barnacles (Table 1).
The positive association between S.
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Fig. 4. Moran’s I spatial correlograms based on density data for the 3 focal
grazers: (a) Scurria viridula, (b) S. zebrina and (c) S. araucana. Symbols: solid
= significant correlation (α = 0.05) after random permutation test (1000 permu-

tations) and Bonferroni correction, open = non-significant correlation

Fig. 5. Frequency (%) histograms of nearest neighbour (NN) linear distances
to conspecifics of the 3 study species, (a,d,g) S. viridula, (b,e,h) S. zebrina and
(c,f,i) S. araucana, conducted at Limarí, Punta Talca and Huentelauquén. The
R index (Clark & Evans 1954) is presented, where values close to 0 indicate an
aggregated pattern and those close to 1 indicate a random pattern of distribu-

tion. Arrows indicate median nearest neighbour distance
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viridula and bare rock was observed at
the other sites, but correlations were
generally weak and non-significant.
Similarly, S. zebrina densities showed
a significant positive spatial correlation
with Mazzaella laminario ides in Li-
marí, and this pattern was not sig -
nificant in the other sites (Table 1). No
significant correlations were ob served
between S. zebrina densities and bare
rock cover at any site (Table 1). S.
araucana densities  show ed no signifi-
cant correlations with any habitat type
in any site (Table 1).

DISCUSSION

We showed that Scurria viridula and
S. zebrina coexisted and reached simi-
lar densities and body sizes across a
narrow geographic zone in central-
north Chile, which corresponds to the
edge of their geographic ranges. Intra -
specific spatial distribution, ob ser ved
at the quadrat scale (i.e. 900 cm2), was
 random for S. viridula and S. zebrina in
most sites. However, S. viridula in-
traspecific distribution was aggregated
at 1 site (Guana queros), where S. zeb-
rina showed extremely low densities.
In contrast, our observations based on
 individual-to-individual distances, i.e.
NN distances, showed an aggregated
distribution for S. zebrina at Limarí and
Huentelauquén. S. araucana showed
ag  gregated intraspecific patterns at
the quadrat scale at 2 sites and also at
the smaller scale (NN distances) at 1
site, namely Limarí. This agrees only
partially with our hypothesis (1) about
similarity in abundance and spatial
distribution patterns of S. viridula and
S. zebrina. Regarding in terspecific dis -
tribution, S. zebrina segregated from S.
viridula at the individual-to-individual
scale, but this last spe cies showed no
clear interspecific pattern. No inter-
specific spatial association between
the species at the edge of their ranges
and S. araucana was detected at the
quadrat scale, in accordance with hy-
potheses (2) and (4). In general, focal

Fig. 6. Spatial cross-correlograms based
on density data recorded at different
distance lags (cm) in (a) Limarí, (b)
Punta Talca and (c) Huentelauquén for
each of the 3 species pairs: S. viridula–S.
zebrina (m), S. viridula–S. araucana (ds)
and S. zebrina–S. araucana (s). Dashed 

lines: upper and lower 95% CI

Fig. 7. Frequency (%) histograms of nearest neighbour (NN) linear distances
to heterospecifics for S. zebrina (denoted by i) and S. viridula (denoted by j)
recorded at Limarí, Punta Talca and Huentelauquén. Arrows indicate target
heterospecifics from (a,c,e) S. zebrina to S. viridula and (b,d,f) S. viridula to S.
zebrina. Segregation index is presented in each case (Sij and Sji, respectively). 

*p < 0.05; ns: non-significant. See text for further details
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species loosely resembled the spatial distribution of
major habitat types cha rac teristic of mid-high inter-
tidal  levels, which showed an aggregated distribution
(Fig. S2.1 in Supplement 2), rejecting hypothesis (3).
We suggest that broad-scale processes determining
species’ range edges may also influence intraspecific
spatial structures of parapatric species, differentiating
them from spatial patterns of species found at the cen-
tre of their distribution, and that small-scale segrega-
tion may benefit local coexistence. Here, we discuss
the importance of interspecific competition for space
and habitat suitability in partitioning the spatial niche
at the species’ edge of geographic distribution and the
potential consequences for species range shift.

Geographic range edge and abundance patterns

According to our results, Scurria viridula and S.
zebrina were in most cases more abundant across the
overlap zone than outside of it. Increased abundance
towards the edge of the range agrees with models
indicating increased population size in edge popula-
tions (see Sagarin & Gaines 2002 for review) but
 contrasts with whole-range abundance patterns ob -
served for other limpets and that are consistent with
the abundant-centre hypothesis (e.g. Lottia gigantea;
Fenberg & Rivadeneira 2011). Likely, range edge
dynamics of the focal species may help to unravel
range shifts as a consequence of climate variability
(see Sagarin & Gaines 2002 for review).

