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INTRODUCTION

After a century of ecological studies, the issue of
how to describe patterns and spatial scales of varia-
tion in species diversity remains a focal point of eco-
logical debates (Levin 1992, Lawton 1999, Chave
2013). Explicit demonstration of the existence of dif-
ferent scales of spatial variation may allow inference
about the relative importance of the potential pro-

cesses responsible for these patterns (Allen & Starr
1982, Benedetti-Cecchi et al. 2012, Nash et al. 2014).
This information is also useful for determining the
spatial scales at which to focus management deci-
sions (Underwood 1995) and in designing experi-
ments to test the predictions of relevant theories
(Simberloff 2004). Several methods and statistical
procedures have been proposed to identify the rele-
vance of different scales of spatial variation of natural
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populations and assemblages (e.g. Andrew & Map-
stone 1987, Underwood & Chapman 1996, 1998, Bor-
card et al. 2004, Josefson 2009). However, explicitly
incorporating a multi-scale perspective into research
and management actions remains a challenge (Fras -
chetti et al. 2005, Nash et al. 2014), basically because
spatial scales tend to be arbitrarily defined by the ob -
server (Levin 1992, Gaston & Blackburn 2007) and,
commonly, do not match the natural scales of ecolog-
ical phenomena (Huston 1999, Chase & Knight 2013).

The task of detecting temporal and/or spatial
scales at which patterns occur and processes operate
is particularly difficult in benthic marine studies. This
issue has been discussed extensively for temperate
and subtropical marine habitats (Underwood et al.
2000, Fraschetti et al. 2005, Terlizzi et al. 2007) and,
to a lesser extent, for tropical habitats (but see Farns -
worth & Ellison 1996, Cruz-Motta 2007, Guerra-Cas-
tro et al. 2011b, Eidens et al. 2015). One of the com-
monly recognized problems lies in the design of field
surveys and experiments at relevant spatial scales
(i.e. those at which patterns can be directly associ-
ated with processes that shape populations and com-
munities). Marine habitats tend to be continuously
heterogeneous, so the identification of natural units
of observation (i.e. grain size) and the scale (i.e.
extent) are hard to define (Weinberg 1978, Thrush et
al. 1997). Despite these difficulties, a clear pattern
has been identified by several authors for marine
benthic habitats: variability in species diversity and
abundances is larger at very small spatial scales of
10s to 100s of centimetres (Anderson et al. 2005a,
Fraschetti et al. 2005, Chapman et al. 2010), but there
is not a clear pattern in the hierarchy of variation over
larger and intermediate spatial scales of 10s to 1000s
of kilometres (Fraschetti et al. 2005, Chapman et al.
2010). This lack of consistency could be a conse-
quence of the relative weight and variety of pro-
cesses operating in each one of the evaluated benthic
systems, but also — as suggested by Wheatley &
Johnson (2009) for terrestrial systems — could be an
artefact produced by the selection of arbitrary spatial
scales, especially when the area being studied can-
not be divided, a priori, into natural and discrete
units (Andrew & Mapstone 1987).

However, some tropical marine coastal habitats
such as mangrove islands (Simberloff 1976, Farns -
worth & Ellison 1996) have proven to be suitable sys-
tems for defining natural and discrete units of obser-
vation at several spatial scales. In particular, prop
roots of the Caribbean coastal mangrove Rhizophora
mangle are fouled by numerous (>500) species of
invertebrates and algae (Díaz & Rützler 2009, Diaz

2012). These substrates can be considered as ecolog-
ical islands that are readily identifiable at a number
of natural spatial scales (Farnsworth & Ellison 1996,
Guerra-Castro et al. 2011a), including roots at the
finest scale, clustered with neighbouring roots at a
particular site in a mangrove cay (intermediate
scale), to groups of cays or sites in a region (broader
scale). At each one of these scales, potential biologi-
cal and environmental factors can easily be identi-
fied, and be proposed as processes that govern the
abundance and diversity of epibenthic species (Bing-
ham 1992, Farnsworth & Ellison 1996).

A common finding of quantitative studies dealing
with these assemblages is the great variability in com-
position of species among neighbouring roots, as well
as differences in assemblage composition among
nearby sites (Farnsworth & Ellison 1996, Hun ting et
al. 2008, Guerra-Castro et al. 2011a,b). The descrip-
tions of these patterns have led to a general discussion
about the potential ecological processes that govern
the variation of diversity of species in these systems.
In particular, the following ecological processes have
been proposed by several authors: larval supply and
dispersal limitations (Bingham 1992, Farnsworth & El-
lison 1996), biological interactions such as predation
(Wulff 2005), variation of chemical properties of roots
(Hunting et al. 2008, 2010), and environmental condi-
tions such as tidal amplitude, suspended sediment
and salinity gradients (Álvarez 1989, Orihuela et al.
1991, Rützler 1995, Díaz et al. 2004). Nevertheless,
there is no clear concept of how all these drivers inter-
act nor how important they are in controlling the co-
existence of species and the patterns of diversity in
this tropical system.

To address these questions, we have described the
patterns of spatial variation of assemblages associ-
ated with mangrove prop roots over 4 spatial scales
and properly replicated in time. In particular, we
used a nested sampling design to test the null hypo -
thesis that spatial pattern is independent of scale, but
more significantly, to estimate the relative impor-
tance of each of the scales (and potential processes),
using the size and hierarchy of the components of
variation as indicators (Underwood & Chapman
1996). Units of observations were: (1) 2 mangrove
systems from 2 very different regions of the Vene -
zuelan coast (separated by about 400 km), (2) sectors
within each of these parks (1−2 km apart), (3) sites
within each of the sectors (50−400 m apart) and (4)
neighbouring roots (separated by 1−2 m). Variation
at the first scale is potentially influenced by geo-
graphic processes, such as oceanic conditions, dis-
tance to sources of species, size of the regions, and
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mainland and island effects (Farnsworth & Ellison
1996, Guerra-Castro et al. 2011b). Variation at the
scale of sectors could potentially be associated with
the effects of environmental gradients generated by
local hydrographic dynamics among lagoons and
channels in the mangrove system (Costanza et al.
1993, Nagelkerken et al. 2008, Díaz & Rützler 2009).
This scale might also reflect the effect of dispersal
limitations proposed by Bingham (1992) as a neutral
model for these systems, particularly for species with
non-feeding (lecithotrophic) larvae such as sponges
and tunicates. Site scale differences could be associ-
ated with variation of physiographic variables among
mangrove cays, such as local depth and exposure to
light and shade (Rützler 1995, Glasby 1999, Glasby &
Connell 2001). At the smallest scale, potential
sources of variation could be related to the size of the
root (Simberloff 1976) and individual suc-
cessional processes, i.e. colonization and
recruitment on the root, development of the
assemblages and competition (Platt & Con-
nell 2003, Underwood & Chapman 2006).

Here, all considered spatial scales contain
natural and discrete units of observation.
Therefore, the objective of this study was,
by decomposition of variation across 4 hier-
archical scales, to identify the relative
importance of these natural spatial scales
on fouling assemblages of mangrove prop
roots. Findings are discussed to identify
potential processes that could have caused
the patterns at the different scales.

