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Null Model Assessment of MPAs

Nestedness data matrix; null matrices were not limited in terms of the ability

In a nested system, rare species occur at relatively diverse si@lsmembers of the same guild to co-occur. Second, because the
more frequently than expected by chance [20]. This may not beswap algorithm does not explicitly account for site-specific habitat
the case if, for instance, rare species tend to specialize on resoufdtaracteristics, we conducted a separate test using methods
sets unique to species-poor sites. Ecological processes that ndgpcribed in Peres-Neto et al. (2001 [42]) to generate null
yield nested assemblages include variability in extinction probacoOmmunity matrices based on site-specific species’ occurrence
bilities, differences in colonization rates, or an underlying patterrprobabilities derived from habitat suitability analyses [Table S2,
of habitat nestedness [32]. Developing a MPA network in a nested?2]). Null assemblages for each site were therefore based on
system by focusing om-diversity is likely to coincidentally species-specific relationships between both local (e.g., depth,
conserve-diversity. That is, local governments that act to protectbenthic cover, rugosity, wave exposure, fishing pressure) and
their most diverse sites in a nested system will coincidentally teri@gional (e.g., degree of isolation from other reef areas, location
to optimize their contribution to a regional network. along latitudinal and longitudinal gradients) site characteristics.

We determined nestedness by calculating the matrix ‘temperThis latter approach allowed us to evaluate how co-occurrence
ature’ [20]. The matrix temperature measures the degree to whicHnight influence a MPA network implemented in order to
the species incidences in a species by site matrix depart frofaximize representative habitats and human uses.
perfect nestedness (when sites are ordered from most to fewesWWe determined site suitability by conducting a discriminant
species, each subsequent site in the order will have a proper subg@lysis for each species using presence/absence data across sites
of species in the previous site). Lower temperatures connote highas the response parameter, and 14 site-specific habitat character-
nestedness. We determined the Type | error probability byistics (including an index of fishing pressure; Table S2) as predictor
comparing the temperature of the data matrix against temperavariables. Using all site characteristics, the discriminant functions
tures calculated from null matrices. In order to avoid artificially on average correctly predicted presence-absence of species across
lowering the Type | error probability due to passive sampling ofsites 74.5% of the time. Peres-Neto et al. (2001 [42]) describe two
skewed species abundance distributions [33], we generatetlgorithms for developing null communities: 1) Ct-RA1, which
constrained null matrices such that the proportional occurrenceexclusively uses presence/absence probabilities derived from
of each species was always exactly equal to the original dagiscriminant functions (used when these functions have good

matrix. predictive power), and, more conservatively, 2) Ct-RA2, which
adjusts presence/absence probabilities for each site based on the
Species Co-Occurrence actual presence/absence of a species (used when discriminant

A large body of theoretical work has focused on methods fofunctions have poor predictive power). Regardless of which
detecting non-random co-occurrence patterns in species-by-sig@gorithm we used, our results remained unchanged.
presence-absence data [18]. In reef fish assemblages, competition
may [34] or may not [35] limit species co-occurrence (and byGuild Proportionality
implication diversity), whereas predation may exert a negative [36] The guild proportionality null model [21] tests the probability
or positive force [37] on co-occurrence. Indirect effects [38] andthat the variance in guild proportions across sites is lower than
facilitation [39] may similarly influence co-occurrence. Patterns inexpected by chance. In this paper we applied the guild
species co-occurrence can also reflect factors such as variabl@portionality test to reef fish feeding guilds. Trophic diversity
anthropogenic impacts across sites (e.g., selective fishing pressuykys an important role in reef health and function, and should be
or habitat heterogeneity and species specific habitat affinitiegaccounted for in MPA site selection [45,46]. For example, reefs
[40,41]. To some extent the influence of factors other than speciesupporting herbivores with a variety of morphological and
interactions can be factored out of null model analyses byehavioural feeding mechanisms will be more resilient to
generating null matrices that account for these other factors [42]perturbation [47]. Ideally, trophic diversity occurs proportionally

Methods for controlling the influence of habitat heterogeneityacross sites regardless of species richness. In such a scenario,
and anthropogenic impacts on reef fish assemblages allowed usdiversity within trophic groups would be monotonically related
evaluate species co-occurrence patterns when MPA sites ate species diversity such that the sites with the most total
chosen in order to protect representative habitats and a variety afpecies would tend to also have the most species from each
human uses [e.g., 43]. If species co-occur less than expected tgeding guild.
chance even after accounting for habitat heterogeneity across sites,To evaluate guild proportionality we first grouped species into
then the number of MPA sites required to protect a given numbermutually exclusive trophic guild classifications so that each
of species will coincidentally be higher than expected. Similarlyspecies represented only one guild (Table S1; [48]). Next, we
fewer MPAs will be required to protect a given number of speciegienerated null matrices with the occurrences of each species
in a system with higher species co-occurrence. across all sites and the number of species at each site set exactly