There is information suggesting that Scurria viri -
dula has expanded its range edge south of 30° S (Riva -
deneira & Fernández 2005). Recent gradual changes of

climatic-oceanographic conditions in temperate coasts
(Harley et al. 2006, Helmuth et al. 2006, Hawkins et
al. 2008), exceptional events like variation in sea sur-
face water salinity and temperature, or sea current in-
tensity seem to influence range shifts of different in-
tertidal species (Lima et al. 2006, Lima & Wethey
2012, Sousa et al. 2012). However, information about
decadal changes in ocean temperature in the study
region does not support a poleward range expansion
of S. viridula (Falvey & Garreaud 2009). No informa-
tion on distributional range chan ges has been re-
ported for S. zebrina or S. araucana. Our results on
spatial distribution patterns suggest that Scurria
limpets have flexible habitat requirements, so that
S. zebrina and S. viridula may display demographic
variability in their range edges. S. zebrina abundance
was positively related to the abundance of the corti-
cated alga Mazzaella laminarioides at 1 study site,
which also reaches its equatorial edge of the range at
the overlap zone (Broitman et al. 2011). Positive
 herbivore–plant interactions have been established
for S. viridula and M. laminarioides in this zone (M. A.
Agui lera, N. Valdivia & B. Broitman unpubl. obs.), but
it is unclear whether the alga enhances the abundance
or facilitates S. zebrina local distribution, providing
protection against desiccation or heat stress (discussed
below). Recent studies suggest that positive interac-
tions can significantly influence species distribution,
especially enhancing fitness at the edge of their geo-
graphic distribution (Stanton-Geddes et al. 2012).
Thus, further studies should take into account the po-
tential effect of the corticated alga to facilitate persis-
tence of S. zebrina populations at the overlap zone.

Intraspecific spatial distribution and habitat use

Gregarious patterns observed in different animal
species can be related to food and shelter distribution
(e.g. Underwood 1976, Garrity 1984, Chapman &
Underwood 1992, Underwood & Chapman 1996,
Agui lera & Navarrete 2011), while dispersive (i.e.
uniform) spatial distribution can be set by inter -
ference competition through changes in individual
be haviour (Branch 1975, 1976, Underwood 1976,
Iwa saki 1992). We found scarce correspondence of
the focal species with the habitat type considered,
with Scurria viridula using more frequently bare rock
patches than other habitat and S. zebrina abundance
being more related to clumps of the corticated alga
Mazzaella laminarioides. However, these patterns
were not consistent through the overlap zone, sug-
gesting that processes determining small-scale distri-
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Species Habitat Site
type GUAN LIMA PTAL HUEN

S. viridula M. l. – −0.34 −0.005 −0.066
Bare rock 0.527* 0.231 0.185 0.078
Barnacles −0.496* – – −0.163

S. zebrina M. l. – 0.415* 0.04 0.029
Bare rock 0.034 −0.13 0.082 0.012
Barnacles 0.006 – – −0.075

S. araucana M. l. – −0.098 0.175 0.213
Bare rock −0.297  0.037 0.038 −0.097
Barnacles 0.003 – – 0.178

Table 1. Scurria viridula, S. zebrina, and S. araucana. Statis-
tics of Pearson’s spatial correlation (r) of limpet abundance
and habitat type percent cover (log[x + 1]-transformed data).

*: significant r values (α = 0.05) after performing a modified
t-test corrected by the degree of autocorrelation in the data -
sets. –: conditions in which a spatial correlation could not be
computed. GUAN: Guanaqueros; LIMA: Limarí; PTAL: Punta
Talca; HUEN: Huentelauquén. M. l.: Mazzaella laminario ides
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bution of species could still operate differentially at
each site (e.g. Denley & Underwood 1979, Fraschetti
et al. 2005). Indeed, spatial distributions, measured at
the quadrat scale, of both bare rock and M. laminari-
oides were patchy (Fig. S2.1a in Supplement 2),
while those of limpets were mostly random. Thus,
spatial distribution of Scurria limpets may resemble
other local habitat components not considered in our
sampling. For example, habitat selection has been
directly related to behavioural mechanisms regard-
ing preference and accessibility to areas for foraging
and resting (Crowe & Underwood 1998, Olabarria et
al. 2002, Underwood et al. 2004). Individual spatial
distribution of the focal species could reflect food dis-
tribution (Branch 1976), small-scale topography or
thermally suitable areas for resting (Garrity 1984).
Our surveys were conducted during the resting
phase of species, i.e. low tides, when substrate was
commonly dry. Previous studies suggest that resting
habitats could protect individuals against desicca-
tion, heat stress or dislodgement by waves (e.g. Gar-
rity 1984, Williams & Morritt 1995, Gray & Hodgson
1997, Harper & Williams 2001, Aguilera & Navarrete
2011, 2012b). Individuals of S. viridula used flat rock
platforms while resting and were rarely seen occupy-
ing cre vices during the study. The limpet S. zebrina is
commonly seen resting under M. laminarioides cano -
pies, consistent with the positive correlation found
with this alga at Limarí. This also agrees with con-
specific NN distances that revealed gregarious pat-
terns for S. zebrina at Limarí and Huentelauquén.
Individual behavioural choice of thermally suitable
microhabitats in molluscs can alter their distribution
at different spatial and temporal scales (e.g. Garrity
1984, Harper & Williams 2001, Muñoz et al. 2005,
Chapperon & Seuront 2011b). S. viridula showed a
random pattern at resting, but some evidence of gre-
garious behaviour was observed at 1 site, Guanaque-
ros, which commonly has higher air temperature
than our southern sites (Garreaud et al. 2011). Likely,
thermal habitat suitability could be a key factor
determining abundance distribution of Scurria spe-
cies, as documented for other intertidal limpets (e.g.
Lottia gigantea; Miller et al. 2009). Further studies
should take into account potential differentiation in
thermal stress tolerances between Scurria species in
an attempt to complement hypotheses about their
potential niche partitioning (e.g. Williams & Morritt
1995, Helmuth et al. 2010).