MATERIALS AND METHODS

Study area

Fringe mangrove forests from 2 marine
reserves separated by 436 km along the
Venezuelan coast were evaluated: Morro-
coy National Park (MNP), western Vene -
zuela, and La Restinga National Park
(LRNP), eastern Venezuela (Fig. 1). These
forests are dominated by Rhizophora man-
gle, which grows on the shore of the main-
land, sand cays, or even in shallow waters
where they can form mangrove cays. These
marine reserves are located in areas with
different oceanographic and meteorological
characteristics. MNP stretches over 177 km2

of mainland marine habitats with coral reefs,
biogenic sandy bottoms, seagrass beds and

mangrove cays, of which 28 km2 are occupied by
mangroves surrounding a system of interconnected
lagoons with oligotrophic waters. This marine
reserve is open to the sea through several channels,
but is also affected by freshwater inflow during sea-
sonal rainfall (Bone et al. 2001, Laboy-Nieves et al.
2001) and anthropogenic pressures (García et al.
2008, 2011). In contrast, LRNP is an insular complex
of hypersaline and eutrophic lagoons surrounded by
well-developed mangroves that add up to an area of
30 km2. This system is connected to the sea by a sin-
gle channel that is 1.3 km long, 70 m wide and 6 m
deep, and it is not under the effects of freshwater
runoff, although mass mortalities have been reported
as consequences of hurricane winds and increased
turbidity (Orihuela et al. 1991). This mangrove sys-
tem does not have coral patches, and most of the area
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consists of muddy bottoms and marginal seagrass
beds. Sampling was re peated on 5 occasions, 3 to
4 mo apart, at each park, over a period of 14 mo from
November 2009 to January 2011.

Hypotheses and experimental design

If geographical processes are important in main-
taining levels of species diversity, we expect to find
significant differences between parks. Furthermore,
the direction of the differences in terms of diversity at
this spatial scale would allow differentiation among
competing models. In each park, 3 sectors were iden-
tified and sampled: external, i.e. mangrove zones in
direct contact with the open sea; internal, i.e. man-
grove lagoons isolated from the open sea but strongly
influenced by in-shore processes; and intermediate,
i.e. mangrove channels and lagoons where waters
of external and internal sectors are mixed (Fig. 1).
In this sense, if physiological tolerance or dispersal
limitations of species exert important effects on spe-
cies diversity, significant differences among sectors
should be detected, regardless of the park under
 consideration.

Within each sector, 4 sites (50−400 m apart) were
examined at each sampling time. Significant varia-
tion at this scale would highlight the relevance of
medium-scale processes, such as variation of physio-
graphic aspects of the local environment (e.g. expo-
sure to light, depth, hydrodynamics) or variation of
settlement strategies of species living within each
sector. At each site, 8 neighbouring prop roots were
evaluated to quantify variation of species diversity as-
sociated with the size of the roots and successional
processes. Additionally, the length as well as the up-
per and apical diameters of each root were measured
in the field to estimate the total area available for col-
onization, using the surface area equation of a trun-
cated cone. Numbers of replicates at each site, as well
as the number of sites per sector, were decided after
a cost-benefit analysis from data obtained during an
 intensive pilot survey (Guerra-Castro et al. 2011a).

Field work and image processing

No sampled roots had contact with the bottom, and
they were separated from each other by 1−2 m. Sam-
pling was non-destructive, and species present on
each root were identified in situ using a photographic
identification guide previously prepared using local
inventories (Supplement 1 at www. int-res. com/

articles/ suppl/  m548 p097_ supp. pdf). To estimate the
relative abundance of each species per sample unit,
several digital photographs were taken of the entire
root, starting from the intertidal zone (the high tide
mark) down to the tip of the root. Each root was pho-
tographed using 10 cm intervals covering the entire
length and sides by means of a vertically fixed meas-
uring tape as reference. In both parks, visibility was
adequate enough to take good quality pictures.
These photographs were used to estimate cover of all
sessile species present (mobile fauna was not quanti-
fied), applying the point intercept technique recom-
mended for these assemblage types (Díaz et al.
1992). All images were scaled and calibrated using
the tick marks of a measuring tape to adequately
estimate the length of the area photographed. A dig-
ital grid at 1 cm spacing was overlaid on each image,
to yield intercept counts using Coral Point Counter
v.3.6 (Kohler & Gill 2006). Using the metric refer-
ences in each picture, care was taken to ensure that
areas of the root that appeared in 2 images were not
quantified twice. The resulting data are in the form of
a species × samples matrix, with each cell containing
the number of intercept points for a given species in
a specified sample.

Statistical analyses

In this study, 2 components of species diversity
were measured: α-diversity, as the number of species
per root, and β-diversity, as the variation in species
composition among roots within the study area. For
this, a dissimilarity matrix was constructed using the
Sørensen coefficient. This coefficient was used
because (1) it excludes joint absences and can be
interpreted in a probabilistic framework (Anderson
et al. 2006); (2) it is one of the most widely used meas-
ures of β-diversity, allowing direct comparisons
across studies (Koleff et al. 2003, Anderson et al.
2011); and (3) it equals the Bray-Curtis coefficient
(see below) computed on presence/absence data
(Clarke et al. 2006, Legendre & De Cáceres 2013).
Simultaneously, the structure of the assemblages was
compared using the Bray-Curtis coefficient of simi-
larity (Clarke 1993) on the square-root abundances of
each species. The transformation was used to down-
weight the dominance of highly abundant species in
the calculation of similarities, relative to the less-
common species. These analyses therefore examined
whether the magnitudes and hierarchy of compo-
nents of variation were similar when based on the
presence of species (hereafter species composition)

http://www.int-res.com/articles/suppl/m548p097_supp.pdf
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and on their transformed abundances (hereafter as -
semblage structure).

Hypotheses were tested with a multifactorial linear
model of mixed effects, using univariate ANOVA for
α-diversity and distance-based multivariate PERM-
ANOVA for species composition and assemblage
structure. Sources of spatial variation in the model
were (1) area of the root as covariate; (2) parks as 2
levels, fixed effect; (3) sectors as 3 levels, the fixed
effects of internal, intermediate and external sectors;
(4) sites as 4 levels, random effect; and (5) neighbour-
ing roots as residuals. Because of the covariate, Type
I sequential sums of squares were used to partition
variance in the linear model. The estimates of the
expected mean squares and variance components
are listed in Supplement 2 at www. int-res. com/
articles/ suppl/  m548 p097_ supp. pdf. Parks (P) and
sectors (S) were orthogonal, and sites (Si) were
nested in each combination of sector and time (T),
different sites being sampled at each time. Likewise,
times (5 levels, random effect) were nested in parks
(as it was not possible to sample both parks at the
same time), with times orthogonal to sectors. Time
was used to evaluate the generality of spatial pat-
terns, and no formal hypotheses were associated
with this factor. The magnitude of these temporal
changes can be statistically compared using the dis-
persion among centroids for each combination of S ×
T(P), by a PERMDISP test (Anderson 2006). The sta-
tistical significance of each term in the ANOVA and
PERMANOVA were obtained using a random subset
of 9999 permutations of residuals under a reduced
model. It is worth highlighting that residuals in the
linear model represent variation among adjacent
roots. Part of this variation is due to random sampling
error, but also responds to any process that operates
at the smallest scale considered in this study
(e.g. age of the root, history of recruitment and
succession). In this analysis, however, there
was no statistical test for this particular spatial
scale. The hierarchy of the components of
variation could be related to the ecological
importance of each scale (and their processes)
in sustaining the levels of α- and β-diversity,
as well as in the structure of the assemblages.

Principal coordinate ordinations (PCO;
Gower 1966, Anderson et al. 2008) illustrated
patterns of spatial similarity in species compo-
sition and abundance structure among parks.
For this, distances among centroids for the
interaction term S × T(P) were calculated. Spe-
cies responsible for significant differences
among parks were identified with SIMPER

analysis (Clarke 1993). The abundance of the most
important species across parks, sectors and sites, dur-
ing all sampling times, were represented graphically
using a shade plot (Clarke et al. 2014). All these
analyses were carried out with the software PRIMER
v.7 and PERMANOVA add-on (PRIMER-E).

RESULTS

Relevant spatial scales for α-diversity

Species richness varied significantly at all spatial
scales, but the highest percentage of variation was
associated with the largest spatial scale (i.e. between
parks; Table 1). Species richness was higher in roots
from LRNP than in those from MNP (Fig. 2). Tempo-
ral variation within each park was statistically signif-
icant (T[P]: p < 0.05); however, the relative compo-
nent of variation associated with this source of
variation was small (4% of explained variation). Sim-
ilarly, differences among sectors in each park were
dependent on the survey (S × T[P]: p < 0.05). In LRNP,
internal sectors consistently had the lowest α-diver-
sity when compared with intermediate or external
sectors (pairwise t-test, p < 0.05; Fig. 2). In MNP,
internal sectors had the lowest α-diversity, except for
the last 2 sampling times (pairwise t-test, p > 0.05;
Fig. 2). On the other hand, sectors with the highest
values of diversity depended on the park and time of
sampling (Fig. 2). In LRNP, α-diversity was higher in
the external than in the intermediate sector only dur-
ing the last 2 sampling surveys (pairwise t-test, p <
0.05), whereas, during the first 3 surveys, α-diversity
was similar in these 2 sectors (pairwise t-test, p >
0.05; Fig. 2). In MNP, no significant differences were

Source of variation        df       MS          F           p        √CV   %CV

Root area (covariate)     1        0.4        0.01   0.9340   0.0        0
P                                      1    12713.0   36.39  0.0087   5.1       36
S                                      2     4397.8    30.47  <0.0001   3.7       19
T(P)                                 8      350.2      4.44   0.0002   1.7        4
S × P                                2      736.7      5.06   0.0203   1.9        5
S × T(P)                          16     144.2      1.83   0.0429   1.4        3
Site = Si(S × T[P])          90      78.9       5.07   <0.0001   2.8       11
Residuals                      839     15.6                                  3.9       22

Total                              959                                                        100

Table 1. Permutational ANOVA of number of species per root on the
basis of a mixed 4-factor linear model, with root area as a covariate.
The square root of the variance components (√CV) and the relative
percentages for the (non-square-rooted) variance components (%CV) 

are shown. P: parks; S: sectors; T: time

http://www.int-res.com/articles/suppl/m548p097_supp.pdf
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detected between the external and intermediate sec-
tors at 4 out of 5 sampling times (pairwise t-test, p >
0.05). However, at the fourth sampling, α-diversity in
the intermediate sector duplicated that of the exter-
nal sector (Fig. 2). Variability among sites within
each sector was also important, as it represented

11% of total variation, but the second highest compo-
nent of variation (22%) was associated with the re -
siduals, i.e. variation among neighbouring roots. At
this spatial scale, the area of the root did not explain
any amount of variation in richness (Table 1). In gen-
eral, the hierarchy of importance of spatial scales for
α-diversity was:

parks > roots > sectors > sites

Relevant spatial scales for β-diversity

As for α-diversity, patterns in species composition
varied significantly at all spatial scales (Table 2). The
highest component of variation (36%) was associated
with the smallest spatial scale, whereas the park
factor was the second most important (25%; Table 2).
Examination of the multivariate ordination plot (PCO)
for centroids of the S × T(P) interaction showed that
species composition in LRNP was consistently differ-
ent from that in MNP (Fig. 3a). Furthermore, differ-
ences among sectors were not consistent be tween
parks and changed among surveys (i.e. significant in-
teractions S × P and S × T[P]; Table 2), as the PCO
clearly showed that differences among sectors oc-
curred in the same direction but at different magni-
tudes for each park. Differences among sectors were
greater in LRNP than in MNP. These differences were
seen not only in the relative position of the centroids
themselves, but also in their relative dispersion, indi-
cating that patterns of temporal variation were not the
same across sectors and parks. For MNP, temporal
changes in the internal sector were greater than in the
intermediate sector. Similarly, temporal variation was
significantly higher at sites of the intermediate sector

than at sites of the external sector (PERMDISP,
F2,12 = 7.73; p < 0.05). On the other hand, at
LRNP, patterns of temporal variation among
sectors were not statistically different when as-
sessed with PERMDISP (F2,12 = 1.71; p > 0.05).

Dissimilarities among parks averaged 92%
(SIMPER analysis). Nevertheless, most of the
recorded species were present in both parks,
but the frequency of occurrence differed sig-
nificantly (Table 3). As an example, Crassostrea
rhizophorae was re corded on 72% of the roots
from LRNP, but only on 21% of the roots from
MNP (χ2-test, p < 0.05; Table 3). Various
species were found in just one of the parks.
Isognomon alatus (bivalve), Bostrychia tenella
(red alga), Biemna caribea (sponge), Polysipho -
nia sp. 1 (red algae), Sabellastarte magnifica
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Source of variation      df       MS   Pseudo-F      p        √CV   %CV

Root area (covariate)     1     11787      2.74      0.0003   3       0.2
P                                      1   470200    24.61      0.0090   31       25
S                                      2     92649      4.96    <0.0001   15        6
T(P)                                 8     19146      3.22    <0.0001   12        4
S × P                               2     48685      2.58      0.0005   14        5
S × T(P)                         16     18680      3.15    <0.0001   20       10
Site = Si(S × T[P])        90        5946      4.33    <0.0001   24       15
Residuals                    839        1374                                 37       36

Total                           959                                                         100.0

Table 2. Permutational multivariate ANOVA based on a Sørensen dis-
similarity measure and a mixed 4-factor linear model, with root area as
a covariate. The square root of the variance components (√CV) and the
relative percentages of the (non-square-rooted) variance components 

(% CV) are shown. Other abbreviations as in Table 1
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(sabellid polychaete), Lithophyllum pustulatum (en -
crusting red algae), Halimeda sp. (green algae) and
other infrequently found species were recorded ex -
clusively in MNP. On the other hand, the sabellid
polychaete Branchiomma nigromaculatum, the asci -
di ans Styela sp. 1, Ascidia curvata, Polyclinum con-

stellatum, Cla ve  lina oblonga, C. picta, Dis taplia ber -
mu  densis and Aplidium accarense, and the sponges
Halichondria magniconulosa, Oceana pia nodosa and
Haliclona twincayensis were re corded only in LRNP.

At a lower scale, variability among sites within
each sector represented around 15% of the total vari-
ation. However, variation among sites depended on
the specific park and changed significantly through
time (Table 2; PERMDISP for centroids of sites nested
in S × T[P]; F29,90 = 5.36; p < 0.05); therefore, no gen-
eral hierarchical relationship among sites and sectors
can be inferred. Subsequently, for each survey at
each park, variation was partitioned among sectors,
sites and roots. Then, the components of variation at
each spatial scale were averaged, and temporal vari-
ation associated with each spatial component was
estimated, and interpreted as the standard error of
this spatial scale. This post hoc analysis allowed
quantification of the relevance of each spatial scale
for each park in sustaining β-diversity. In both cases,
the highest component of variation was associated
with roots. However, in LRNP, components of varia-
tion were higher among sectors than among sites
(Fig. 4), whereas, in MNP, components of variation
were higher among sites than among sectors (Fig. 4).
Despite temporal variation, the hierarchy of spatial
variation in species composition was:

roots > parks > sectors ≠ sites

Relevant spatial scales for assemblage structure

When analyses were performed on the Bray-Curtis
dissimilarities from square-root-transformed abun-
dance data, the relative magnitude of the compo-
nents of variation of all factors, and their hierarchical
relationships, remained much the same, though with
the residual variation accounting for a greater per-
centage of the total (Table 4). These results, taken
together with the shade plot, where the most abun-
dant species at each park are clearly identified
(Fig. 5), suggest that the patterns of difference at
intermediate and large spatial scales are mainly com-
positional and not primarily related to the abundance
of species. It is also notable that differences in terms
of composition and abundance of species among sec-
tors were particularly conspicuous for LRNP, where
most of the species found in external and intermedi-
ate sectors were absent in the internal sector. These
differences were consistent during the first 3 sam-
pling occasions; however, some common species
(such as C. rhizophorae, Botrylloides nigrum and Bu -
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gu la neritina) disappeared from
inter mediate and internal sectors
during the fourth and fifth surveys.
In contrast, differences among sec-
tors were less obvious in MNP, with
the exception of the third sampling.
Some common species of internal
sectors were not observed during
this particular sampling time, which
exacerbated differences among sec-
tors (Fig. 5). Therefore, as in the case
of β-diversity, it is clear that the
structure of the assemblages varied
at different spatial scales, which
implies that the hierarchy between
sectors and sites is dependent on the
park and fluctuates over time.