It has been observed that spatial distribution of
grazers can account for small-scale distribution of
food resources (Aguilera & Navarrete 2007, Johnson
et al. 2008, Díaz & McQuaid 2011). Similarity in the

spatial structure of foraging and abundance distribu-
tional patterns of focal species could be relevant to
species equivalence or redundancy (sensu Walker
1992) in the magnitude of their functional roles. A
recent experimental study conducted in the overlap
zone showed the consumptive effect of Scurria viri -
dula on the algal community (M. A. Aguilera, N. Val-
divia & B. Broitman unpubl. data), which is qualita-
tively similar to the effect observed for S. araucana in
central Chile (Aguilera & Navarrete 2012a). This sug-
gests that similarity in grazing effects could be more
related to specific traits shared by the Scurria genus,
e.g. radular morphology and spatial behaviour (e.g.
Hawkins et al. 1989, Espoz et al. 2004, Lindberg
2007). Likely, similarity in the spatial distribution of
S. viridula and S. zebrina measured at the quadrat
scale, i.e. dozens of centimetres to metres, may fur-
ther enhance functional similarity in roles of these
grazers (Walker 1992, Rosenfeld 2002) and influence
food distribution in similar ways. Thus, future studies
should examine the level of redundancy in effects in
these species to determine their potential functional
compensation.

Spatial segregation and coexistence

A mostly segregated spatial distribution pattern at
small spatial scales was observed between Scurria
viridula and S. zebrina in the study sites, agreeing
well with our stated hypothesis. Consistent inter -
specific segregation of S. zebrina from S. viridula was
observed through the NN distance method, i.e. at the
individual-to-individual scale (few centimetres), and
contrasted with the quadrat sampling protocol,
which did not show a clear indication of interspecific
segregation, i.e. negative correlation, at the smaller
scales (30 to 40 cm). This can be because the latter
method can only reveal the spatial interspecific
structure of limpets from distances >30 cm, while
average segregation among individuals occurs at
scales ranging from 10 to 27 cm. We found no clear
indication of segregation when examining NN dis-
tances of S. viridula to S. zebrina, which was proba-
bly related to the strong random distributional pat-
tern of S. viridula individuals recorded in all sites (see
Fig. 5). Nonetheless, we found that 35 and 47% of
S. viridula individuals sampled in Limarí and Punta
Talca, respectively, showed distances >15 cm from
S. zebrina. Segregation of S. zebrina from S. viridula
occurred at median distances ranging from 10.3 to
27.6 cm, which, based on median shell sizes of indi-
viduals between 2.3 and 3.0 cm, seems to be a signif-
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icant spatial scale to reduce the probability of inter-
ference between individuals when they start forag-
ing activities (Aguilera & Navarrete 2011). Inter -
ference competition for space and shelter is common
in this intertidal grazer assemblage (Aguilera &
Navarrete 2012b). Small-scale spatial segregation
between focal species may compensate for the simi-
larities in size and relative densities observed across
the overlap zone, thus facilitating coexistence. Alter-
natively, differences in microhabitat suitability be -
tween species could determine small-scale spatial
segregation. In a series of field experiments, Firth &
Crowe (2010) showed that mortality and growth rates
of 2 Patella limpets depended on microhabitat type
(emergent rock vs. pools). In that study, no inter -
specific competition was observed, suggesting that
differences in small-scale habitat suitability were the
main mechanism causing segregation and coexis-
tence at larger scales between those limpets (Firth &
Crowe 2008, 2010). Our results showed no consistent
differences in habitat use for S. viridula and S. zebri -
na but showed relevant small-scale spatial segrega-
tion while at rest. Likely, small-scale variation in
thermal suitability (discussed above) and/or topo -
graphy could be relevant for spatial segregation
observed in the overlap zone.

Coexistence mechanisms of similar species is one
of the main challenges to understand community
structure and biodiversity patterns (Leibold 1998,
Chesson 2000). Thus, information of species’ life
 histories and their temporal and spatial distribution
patterns provides unique information about niche
similarity, compensatory potential and potential ex -
tinction at regional scales (Leibold 1998, Mouquet &
Loreau 2002). We used a biogeographic transition
zone to examine intraspecific spatial distribution and
small-scale interspecific coexistence mechanisms in
2 highly related species at the edge of their geo-
graphic ranges, which can help to predict their range
shift potential. If coexistence between these species
in the geographic overlap zone is related to spatial
partitioning at small scales (centimetres to metres),
as our findings suggest, the potential role of differen-
tial environmental stress responses and interspecific
competition in determining species range shifts at
short temporal scales should be a focus of future
research (Goldberg & Lande 2007).