DISCUSSION

Relevant scales of α-diversity,
β-diversity and assemblage structure

The observed patterns of spatial
variation confirmed that α- and β-
diversity of mangrove root epibionts,
as well as the structure of the assem-
blage, were dependent on processes
operating at multiple spatial scales.
Nevertheless, in all cases, the largest
amount of variation corresponded to
differences among parks and among
residuals. This indicates that rich-
ness and composition of the species
on roots are mainly controlled by
processes operating at the broadest
spatial scale of the mangrove system
and the smallest spatial scale of

neighbouring roots. These results are of some impor-
tance as residual variation is classically interpreted
as unexplained variation (Quinn & Keough 2002);
however, in this case, sampling units are whole natu-
ral units of habitat (i.e. censused, not sub-sampled),
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Species                                                  Taxa type Frequency observed
                                                                                           LRNP            MNP
                                                                                                
Balanus sp.                                            Barnacle              0.40              0.15
Crassostrea rhizophorae                 Bivalve mollusc        0.72              0.21
Brachidontes exustus                      Bivalve mollusc        0.59              0.05
Isognomon alatus                            Bivalve mollusc        0.00              0.48
Synnotum circinatum                           Bryozoan              0.59              0.08
Bugula neritina                                     Bryozoan              0.51              0.01
Schizoporella pungens                         Bryozoan              0.30              0.13
Hippopodina feegeensis                      Bryozoan              0.26              0.01
Amathia sp.                                           Bryozoan              0.29              0.00
Scrupocellaria sp.                                 Bryozoan              0.01              0.25
Didemnum perlucidum                 Colonial ascidian       0.34              0.14
Botrylloides nigrum                       Colonial ascidian       0.32              0.08
Symplegma brakenhielmi             Colonial ascidian       0.24              0.08
Clavelina oblonga                          Colonial ascidian       0.24              0.00
Symplegma rubra                          Colonial ascidian       0.25              0.01
Aglaothamnion sp.                         Colonial ascidian       0.04              0.18
Ecteinascidia turbinata                  Colonial ascidian       0.19              0.04
Aplidium accarense                       Colonial ascidian       0.23              0.00
Caulerpa verticillata                           Green alga            0.05              0.46
Branchiomma nigromaculatum  Sabellid polychaete     0.55              0.00
Hydroides sp.                               Serpulid polychaete     0.61              0.02
Microcosmus exasperatus              Solitary ascidian        0.53              0.16
Styela sp. 1                                      Solitary ascidian        0.31              0.00
Phallusia nigra                                Solitary ascidian        0.26              0.08
Styela canopus                                Solitary ascidian        0.28              0.04
Ascidia curvata                               Solitary ascidian        0.26              0.00
Haliclona manglaris                               Sponge               0.17              0.44
Mycale microsigmatosa                         Sponge               0.26              0.36
Tedania ignis                                          Sponge               0.14              0.30
Mycale carmigropila                              Sponge               0.28              0.07
Mycale magnirhaphidifera                    Sponge               0.23              0.08
Dysidea etheria                                      Sponge               0.08              0.23
Haliclona curacaoensis                          Sponge               0.28              0.02
Halisarca sp.                                           Sponge               0.22              0.01
Scopalina ruetzleri                                 Sponge               0.17              0.09

Table 3. Species with the highest contribution to the average dissimilarity
among parks (cut off for low contributions to 60% of total dissimilarity in SIM-
PER analysis). LRNP: La Restinga National Park; MNP: Morrocoy National Park
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which allows estimation of natural variation at the
smallest spatial scale. Consequently, it can be
 proposed for these assemblages that small-scale
 processes are as important as macro-ecological pro-
cesses in driving the patterns of species diversity
(Hawkins & Hartnoll 1980, Fraschetti et al. 2005,
Hewitt et al. 2005, Benedetti-Cecchi et al. 2012,
Thrush et al. 2013).

Furthermore, when estimates of abundance are
included in the analysis, the residual component of
variation appears considerably larger, in relation to
total variation (or, equivalently, to that accounted for
by all other factors), than it does for the analysis car-
ried out on presence/absence data. The relationships
among the other components of variation did not fun-
damentally change when comparing analyses on
abundances with those on presence/absence data.
These results suggest that neighbouring roots which
share species may differ significantly in the abun-
dances on each root, but differences among parks,
sectors and/or sites are primarily due to changes in
species identity rather than relative species abun-
dances. To a lesser extent, species diversity varied
also at intermediate spatial scales; in both parks, α-
diversity changed along the sector’s gradient, as ex -
ternal and middle sectors always had higher num-
bers of species when compared to internal sites.

Scales and processes controlling diversity of species

Species diversity and geographical processes

There are several processes that could explain dif-
ferences in species diversity between parks. The first

group is related to the size of the region and the prox-
imity to sources of species. These models predict
greater richness and abundance in less isolated and
larger areas (MacArthur & Wilson 1967). Despite the
similarity in size, mangrove islets and channels are
much more complex in MNP than in LRNP, where
mangrove borderlines add up to around 190 km,
compared to 67 km in LRNP (Guerra-Castro 2012). In
addition, MNP includes important extensions of coral
reefs and seagrass beds (Bone et al. 2005), tradition-
ally recognized as a source of species for epibenthic
assemblages associated with mangrove prop roots
(Rützler 1969, Diaz 2012). Consequently, patterns of
differences in species richness between parks could
not be explained by the ‘species−area relationship’
and the ‘proximity to source of species’ models as
more species were observed in the smaller and more
isolated park.

As an alternative to the island biogeography
model, Wright (1983) proposed that energy availabil-
ity is a better indicator of the variety of resources in a
region than their relative area. Basically, if productiv-
ity is low, populations of species will be smaller, and
extinction rates will be higher; a process that ulti-
mately leads to low regional richness. Results found
in this study fit the predictions of Wright’s (1983) the-
ory as LRNP, a simple mangrove system located in a
eutrophic region (Gómez Gaspar 1991), had higher
α-diversity than MNP, a complex mangrove system
located in an oligotrophic region, surrounded by
coral reefs and sea grass meadows (Bone et al. 2005).

Alternatively, historical perturbations and physio-
logical tolerance to macro-environmental conditions
may also explain differences in species diversity be -
tween parks. Basically, regions with high physiologi-
cal demands will tend to have lower diversity and
abundance of species than regions with less harsh
environments (Hutchinson 1957, Whittaker et al.
1973). There is evidence that environmental condi-
tions are more demanding, from a physiological per-
spective, at MNP than at LRNP. Rainfall tends to be
heavier in the western part of Venezuela, be tween
November and December, when severe de clines in
salinity for internal and intermediate sectors have
been observed. These salinity falls are beyond the
tolerance of most marine invertebrates, and have
caused widespread mortalities (Laboy-Nieves et al.
2001, Chollett & Bone 2007). Also, pollution of water
and sediments tends to be higher in MNP than in
LRNP (García et al. 2008, 2011). In LRNP, on the con-
trary, the intensity of rainfall is usually lower; conse-
quently, osmotic demands by freshwater runoff are
rare, although mass mortalities associated with atmo -
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Source of variation            √A                    βSørensen

                                     CV  √CV  Rank       CV  √CV Rank

Root area                       9       3        8            8       3       8
P                                   906    30       2          950    31      2
S                                   199    14       6          235    15      5
T(P)                              150    12       7          139    12      7
S × P                            216    15       5          187    14      6
S × T(P)                        488    22       4          403    20      4
Site = Si(S × T[P])       721    27       3          573    24      3
Residuals                    1976   44       1         1374   37      1

Total mean squares   4664                        3867

Table 4. Estimates of components of variation (CV and √CV)
and total mean squares from a 4-factor PERMANOVA analy-
sis of Bray-Curtis dissimilarities on square-root-transformed
abundance (√A), and Sørensen dissimilarities for a pres-
ence/absence analysis (β-diversity). Other abbreviations as 

in Table 1
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spheric events have been re ported (Orihuela et al.
1991). The pattern of harsher environmental condi-
tions in the MNP re gion is thus consistent with the
lower diversity seen there than that seen in LRNP.