Acknowledgements. We thank J. Gajardo, O. Cerda and T.
Manzur for field assistance during the geographic large-
scale surveys and all members of the ChangoLab working
group for camaraderie, friendship and useful comments. We
also thank 4 anonymous reviewers, who made very helpful

comments to improve this contribution. Dr. S. Navarrete,
Estación Costera de Investigaciones Marinas-Pontificia Uni-
versidad Católica de Chile (ECIM-PUC), provided support
during the 1998 to 2001 field surveys. Research was sup-
ported by grants from the Fondo Nacional de Desarrollo
Científico y Tecnológico of Chile (FONDECYT) to B.R.B.
(grant no. 1090488 and 1120988), N.V. (grant #3100014) and
M.A.A. (grant #11121360) and El Programa de Mejo-
ramiento de la Calidad y Equidad de la Educación Superior
(MECESUP) to N.V. (grant #AUS0805) and by funds from
CEAZA to B.R.B. and M.A.A.

LITERATURE CITED

Aguilera MA (2011) The functional roles of herbivores in the
rocky intertidal system in Chile:  a review of food prefer-
ences and consumptive effects. Rev Chil Hist Nat 84: 
241−261

Aguilera MA, Navarrete SA (2007) Effects of Chiton  gran osus
(Frembly, 1827) and other molluscan grazers on algal suc-
cession in wave exposed mid-intertidal rocky shores of
central Chile. J Exp Mar Biol Ecol 349: 84−98

Aguilera MA, Navarrete SA (2011) Distribution and activity
patterns in an intertidal grazer assemblage:  temporal
and spatial organization influence inter-specific associa-
tions. Mar Ecol Prog Ser 431: 119−136

Aguilera MA, Navarrete SA (2012a) Functional identity and
functional structure change through succession in a
rocky intertidal marine herbivore assemblage. Ecology
93: 75−89

Aguilera MA, Navarrete SA (2012b) Interspecific competi-
tion for shelters in territorial and gregarious intertidal
herbivores:  consequences for individual behaviour. PLoS
ONE 7: e46205

Boaventura D, Da Fonseca LC, Hawkins SJ (2003) Size mat-
ters:  competition within populations of the limpet Patella
depressa. J Anim Ecol 72: 435−446

Branch GM (1975) Mechanisms reducing intraspecific com-
petition in Patella spp.:  migration, differentiation and ter-
ritorial behaviour. J Anim Ecol 44: 575−600

Branch GM (1976) Interspecific competition experienced by
South African Patella species. J Anim Ecol 45: 507−529

Broitman B, Navarrete S, Smith F, Gaines SD (2001) Geo-
graphic variation of southeastern pacific intertidal com-
munity. Mar Ecol Prog Ser 224: 21−34

Broitman B, Véliz F, Manzur T, Wieters EA and others (2011)
Geographic variation in diversity of wave exposed rocky
intertidal communities along central Chile. Rev Chil Hist
Nat 84: 143−154

Camus P (2001) Biogeografía marina de Chile continental.
Rev Chil Hist Nat 74: 587−617

Camus PA, Daroch K, Opazo FL (2008) Potential for
omnivory and apparent intraguild predation in rocky
intertidal herbivore assemblages from northern Chile.
Mar Ecol Prog Ser 361: 35−45

Case T, Holt R, McPeek M, Keitt T (2005) The community
context of species’ borders:  ecological and evolutionary
perspectives. Oikos 108: 28−46

Chapman M, Underwood A (1992) Foraging behaviour of
marine benthic grazers. In:  John DM, Hawkins SJ, Price
JH (eds) Plant−animal interactions in the marine ben-
thos. Clarendon Press, Oxford, p 289−317

Chapperon C, Seuront L (2011a) Behavioral thermoregula-
tion in a tropical gastropod:  links to climate change sce-

196

http://dx.doi.org/10.1111/j.1365-2486.2010.02356.x
http://dx.doi.org/10.1111/j.0030-1299.2005.13148.x
http://dx.doi.org/10.3354/meps07421
http://dx.doi.org/10.4067/S0716-078X2001000300008
http://dx.doi.org/10.4067/S0716-078X2011000100011
http://dx.doi.org/10.3354/meps224021
http://dx.doi.org/10.2307/3888
http://dx.doi.org/10.2307/3612
http://dx.doi.org/10.1046/j.1365-2656.2003.00713.x
http://dx.doi.org/10.1371/journal.pone.0046205
http://dx.doi.org/10.1890/11-0434.1
http://dx.doi.org/10.3354/meps09100
http://dx.doi.org/10.1016/j.jembe.2007.05.002
http://dx.doi.org/10.4067/S0716-078X2011000200009


Aguilera et al.: Spatial niche and co-occurrence

narios. Glob Change Biol 17: 1740−1749
Chapperon C, Seuront L (2011b) Space-time variability in

environmental thermal properties and snail thermoregu-
latory behaviour. Funct Ecol 25: 1040−1050

Chen IC, Hill JK, Ohlemöller R, Roy DB, Thomas CD (2011)
Rapid range shift of species associated with high levels of
climate warming. Science 333: 1024−1026

Chesson P (2000) Mechanisms of maintenance of species
diversity. Annu Rev Ecol Syst 31: 343−366

Clark PJ, Evans FC (1954) Distance to nearest neighbor as a
measure of spatial relationships in populations. Ecology
35: 445−453

Coleman RA, Underwood AJ, Chapman MG (2004) Absence
of costs of foraging excursions in relation to limpet
aggregation. J Anim Ecol 73: 577−584

Coomes DA, Rees M, Turnbull L (1999) Identifying aggrega-
tion and association in fully mapped spatial data. Ecol-
ogy 80: 554−565

Cox TF (1981) Reflexive nearest neighbours. Biometrics 37: 
367−369

Crowe TP, Underwood AJ (1998) Testing behavioural ‘pref-
erence’ for suitable microhabitat. J Exp Mar Biol Ecol
225: 1−11

Denley EJ, Underwood AJ (1979) Experiments on factors
influencing settlement, survival, and growth of two spe-
cies of barnacles in New South Wales. J Exp Mar Biol
Ecol 36: 269−293

Díaz E, McQuaid C (2011) A spatially explicit approach to
trophic interactions and landscape formation:  patchiness
in small-scale variability of grazing effects along an
intertidal stress gradient. J Ecol 99: 416−430

Dixon P (1994) Testing spatial segregation using a nearest
neighbor contingency table. Ecology 75: 1940−1948

Dutilleul P (1993) Modifying the t test for assessing the cor-
relation between two spatial processes. Biometrics 49: 
305−314

Espoz C, Castilla JC (2000) Escape responses of four Chilean
intertidal limpets to seastars. Mar Biol 137: 887−892

Espoz C, Lindberg DR, Castilla JC, Simison BW (2004) Los
patelogastrópodos intermareales de Chile y Perú. Rev
Chil Hist Nat 77: 257−283

Falvey M, Garreaud RD (2009) Regional cooling in a warm-
ing world:  recent temperature trends in the southeast
Pacific and along the west coast of subtropical South
America (1979−2006). J Geophys Res 114: D04102, doi: 
10.1029/2008JD010519 

Fenberg PB, Rivadeneira MM (2011) Range limits and geo-
graphic patterns of abundance of the rocky intertidal owl
limpet, Lottia gigantea. J Biogeogr 38: 2286−2298

Firth LB, Crowe TP (2008) Large-scale coexistence and
small-scale segregation of key species on rocky shores.
Hydrobiologia 614: 233−241

Firth LB, Crowe TP (2010) Competition and habitat suitabil-
ity:  small-scale segregation underpins large-scale co -
existence of key species on temperate rocky shores.
Oecologia 162: 163−174

Firth LB, Crowe TP, Moore P, Thompson RC, Hawkins SJ
(2009) Predicting impacts of climate-induced range
expansion:  an experimental framework and a test involv -
 ing key grazers on temperate rocky shores. Glob Change
Biol 15: 1413−1422

Fletcher WJ, Underwood AJ (1987) Interspecific competition
among subtidal limpets:  effect of substratum hetero-
geneity. Ecology 68: 387−400

Fortin MJ, Dale MRT (2005) Spatial analysis:  a guide for

ecologists. Cambridge University Press, Cambridge
Fraschetti S, Terlizzi A, Benedetti-Cecchi L (2005) Patterns

of distribution of marine assemblages from rocky shores: 
evidence of relevant scales of variation. Mar Ecol Prog
Ser 296: 13−29

Garreaud RD, Rutllant JA, Muñoz RC, Rahn DA, Ramos M,
Figueroa D (2011) VOCALS-CUpEx:  the Chilean
upwelling experiment. Atmos Chem Phys 11: 2015−2029

Garrity SD (1984) Some adaptations of gastropods to physi-
cal stress on a tropical rocky shore. Ecology 65: 559−574

Godsoe W (2010) I can’t define the niche but I know it when
I see it:  a formal link between statistical theory and the
ecological niche. Oikos 119: 53−60

Goldberg EE, Lande R (2007) Species’ borders and dispersal
barriers. Am Nat 170: 297−304

Gray D, Hodgson AN (1997) Temporal variation in foraging
behaviour of Patella granularis (Patellogastropoda) and
Siphonaria concinna (Basommatophora) on a South
African shore. J Molluscan Stud 63: 121−130

Harley CDG (2003) Abiotic stress and herbivory interact to
set range limits across a two-dimensional stress gradient.
Ecology 84: 1477−1488

Harley CDG, Hughes AR, Hultgren KR, Miner BG and oth-
ers (2006) The impacts of climate change in coastal
marine systems. Ecol Lett 9: 228−241

Harper KD, Williams G (2001) Variation in abundance and
distribution of the chiton Acanthopleura japonica and
associated molluscs on a seasonal tropical, rocky shore.
J Zool 253: 293−300