In summary, 2 mechanisms might explain patterns
of mangrove epibiont diversity estimated at large
spatial scales: (1) local nutrient-energy supply and (2)
physiological tolerance to perturbations and regular
environmental conditions. However, the limitations
on such an inference from a simple comparison of 2
mangrove systems are clear.

Species diversity and local processes

Explanatory models for patterns of species diver-
sity at intermediate spatial scales fall into 2 major
groups: those that evoke processes related to re -
sponse of species to environmental gradients (i.e.
niche view of communities; Leibold 1995, Chase
2014, Stein et al. 2014) and those related to dispersal
history and stochastic distribution of species (i.e. neu-
tral view of communities; He 2005, Hubbell 2005).
Evidence in favour of the environmental control
hypothesis has been offered by Inclán-Rivadeneyra
(1989) for mangrove root epibionts in Bahía de la
Ascension in the Yucatán Peninsula (México), by
Pawlik et al. (2007) for mangroves in Key Largo
(Florida) and by Díaz & Rützler (2009) for mangroves
in Belize and Bocas del Toro (Panama). On the other
hand, evidence for neutral mechanisms has been
offered by Bingham (1992) for mangroves in the
Indian River Lagoon (Florida) and by Farnsworth &
Ellison (1996) for 4 mangrove cays in Belize. Unfortu-
nately, in our study area, predictions for both models
are similar because environmental harshness and
source larval gradients run in the same direction.
Under both models it is predicted that number of spe-
cies decrease as we move from external towards
internal sectors.

Under the neutral model, β-diversity could be inter-
preted as a rate of loss of species toward the internal
zones of the mangrove systems, mainly because lar-
vae of some species are unable to reach the internal
mangrove’s roots. Therefore, only species with long-
lived larvae and strong swimming abilities will be
able to settle and dominate internal sectors. For ex -
ample, bivalves (oysters) and barnacles are the most
abundant species in internal zones in both parks,
which could be related to the fact that veliger larvae
of bivalves, as well as the cypris larvae of barnacles,
have among the longest pelagic spans of all taxa
reported in this study (Svane & Young 1989, Qian

1999, Burgess et al. 2009, Page 2009). In contrast, lar-
vae of sponges and tunicates, species characteristics
of external and intermediate sectors, have short
pelagic spans, favouring gregariousness of individu-
als of the same species in these sectors.

Turnover of species (β-diversity) as defined above
could also be explained by physiological tolerance to
environmental stressors, as this factor might also be
the driver that controls the reduction of richness
towards internal sectors. This implies that species
with strong physiological tolerance to severe envi-
ronmental conditions (e.g. extreme salinities, tem-
perature) will dominate internal zones. In this case,
algae, sponges and tunicates are less diverse in inter-
nal sectors mainly because spores and larvae are
unable to settle and grow in roots located in these
internal sectors, where salinities, temperature and
other environmental conditions tend to be beyond
their tolerance ranges. But given that: (1) the envi-
ronmental gradient is stronger in LRNP than in MNP
(Gómez Gaspar 1991, Bone et al. 2001) and (2) envi-
ronmental differences correlate very well with the
pattern found here (i.e. the component of variation of
the factor sector was higher in LRNP than in MNP), it
can be proposed that in the absence of a strong envi-
ronmental gradient, neutral processes might play an
important role. Furthermore, these results suggest
that neutral and niche processes might be operating
at the same time, but the intensity of the neutral
mechanism will depend on the general environmen-
tal conditions of each park (e.g. Gravel et al. 2006,
Chase 2014).

Species diversity and small-scale processes

High variability among samples has been reported
extensively in studies dealing with natural (Anderson
et al. 2005b, Fraschetti et al. 2005, Terlizzi et al. 2007)
and artificial units of habitat (Glasby 1998, Guerra-
Castro & Cruz-Motta 2014). A traditional explanation
for such patterns involves a combination of spatial
and biological processes, such as species−area rela-
tionships (McGuinness & Underwood 1986, Ander-
son 1999). These predict that larger areas will host
more species, unless observed numbers of species
are near the asymptote for that location, or the differ-
ences in area of the habitat units are relatively small.
However, during this study, a relationship was not
observed between α-diversity and root area, as the
unit of habitat. Consequently, this study does not pro-
vide evidence to support species−area models as
drivers of variation among roots.
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An alternative proposition would be that variation
among neighbouring roots reflects differing colo-
nization times for each root and subsequent develop-
ment trajectories. This model, known as supply-side
eco logy (Lewin 1986), has been proposed several
times as a key element in understanding the struc-
ture of benthic marine communities at very small
spatial scales (Underwood & Fairweather 1989,
Anderson & Underwood 1994, Underwood & Chap-
man 2006). Essentially, the model evokes 2 pro-
cesses, colonization and succession, and predicts that
adjacent roots will differ in species composition due
to their differing ages, with younger roots containing
fewer species. However, the process of colonization
in benthic marine systems is not linear (Sutherland
1974, Suther land & Karlson 1977). The colonizing
species can tolerate, induce, or inhibit the incorpora-
tion of other species in the assemblage (Connell &
Slatyer 1977), so that the development of the assem-
blage will depend on the identity and abundance
of larvae present at the moment of substrate avail-
ability and their competitive strategies with respect
to later-colonizing species. Differences among neigh-
bouring roots may thus reflect differing species pres-
ences in larval pools when the roots are available to
be colo nized, and, consequently, differing succession
patterns.

Concluding remarks

Results of this study showed that variation at small
spatial scales is as important as at geographical
scales in explaining patterns of α- and β-diversity in
assemblages associated with mangrove roots. This
suggests that processes acting at both spatial scales
are proportionally more important than processes
operating at intermediate spatial scales (i.e. environ-
mental gradients and dispersion). However, given
that this is a mensurative experiment (sensu Hurlbert
1984), all tested hypotheses are necessary to support
the different proposed ecological processes/explana-
tions, but they are clearly insufficient to establish
cause− effect relationships. Consequently, manipula-
tive experiments are needed to evaluate the real
impact of these processes on the patterns of species
diversity of epibionts on Caribbean mangrove roots.
Nonetheless, this study has detailed some interesting
results about the importance of the lowest level of
spatial variability in these mangrove systems. The
next step should be to experimentally identify the
processes that produce variation among neighbour-
ing roots.

Acknowledgements. We thank M. C. Díaz, A. Pérez, P.
Young, R. Rocha, P. Cadiz and O. Díaz for help with identify-
ing species. We also are very grateful to J. A. Bolaños, A.
Vázquez and R. López, staff at ECAM-UDONE, for field sup-
port at Laguna de La Restinga. We extend our gratitude to
INTECMAR-USB, and especially to C. Herrera and A.
Hernández, staff at LEE-USB, for logistic and administrative
support with field work in Morrocoy National Park. The Eng-
lish of this work benefited greatly from important insights
and comments given by K. R. Clarke (Plymouth Marine Lab-
oratory, UK). We thank the referees and editor for their posi-
tive and helpful comments. This project was partially funded
by FONACIT under Grant No. 2008001851, and was author-
ized (PAA-272-2009) by the National Institute of Parks
(INPARQUES) of the República Bolivariana de Venezuela.