Hawkins SJ, Watson DC, Hill AS, Harding SP, Kyriakides
MA, Hutchinson S, Norton TA (1989) A comparison of
feeding mechanisms in microphagous, herbivorous,
intertidal, prosobranchs in relation to resource partition-
ing. J Molluscan Stud 55: 151−165

Hawkins SJ, Moore PJ, Burrows MT, Poloczanska E and oth-
ers (2008) Complex interactions in a rapidly changing
world:  responses of rocky shore communities to recent
climate change. Clim Res 37: 123−133

Helmuth B, Mieszkowska N, Moore P, Hawkins SJ (2006)
Living on the edge of two changing worlds:  forecasting
the responses of rocky intertidal ecosystems to climate
change. Annu Rev Ecol Evol Syst 37: 373−404

Helmuth B, Broitman B, Yamane L, Gilman S, Mach K,
 Mislan K, Denny M (2010) Organismal climatology: 
analy zing environmental variability at scales relevant to
physio logical stress. J Exp Biol 213: 995−1003

Hormazábal S, Shaffer G, Leth O (2004) Coastal transitional
zone off Chile. J Geophys Res 109: 121−128

Iwasaki K (1992) Factors affecting individual variation in
resting site fidelity in the patellid limpet Cellana toreuma
(Reeve). Ecol Res 7: 305−331

Johnson MP, Hanley ME, Frost NJ, Mosley MWJ, Hawkins
SJ (2008) Persistent spatial patchiness of limpet grazing.
J Exp Mar Biol Ecol 365: 136−141

Lavergne S, Mouquet N, Thuiller W, Ronce O (2010) Biodi-
versity and climate change:  integrating evolutionary and
ecological responses of species and communities. Annu
Rev Ecol Evol Syst 41: 321−350

Leibold MA (1998) Similarity and local co-existence of spe-
cies in regional biotas. Evol Ecol 12: 95−110

Lima FP, Wethey DS (2012) Three decades of high-resolu-
tion coastal sea surface temperatures reveal more than
warming. Nat Commun 3: 704 

Lima FP, Queiroz N, Ribeiro PA, Hawkins SJ, Santos AM
(2006) Recent changes in the distribution of a marine

197

http://dx.doi.org/10.1111/j.1365-2699.2006.01457.x
http://dx.doi.org/10.1023/A%3A1006511124428
http://dx.doi.org/10.1146/annurev-ecolsys-102209-144628
http://dx.doi.org/10.1016/j.jembe.2008.08.006
http://dx.doi.org/10.1007/BF02347099
http://dx.doi.org/10.1029/2003JC001956
http://dx.doi.org/10.1242/jeb.038463
http://dx.doi.org/10.1146/annurev.ecolsys.37.091305.110149
http://dx.doi.org/10.3354/cr00768
http://dx.doi.org/10.1093/mollus/55.2.151
http://dx.doi.org/10.1017/S0952836901000279
http://dx.doi.org/10.1111/j.1461-0248.2005.00871.x
http://dx.doi.org/10.1890/0012-9658(2003)084[1477%3AASAHIT]2.0.CO%3B2
http://dx.doi.org/10.1093/mollus/63.2.121
http://dx.doi.org/10.1086/518946
http://dx.doi.org/10.1111/j.1600-0706.2009.17630.x
http://dx.doi.org/10.2307/1941418
http://dx.doi.org/10.5194/acp-11-2015-2011
http://dx.doi.org/10.3354/meps296013
http://dx.doi.org/10.2307/1939270
http://dx.doi.org/10.1111/j.1365-2486.2009.01863.x
http://dx.doi.org/10.1007/s00442-009-1441-7
http://dx.doi.org/10.1007/s10750-008-9509-7
http://dx.doi.org/10.1111/j.1365-2699.2011.02572.x
http://dx.doi.org/10.4067/S0716-078X2004000200006
http://dx.doi.org/10.1007/s002270000426
http://dx.doi.org/10.2307/2532625
http://dx.doi.org/10.2307/1941598
http://dx.doi.org/10.1016/S0022-0981(97)00187-1
http://dx.doi.org/10.2307/2530424
http://dx.doi.org/10.1890/0012-9658(1999)080[0554%3AIAAAIF]2.0.CO%3B2
http://dx.doi.org/10.1111/j.0021-8790.2004.00834.x
http://dx.doi.org/10.2307/1931034
http://dx.doi.org/10.1146/annurev.ecolsys.31.1.343
http://dx.doi.org/10.1126/science.1206432
http://dx.doi.org/10.1111/j.1365-2435.2011.01859.x


Mar Ecol Prog Ser 483: 185–198, 2013

gastropod, Patella rustica Linnaeus, 1758, and their rela-
tionship to unusual climatic events. J Biogeogr 33: 
812−822

Lindberg DR (2007) Reproduction, ecology, and evolution of
the Indo-Pacific limpet Scutellastra flexuosa. Bull Mar
Sci 81: 219−234

Lomolino MV, Riddle BR, Brown JH (2005) Biogeography,
3rd edn. Sinauer Associates, Sunderland, MA

Ludwig JA, Reynolds JF (1988) Statistical ecology. John
Wiley & Sons, New York, NY

Macarthur R, Levins R (1967) The limiting similarity, conver-
gence, and divergence of coexisting species. Am Nat
101: 377−385 

Manly BFJ (1997) Randomization, bootstrap and Monte
Carlo methods in biology. Chapman & Hall, Boca Raton,
FL

Marshall PA, Keough MJ (1994) Asymmetry in intraspecific
competition in the limpet Cellana tramoserica (Sowerby).
J Exp Mar Biol Ecol 177: 121−138

Meagher TR, Burdick DS (1980) The use of nearest neigh-
bor frequency analyses in studies of association. Ecology
61: 1253−1255

Mellin C, Russell BD, Connell SD, Brook BW, Fordham DA
(2011) Geographic range determinants of two commer-
cially important marine molluscs. Divers Distrib 18: 1−14

Menge B, Branch GM (2001) Rocky intertidal communities.
In:  Bertness M, Gaines SD (eds) Marine community ecol-
ogy. Sinauer Associates, Sunderland, MA

Miller LP, Harley CDG, Denny MW (2009) The role of tem-
perature and desiccation stress in limiting the local-scale
distribution of the owl limpet, Lottia gigantea. Funct Ecol
23: 756−767

Moore P, Hawkins SJ, Thompson RC (2007) Role of biologi-
cal habitat amelioration in altering the relative responses
of congeneric species to climate change. Mar Ecol Prog
Ser 334: 11−19

Mouquet N, Loreau M (2002) Coexistence in metacommuni-
ties:  the regional similarity hypothesis. Am Nat 159: 
420−426

Muñoz J, Finke R, Camus P, Bozinovic F (2005) Thermoreg-
ulatory behavior, heat gain and thermal tolerance in
intertidal snails:  the case of the periwinkle Echinolitto-
rina peruviana in central Chile. Comp Biochem Physiol A
142: 92−98

Olabarria C, Underwood AJ, Chapman MG (2002) Appro-
priate experimental design to evaluate preferences for
microhabitat:  an example of preferences by species of
microgastropods. Oecologia 132: 159−166

Parmesan C (2006) Ecological and evolutionary responses to
recent climate change. Annu Rev Ecol Syst 37: 637−669

Parmesan C, Yohe G (2003) A globally coherent fingerprint
of climate change impacts across natural systems. Nature
421: 37−42

Pielou EC (1961) Segregation and symmetry in two-species
populations as studied by nearest neighbour relation-
ships. J Ecol 49: 255−269

Rivadeneira M, Fernández M (2005) Shifts in southern end-
points of distribution in rocky intertidal species along the
south-eastern Pacific coast. J Biogeogr 32: 203−209

Rivadeneira M, Fernández M, Navarrete S (2002) Latitudi-
nal trends of species diversity in rocky intertidal herbi-
vore assemblages:  spatial scale and the relationship
between local and regional species richness. Mar Ecol
Prog Ser 245: 123−131

Rivadeneira M, Hernáez P, Baeza JA, Boltaña S and 10 oth-

ers (2010) Testing the abundant-centre hypothesis using
intertidal porcelain crabs along the Chilean coast:  link-
ing abundance and life-history variation. J Biogeogr 37: 
486−498

Rosenberg MS, Anderson CD (2011) PASSaGE:  pattern
analysis, spatial statistics and geographic exegesis. Ver-
sion 2. Methods Ecol Evol 2: 229−232

Rosenfeld R (2002) Functional redundancy in ecology and
conservation. Oikos 98: 156−162

Rossi RE, Mulla D, Journel AG, Franz EH (1992) Geostatisti-
cal tools for modeling and interpreting ecological spatial
dependence. Ecol Monogr 62: 277−314

Sagarin R, Gaines SD (2002) The ‘abundant centre’ distribu-
tion:  To what extent is it a biogeographic rule? Ecol Lett
5: 137−147

Sagarin R, Gaines SD, Gaylord B (2006) Moving beyond as -
sumptions to understand abundance distributions across
ranges of species. Trends Ecol Evol 21: 524−530

Santelices B (1990) Patterns of organization of intertidal and
shallow subtidal vegetation in wave exposed habitats in
central Chile. Hydrobiologia 192: 35−57

Sexton JP, McIntyre PJ, Angert AL, Rice KJ (2009) Evolution
and ecology of species range limits. Annu Rev Ecol Syst
40: 415−436

Sousa LL, Seabra R, Wethey DS, Xavier R, Queiroz N, Zen-
boudji S, Lima FP (2012) Fate of a climate-driven coloni-
sation:  demography of newly established populations of
the limpet Patella rustica Linnaeus, 1758, in northern
Portugal. J Exp Mar Biol Ecol 438: 68−75

Stafford R, Williams GA, Davies MS (2011) Robustness of
self-organised systems to changes in behaviour:  an
example from real and simulated self-organised snail
aggregations. PLoS ONE 6: e22743