LITERATURE CITED

Allen TFH, Starr TB (1982) Hierarchy:  perspectives for
 ecological complexities. University of Chicago Press,
Chicago

Álvarez A (1989) Establecimiento, desarrollo y manten-
imiento de una comunidad epibentónica tropical. Tesis
de Grado para optar al título de Doctor, Universidad
Central de Venezuela, Caracas

Anderson MJ (1999) Effects of patch size on colonisation in
estuaries:  revisiting the species−area relationship.
Oecologia 118: 87−98

Anderson MJ (2006) Distance-based tests for homogeneity
of multivariate dispersions. Biometrics 62: 245−253

Anderson MJ, Underwood AJ (1994) Effects of substratum on
the recruitment and development of an intertidal estuar-
ine fouling assemblage. J Exp Mar Biol Ecol 184: 217−236

Anderson MJ, Connell SD, Gillanders BM, Diebel CE, Blom
WM, Saunders JE, Landers TJ (2005a) Relationships
between taxonomic resolution and spatial scales of mul-
tivariate variation. J Anim Ecol 74: 636−646

Anderson MJ, Diebel CE, Blom WM, Landers TJ (2005b)
Consistency and variation in kelp holdfast assemblages: 
spatial patterns of biodiversity for the major phyla at dif-
ferent taxonomic resolutions. J Exp Mar Biol Ecol 320: 
35−56

Anderson MJ, Ellingsen KE, McArdle BH (2006) Multivari-
ate dispersion as a measure of beta diversity. Ecol Lett 9: 
683−693

Anderson MJ, Gorley RN, Clarke KR (2008) PERMANOVA
for PRIMER:  guide to software and statistical methods.
PRIMER-E Ltd, Plymouth

Anderson MJ, Crist TO, Chase JM, Vellend M and others
(2011) Navigating the multiple meanings of β diversity:  a
roadmap for the practicing ecologist. Ecol Lett 14: 19−28

Andrew NL, Mapstone BD (1987) Sampling and the descrip-
tion of spatial pattern in marine ecology. Oceanogr Mar
Biol Annu Rev 25: 39−90

Benedetti-Cecchi L, Tamburello L, Bulleri F, Maggi E, Gen-
nusa V, Miller M (2012) Linking patterns and processes
across scales:  the application of scale-transition theory to
algal dynamics on rocky shores. J Exp Biol 215: 977−985

Bingham BL (1992) Life histories in an epifaunal community: 
coupling of adult and larval processes. Ecology 73: 
2244−2259

Bone D, Cróquer A, Klein E, Pérez D and others (2001) Pro-
grama CARICOMP:  monitoreo a largo plazo de los eco-
sistemas marinos del Parque Nacional Morrocoy, Vene -

108

http://dx.doi.org/10.2307/1941472
http://dx.doi.org/10.1242/jeb.058826
http://dx.doi.org/10.1111/j.1461-0248.2010.01552.x
http://dx.doi.org/10.1111/j.1461-0248.2006.00926.x
http://dx.doi.org/10.1016/j.jembe.2004.12.023
http://dx.doi.org/10.1111/j.1365-2656.2005.00959.x
http://dx.doi.org/10.1016/0022-0981(94)90006-X
http://dx.doi.org/10.1111/j.1541-0420.2005.00440.x
http://dx.doi.org/10.1007/s004420050706


Guerra-Castro et al.: Relevant scales of benthic species diversity

zuela. Interciencia 26: 457−462
Bone D, Spiniello P, Solana P, Martín A and others (2005) Estu-

dio integral del sistema Parque Nacional Morrocoy con
vías al desarrollo de planes de uso y gestión para su conser-
vación, USB-UCV-UNEFM-INIA-FONACIT, Caracas

Borcard D, Legendre P, Avois-Jacquet C, Tuomisto H (2004)
Dissecting the spatial structure of ecological data at mul-
tiple scales. Ecology 85: 1826−1832

Burgess SC, Hart SP, Marshall DJ (2009) Pre-settlement
behavior in larval bryozoans:  the roles of larval age and
size. Biol Bull 216: 344−354

Chapman MG, Tolhurst TJ, Murphy RJ, Underwood AJ
(2010) Complex and inconsistent patterns of variation in
benthos, micro-algae and sediment over multiple spatial
scales. Mar Ecol Prog Ser 398: 33−47

Chase JM (2014) Spatial scale resolves the niche versus neu-
tral theory debate. J Veg Sci 25: 319−322

Chase JM, Knight TM (2013) Scale-dependent effect sizes of
ecological drivers on biodiversity:  why standardised
sampling is not enough. Ecol Lett 16: 17−26

Chave J (2013) The problem of pattern and scale in ecology: 
What have we learned in 20 years? Ecol Lett 16: 4−16

Chollett I, Bone D (2007) Effects of heavy rainfall on poly-
chaetes:  differential spatial patterns generated by a
large-scale disturbance. J Exp Mar Biol Ecol 340: 113−125

Clarke KR (1993) Non-parametric multivariate analyses of
changes in community structure. Aust J Ecol 18: 117−143

Clarke KR, Somerfield PJ, Chapman MG (2006) On resem-
blance measures for ecological studies, including taxo-
nomic dissimilarities and a zero-adjusted Bray-Curtis
coefficient for denuded assemblages. J Exp Mar Biol Ecol
330: 55−80

Clarke KR, Tweedley JR, Valesini FJ (2014) Simple shade
plots aid better long-term choices of data pre-treatment
in multivariate assemblage studies. J Mar Biol Assoc UK
94: 1−16

Connell JH, Slatyer RO (1977) Mechanisms of succession in
natural communities and their role in community stabil-
ity and organization. Am Nat 111: 1119−1144

Costanza R, Kemp M, Boynton W (1993) Predictability, scale,
and biodiversity in coastal and estuarine ecosystems: 
implications for management. Ambio 22: 88−96

Cruz-Motta JJ (2007) Spatial analysis of intertidal tropical
assemblages associated with rocky shores in Venezuela.
Cienc Mar 33: 133−148

Diaz MC (2012) Mangrove and coral reef sponge faunas: 
untold stories about shallow water Porifera in the Carib-
bean. Hydrobiologia 687: 179−190

Díaz MC, Rützler K (2009) Biodiversity and abundance of
sponges in Caribbean mangrove:  indicators of environ-
mental quality. In:  Lang MA, Macintyre IG, Rützler K
(eds) Proc Smithsonian Mar Sci Symp, Vol 38. Smithson-
ian Institution, Washington, DC, p 151−172

Díaz H, Conde JE, Orihuela B (1992) Estimating the species
number and cover of a mangrove-root community:  a
comparison of methods. Aust J Mar Freshwater Res 43: 
707−714

Díaz MC, Smith KP, Rützler K (2004) Sponge species rich-
ness and abundance as indicators of mangrove epi -
benthic community health. Atoll Res Bull 518: 1−17

Eidens C, Hauffe T, Bayraktarov E, Wild C, Wilke T (2015)
Multi-scale processes drive benthic community structure
in upwelling-affected coral reefs. Frontiers in Marine
Science 2: 1−11

Farnsworth EJ, Ellison AM (1996) Scale-dependent spatial

and temporal variability in biogeography of mangrove
root epibiont communities. Ecol Monogr 66: 45−66

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

García EM, Cruz-Motta JJ, Farina O, Bastidas C (2008)
Anthropogenic influences on heavy metals across marine
habitats in the western coast of Venezuela. Cont Shelf
Res 28: 2757−2766

García EM, Bastidas C, Cruz-Motta JJ, Farina O (2011) Met-
als in waters and sediments of the Morrocoy National
Park, Venezuela:  increased contamination levels of cad-
mium over time. Water Air Soil Pollut 214: 609−621