Stanton-Geddes J, Tiffin P, Shaw RG (2012) Role of climate
and competitors in limiting fitness across range edges of
an annual plant. Ecology 93: 1604−1613

Tam JC, Scrosati RA (2011) Mussel and dogwhelk distribu-
tion along the north-west Atlantic coast:  testing predic-
tions derived from the abundant-centre model. J Bio-
geogr 38: 1536−1545

Underwood AJ (1976) Nearest neighbour analyses of spatial
dispersion of intertidal prosobranch gastropods within
two substrata. Oecologia 26: 257−266

Underwood AJ (1992) Competition in marine plant-animal
interactions. In:  John DM, Hawkin SJ, Price JH (eds)
Plant–animal interactions in the marine benthos. Claren-
don Press, Oxford, p 443−475

Underwood AJ, Chapman MG (1996) Scales of spatial pat-
terns of distribution of intertidal invertebrates. Oecologia
107: 212−224

Underwood AJ, Chapman MG, Crowe TP (2004) Identifying
and understanding ecological preferences for habitat or
prey. J Exp Biol 300: 161−187

Walker BH (1992) Biodiversity and ecological redundancy.
Conserv Biol 6: 18−23

Wethey DS (2002) Biogeography, competition, and microcli-
mate:  the barnacle Chthamalus fragilis in New England.
Integr Comp Biol 42: 872−880

Wiens JJ, Ackerly DD, Allen AP, Anacker BL and others
(2010) Niche conservatism as an emerging principle
in ecology and conservation biology. Ecol Lett 13: 
1310−1324

Williams G, Morritt D (1995) Habitat partitioning and ther-
mal tolerances in a tropical limpet. Mar Ecol Prog Ser
124: 89−103

198

Editorial responsibility: Brian Helmuth, 
Nahant, Massachusetts, USA

Submitted: September 8, 2012; Accepted: January 28, 2013
Proofs received from author(s): May 2, 2013

http://dx.doi.org/10.3354/meps124089
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20649638&dopt=Abstract
http://dx.doi.org/10.1093/icb/42.4.872
http://dx.doi.org/10.1016/j.jembe.2003.12.006
http://dx.doi.org/10.1007/BF00327905
http://dx.doi.org/10.1007/BF00345294
http://dx.doi.org/10.1111/j.1365-2699.2011.02498.x
http://dx.doi.org/10.1890/11-1701.1
http://dx.doi.org/10.1371/journal.pone.0022743
http://dx.doi.org/10.1016/j.jembe.2012.09.005
http://dx.doi.org/10.1146/annurev.ecolsys.110308.120317
http://dx.doi.org/10.1007/BF00006226
http://dx.doi.org/10.1046/j.1461-0248.2002.00297.x
http://dx.doi.org/10.2307/2937096
http://dx.doi.org/10.1034/j.1600-0706.2002.980116.x
http://dx.doi.org/10.1111/j.2041-210X.2010.00081.x
http://dx.doi.org/10.1111/j.1365-2699.2009.02224.x
http://dx.doi.org/10.3354/meps245123
http://dx.doi.org/10.1111/j.1365-2699.2004.01133.x
http://dx.doi.org/10.2307/2257260
http://dx.doi.org/10.1038/nature01286
http://dx.doi.org/10.1146/annurev.ecolsys.37.091305.110100
http://dx.doi.org/10.1007/s00442-002-0940-6
http://dx.doi.org/10.1016/j.cbpa.2005.08.002
http://dx.doi.org/10.1086/338996
http://dx.doi.org/10.3354/meps334011
http://dx.doi.org/10.1111/j.1365-2435.2009.01567.x
http://dx.doi.org/10.2307/1936842
http://dx.doi.org/10.1016/0022-0981(94)90147-3
http://dx.doi.org/10.1086/282505

	cite10: 
	cite12: 
	cite14: 
	cite21: 
	cite23: 
	cite16: 
	cite30: 
	cite25: 
	cite18: 
	cite32: 
	cite27: 
	cite4: 
	cite34: 
	cite43: 
	cite36: 
	cite8: 
	cite38: 
	cite52: 
	cite50: 
	cite54: 
	cite47: 
	cite29: 
	cite56: 
	cite49: 
	cite63: 
	cite58: 
	cite65: 
	cite70: 
	cite67: 
	cite72: 
	cite74: 
	cite76: 
	cite81: 
	cite83: 
	cite78: 
	cite85: 
	cite92: 
	cite87: 
	cite89: 
	cite9: 
	cite11: 
	cite20: 
	cite15: 
	cite24: 
	cite17: 
	cite2: 
	cite26: 
	cite40: 
	cite31: 
	cite28: 
	cite42: 
	cite6: 
	cite37: 
	cite35: 
	cite44: 
	cite39: 
	cite53: 
	cite46: 
	cite55: 
	cite48: 
	cite62: 
	cite60: 
	cite57: 
	cite71: 
	cite59: 
	cite66: 
	cite73: 
	cite68: 
	cite75: 
	cite80: 
	cite77: 
	cite91: 
	cite79: 
	cite86: 
	cite93: 
	cite88: 
	cite3: 