Gaston KJ, Blackburn TM (2007) Pattern and process in
macroecology. Blackwell Science, Malden

Glasby TM (1998) Estimating spatial variability in develop-
ing assemblages of epibiota on subtidal hard substrata.
Mar Freshw Res 49: 429−437

Glasby TM (1999) Interactive effects of shading and proxim-
ity to the seafloor on the development of subtidal epibi-
otic assemblages. Mar Ecol Prog Ser 190: 113−124

Glasby TM, Connell SD (2001) Orientation and position of
substrata have large effects on epibiotic assemblages.
Mar Ecol Prog Ser 214: 127−135

Gómez Gaspar A (1991) Interacción entre un estuario nega-
tivo (Laguna de La Restinga, Isla de Margarita) y el mar
Caribe adyacente. Bol Inst Oceanogr Venez 30: 47−55

Gower JC (1966) Some distance properties of latent root and
vector methods used in multivariate analysis. Biometrika
53: 325−338

Gravel D, Canham CD, Beaudet M, Messier C (2006) Recon-
ciling niche and neutrality: the continuum hypothesis.
Ecol Lett 9:399–409

Guerra-Castro E (2012) Diversidad de especies, patrones y
procesos estructurales de las comunidades incrustantes
asociadas a las raíces de mangle rojo Rhizophora mangle
L. Instituto Venezolano de Investigaciones Científicas,
Altos de Pipe

Guerra-Castro EJ, Cruz-Motta JJ (2014) Ecology of fouling
assemblages associated with mangrove’s roots:  an artifi-
cial substrate for manipulative experiments. J Exp Mar
Biol Ecol 457: 31−40

Guerra-Castro E, Cruz-Motta JJ, Conde JE (2011a) Cuanti-
ficación de la diversidad de especies incrustantes asocia-
das a las raíces de Rhizophora mangle L. en el Parque
Nacional Laguna de La Restinga. Interciencia 36: 
923−930

Guerra-Castro E, Young P, Pérez-Vázquez A, Carteron S,
Alvizu A (2011b) Spatial variability and human distur-
bance of sponge assemblages associated with mangrove
roots in the southern Caribbean. Mar Freshw Res 62: 
491−501

Hawkins SJ, Hartnoll RG (1980) A study of the small-scale
relationship between species number and area on a
rocky shore. Estuar Coast Mar Sci 10: 201−214

He F (2005) Deriving a neutral model of species abundance
from fundamental mechanisms of population dynamics.
Funct Ecol 19: 187−193

Hewitt JE, Thrush SF, Halliday J, Duffy C (2005) The impor-
tance of small-scale habitat structure for maintaining
beta diversity. Ecology 86: 1619−1626

Hubbell S (2005) Neutral theory in community ecology and
the hypothesis of functional equivalence. Funct Ecol 19: 
166−172

109

http://dx.doi.org/10.1111/j.0269-8463.2005.00965.x
http://dx.doi.org/10.1890/04-1099
http://dx.doi.org/10.1111/j.0269-8463.2005.00944.x
http://dx.doi.org/10.1016/S0302-3524(80)80058-2
http://dx.doi.org/10.1071/MF10267
http://dx.doi.org/10.1016/j.jembe.2014.03.017
http://dx.doi.org/10.1111/j.1461-0248.2006.00884.x
http://dx.doi.org/10.1093/biomet/53.3-4.325
http://dx.doi.org/10.3354/meps214127
http://dx.doi.org/10.3354/meps190113
http://dx.doi.org/10.1071/MF98008
http://dx.doi.org/10.1007/s11270-010-0450-9
http://dx.doi.org/10.1016/j.csr.2008.09.020
http://dx.doi.org/10.3354/meps296013
http://dx.doi.org/10.2307/2963480
http://dx.doi.org/10.5479/si.00775630.518.1
http://dx.doi.org/10.1071/MF9920707
http://dx.doi.org/10.1007/s10750-011-0952-5
http://dx.doi.org/10.1086/283241
http://dx.doi.org/10.1017/S0025315413001227
http://dx.doi.org/10.1016/j.jembe.2005.12.017
http://dx.doi.org/10.1111/j.1442-9993.1993.tb00438.x
http://dx.doi.org/10.1016/j.jembe.2006.07.009
http://dx.doi.org/10.1111/ele.12048
http://dx.doi.org/10.1111/ele.12112
http://dx.doi.org/10.1111/jvs.12159
http://dx.doi.org/10.3354/meps08328
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19556599&dopt=Abstract
http://dx.doi.org/10.1890/03-3111


Mar Ecol Prog Ser 548: 97–110, 2016

Hunting ER, van Soest RWM, van der Geest HG, Vos A,
Debrot AO (2008) Diversity and spatial heterogeneity of
mangrove associated sponges of Curaçao and Aruba.
Contrib Zool 77: 205−215

Hunting ER, van der Geest H, Krieg A, van Mierlo M, van
Soest R (2010) Mangrove−sponge associations:  a possible
role for tannins. Aquat Ecol 44: 679−684

Hurlbert SH (1984) Pseudoreplication and the design of eco-
logical field experiments. Ecol Monogr 54: 187−211

Huston MA (1999) Local processes and regional patterns: 
appropriate scales for understanding variation in the
diversity of plants and animals. Oikos 86: 393−401

Hutchinson GE (1957) Concluding remarks. Cold Spring
Harb Symp Quant Biol 22: 415−427

Inclán Rivadeneyra R (1989) Ecology of the epibiosis on the
submerged roots of Rhizophora mangle in Bahía de la
Ascensión, Quintana Roo, México. Cienc Mar 15: 1−20

Josefson AB (2009) Additive partitioning of estuarine ben-
thic macroinvertebrate diversity across multiple spatial
scales. Mar Ecol Prog Ser 396: 283−292

Kohler KE, Gill SM (2006) Coral Point Count with Excel
extensions (CPCe):  a Visual Basic program for the deter-
mination of coral and substrate coverage using random
point count methodology. Comput Geosci 32: 1259−1269

Koleff P, Gaston K, Lennon JJ (2003) Measuring beta diver-
sity for presence−absence data. J Anim Ecol 72: 367−382

Laboy-Nieves EN, Klein E, Conde JE, Losada F, Cruz JJ,
Bone D (2001) Mass mortality of tropical marine commu-
nities in Morrocoy, Venezuela. Bull Mar Sci 68: 163−179

Lawton JH (1999) Are there general laws in ecology? Oikos
84: 177−192

Legendre P, De Cáceres M (2013) Beta diversity as the vari-
ance of community data:  dissimilarity coefficients and
partitioning. Ecol Lett 16: 951−963

Leibold MA (1995) The niche concept revisited:  mechanistic
models and community context. Ecology 76: 1371−1382

Levin SA (1992) The problem of pattern and scale in ecol-
ogy:  the Robert H MacArthur Award Lecture. Ecology
73: 1943−1967

Lewin R (1986) Supply-side ecology. Science 234: 25−27
MacArthur RH, Wilson EO (1967) The theory of island bio-

geography. Princeton University Press, Princeton, NJ
McGuinness KA, Underwood AJ (1986) Habitat structure

and the nature of communities on intertidal boulders.
J Exp Mar Biol Ecol 104: 97−123

Nagelkerken I, Blaber SJM, Bouillon S, Green P and others
(2008) The habitat function of mangroves for terrestrial
and marine fauna:  a review. Aquat Bot 89: 155−185

Nash KL, Allen CR, Angeler DG, Barichievy C and others
(2014) Discontinuities, cross-scale patterns, and the
organization of ecosystems. Ecology 95: 654−667

Orihuela B, Díaz H, Conde JE (1991) Mass mortality in a
mangrove roots fouling community in a hypersaline trop-
ical lagoon. Biotropica 23: 592−601

Page LR (2009) Molluscan larvae:  pelagic juveniles or slowly
metamorphosing larvae? Biol Bull 216: 216−225

Pawlik JR, McMurray SE, Henkel TP (2007) Abiotic factors
control sponge ecology in Florida mangroves. Mar Ecol
Prog Ser 339: 93−98

Platt WJ, Connell JH (2003) Natural disturbances and direc-
tional replacement of species. Ecol Monogr 73: 507−522

Qian PY (1999) Larval settlement of polychaetes. Hydrobi-
ologia 402: 239−253

Quinn GP, Keough MJ (2002) Experimental design and data
analysis for biologists. Cambridge University Press, New
York, NY

Rützler K (1969) The mangrove community, aspects of its
structure, faunistics and ecology. In: Ayala-Castañares
A, Phleger FB (eds) Lagunas Costeras, un simposio. Uni-
versidad Nacional Autónoma de México, México, D.F.,
p 515−535

Rützler K (1995) Low-tide exposure of sponges in a Carib-
bean mangrove community. Mar Ecol 16: 165−179

Simberloff D (1976) Experimental zoogeography of islands: 
effects of island size. Ecology 57: 629−648

Simberloff D (2004) Community ecology:  Is it time to move
on? (An American Society of Naturalists presidential
address). Am Nat 163: 787−799

Stein A, Gerstner K, Kreft H (2014) Environmental hetero-
geneity as a universal driver of species richness across
taxa, biomes and spatial scales. Ecol Lett 17:866–880

Sutherland JP (1974) Multiple stable points in natural com-
munities. Am Nat 108: 859−873

Sutherland JP, Karlson RH (1977) Development and stability
of the fouling community at Beaufort, North Carolina.
Ecol Monogr 47: 425−446

Svane IB, Young CM (1989) The ecology and behaviour of
ascidian larvae. Oceanogr Mar Biol Annu Rev 27: 45−90

Terlizzi A, Anderson MJ, Fraschetti S, Benedetti-Cecchi L
(2007) Scales of spatial variation in Mediterranean sub-
tidal sessile assemblages at different depths. Mar Ecol
Prog Ser 332: 25−39

Thrush SF, Schneider DC, Legendre P, Whitlatch RB and
others (1997) Scaling-up from experiments to complex
ecological systems:  Where to next? J Exp Mar Biol Ecol
216: 243−254

Thrush SF, Hewitt JE, Lohrer AM, Chiaroni LD (2013) When
small changes matter:  the role of cross-scale interactions
between habitat and ecological connectivity in recovery.
Ecol Appl 23: 226−238

Underwood AJ (1995) Ecological research and (and re -
search into) environmental management. Ecol Appl 5: 
232−247

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

Underwood AJ, Chapman MG (1998) A method for
analysing spatial scales of variation in composition of
assemblages. Oecologia 117: 570−578

Underwood AJ, Chapman MG (2006) Early development of
subtidal macrofaunal assemblages:  relationships to
period and timing of colonization. J Exp Mar Biol Ecol
330: 221−233

Underwood AJ, Fairweather PG (1989) Supply-side ecology
and benthic marine assemblages. Trends Ecol Evol 4: 
16−20

Underwood AJ, Chapman MG, Connell SD (2000) Observa-
tions in ecology:  You can’t make progress on processes
without understanding the patterns. J Exp Mar Biol Ecol
250: 97−115

Weinberg S (1978) The minimal area problem in inverte-
brate communities of Mediterranean rocky substrata.
Mar Biol 49: 33−40

Wheatley M, Johnson C (2009) Factors limiting our under-
standing of ecological scale. Ecol Complex 6: 150−159

Whittaker RH, Levin SA, Root RB (1973) Niche, habitat, and
ecotope. Am Nat 107: 321−338

Wright DH (1983) Species-energy theory:  an extension of
species-area theory. Oikos 41: 496−506

Wulff JL (2005) Trade-offs in resistance to competitors and
predators, and their effects on the diversity of tropical
marine sponges. J Anim Ecol 74: 313−321

110

Editorial responsibility: Christine Paetzold, 
Oldendorf/Luhe, Germany

Submitted: January 9, 2015; Accepted: March 10, 2016
Proofs received from author(s): April 13, 2016

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

➤

http://dx.doi.org/10.1111/j.1365-2656.2005.00925.x
http://dx.doi.org/10.2307/3544109
http://dx.doi.org/10.1086/282837
http://dx.doi.org/10.1016/j.ecocom.2008.10.011
http://dx.doi.org/10.1007/BF00390728
http://dx.doi.org/10.1016/S0022-0981(00)00181-7
http://dx.doi.org/10.1016/0169-5347(89)90008-6
http://dx.doi.org/10.1016/j.jembe.2005.12.029
http://dx.doi.org/10.1007/s004420050694
http://dx.doi.org/10.1007/BF00327905
http://dx.doi.org/10.2307/1942066
http://dx.doi.org/10.1890/12-0793.1
http://dx.doi.org/10.1016/S0022-0981(97)00099-3
http://dx.doi.org/10.3354/meps332025
http://dx.doi.org/10.2307/1942176
http://dx.doi.org/10.1111/ele.12277
http://dx.doi.org/10.1086/420777
http://dx.doi.org/10.2307/1936179
http://dx.doi.org/10.1111/j.1439-0485.1995.tb00402.x
http://dx.doi.org/10.1023/A%3A1003704928668
http://dx.doi.org/10.1890/01-0552
http://dx.doi.org/10.3354/meps339093
http://dx.doi.org/10.1111/j.1461-0248.2012.01809.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19556590&dopt=Abstract
http://dx.doi.org/10.2307/2388397
http://dx.doi.org/10.1890/13-1315.1
http://dx.doi.org/10.1016/j.aquabot.2007.12.007
http://dx.doi.org/10.1016/0022-0981(86)90099-7
http://dx.doi.org/10.2307/1938141
http://dx.doi.org/10.1126/science.234.4772.25
http://dx.doi.org/10.2307/1941447
http://dx.doi.org/10.1111/ele.12141
http://dx.doi.org/10.2307/3546712
http://dx.doi.org/10.1046/j.1365-2656.2003.00710.x
http://dx.doi.org/10.1016/j.cageo.2005.11.009
http://dx.doi.org/10.3354/meps08375
http://dx.doi.org/10.1101/SQB.1957.022.01.039
http://dx.doi.org/10.2307/3546645
http://dx.doi.org/10.2307/1942661
http://dx.doi.org/10.1007/s10452-009-9306-z

	cite14: 
	cite23: 
	cite16: 
	cite30: 
	cite25: 
	cite18: 
	cite32: 
	cite27: 
	cite41: 
	cite4: 
	cite43: 
	cite36: 
	cite50: 
	cite38: 
	cite52: 
	cite34: 
	cite47: 
	cite61: 
	cite45: 
	cite56: 
	cite49: 
	cite29: 
	cite58: 
	cite63: 
	cite65: 
	cite70: 
	cite72: 
	cite74: 
	cite69: 
	cite76: 
	cite81: 
	cite78: 
	cite83: 
	cite90: 
	cite92: 
	cite89: 
	cite5: 
	cite9: 
	cite11: 
	cite13: 
	cite20: 
	cite22: 
	cite15: 
	cite24: 
	cite17: 
	cite2: 
	cite26: 
	cite40: 
	cite33: 
	cite28: 
	cite42: 
	cite6: 
	cite37: 
	cite51: 
	cite35: 
	cite39: 
	cite53: 
	cite46: 
	cite55: 
	cite48: 
	cite60: 
	cite31: 
	cite44: 
	cite64: 
	cite59: 
	cite71: 
	cite80: 
	cite68: 
	cite75: 
	cite82: 
	cite77: 
	cite84: 
	cite91: 
	cite86: 
	cite93: 
	cite88: 
	cite7: 