If species tend not to co-occur, the species by site matrix wikqual to the original data matrix. We subsequently compared the
exhibit a high degree of ‘checkerboarding’ (i.e., when species A ig@riance of guild proportions in the original data matrix to the
present, species B is absent, and vice versa) when compared wdtistribution of variances from the null matrices. Decreasing
null community matrices [c-score test, 44]). Conversely, if specigBe number of trophic categories to the point where we could
are positively associated, species will tend to exhibit a high degrgdace species into exclusive trophic guilds, while necessary for the
of ‘togetherness’ (i.e., species A and B are jointly either present oull model test, sacrificed a considerable amount of detail
absent) when compared with the null community matrices [t-scoreegarding the species’ feeding ecology. A finding of statistical
test, 44]). We used two methods to develop constrained nuBupport for guild proportionality when using relatively few trophic
matrices in order to evaluate the Type | error probabilities of the categories would not necessarily imply that proportionality holds
c- and t-scores of the data matrix. First, we generated constraineat greater trophic resolutions. Nonetheless, guild proportionality,
null community matrices using a swap algorithm [40] where theeven with coarse trophic categories, would provide evidence that
number of occurrences of each species across all sites and teeast some forms of diversity are coupled more than expected by
number of species at each site is set exactly equal to the originehance.
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p, 0.0001). Nevertheless, residuals from the relationship were
spatially auto-correlated (Figure S1), perhaps due to the clumped
nature of sites (Figure 1). To investigate the influence of spatial
autocorrelation on our findings, we repeated the c-score and t-score
analyses on the 20 most geographically separate sites in the data set
(~5% of all sites). While the residuals from the relationship between
Random effects true richness and predicted richness based on habitat suitability in
these sites were not spatially auto-correlated (Figure S1), the co-
occurrence test results remained the same.
Ecoregions 7 0.021 0.142 The total site richness represented by each guild did not exhibit
lower variance than expected by chance (p =0.45), probably due
to the predominance of the herbivore guild on species poor sites
Estimate Std. Error  z value Pr( . IzD (Figure 4). On the other hand, the contribution of guilds to total
Intercept 2971 0.056 53.58 2e-16 site richness tended towards parity among guilds as site richness
increased (Figure 4), and richness correlated positively for all pair-
wise comparisons of guilds (Table 2).

Table 1. Results from a generalized linear mixed model
relating richness at 373 sites (number of species observed,
Poisson response) to the reserve status of sites (reserved or
not, fixed effect) and the ecoregion of sites (random effects).

Groups Num. Groups  Variance Std. Dev.

Fixed Effects

Reserved 0.128 0.024 532 1.03e-07

doi:10.1371/journal.pone.0008895.t001
Discussion

Results To date, the establishment of MPAs has rarely proceeded with

Reef fish diversity at sites inside existing protected areag@dequate information, raising concerns that emerging networks
(n=139) was on average 15% higher than at unprotected sitewill perform poorly [45]. Given that MPA networks interact across
(n=233, p 0.0001; Table 1). Additionally, 17 of the 20 richest jurisdictional boundaries and are necessarily built upon a
sites £5% of all sites) were located inside existing protected areafoundation of existing MPAs, the addition of sites to a network

Caribbean reef fish assemblages were highly nested across shggically proceeds in what is essentiallyaghhomanner. This is
(p, 0.0001; Figure 2). While on average each site contained 30%articularly true in the Caribbean basin, where a geo-politically
of the total species pool, the 15 richest sites represer@ébo of complex and largely uncoordinated process drives the emerging
that pool (Figure 3). Given that the richest sites are unevenlVPA network. Fortunately, our study suggests that this emerging
distributed throughout the Caribbean (Figure 1), some governad ho€aribbean reserve network has done and will continue to do
ments have the potential to contribute more to the protection ofsurprisingly well at conserving the-diversity of Caribbean
regional diversity than others. However, because assemblages dpgereef fishes. We caution, however, that such results are not
highly nested, any government that acts to protect diversity withimecessarily transferable to other taxa or regions as assemblage
their jurisdiction will coincidentally maximize their potential patterns and the processes that drive them will vary across systems
contribution to a regional MPA network regardless of past or[49]. The important result here is that ecological null model
future actions by other governments. For instance, selecting thenalyses provide a powerful toolset for identifying patterns in
single richest site within each of the 15 country designationg@ssemblages that may either complicate or facilitate efforts aimed
represented in our data set culminated in the preservation ofit conserving regional biodiversity. Because uncertainty regarding
approximately the same proportion of species as a MPA networkhe future success of MPA networks is often cited as a reason to
composed of the richest 15 sites regardless of jurisdiction (Figure 8pwnsize or abandon the planning process, we expect that analytic

Without explicitly accounting for differences in habitat and fishingtools that provide insight into the future performance of MPA
pressure across sites, reef fish assemblages exhibited a high degreebforks will facilitate the planning process.
checkerboarding (c-score test, @0001; t-score test,. [0.9999). Describing species distribution patterns and their underlying
However, when we explicitly accounted for differences in habitaprocesses is a fundamental part of ecological studies. In this study
suitability across sites, we obtained the opposite result: reef fiste used a suite of analytic methods aimed at isolating distribution
assemblages exhibited a high degree of positive species @atterns in order to infer the mechanisms driving the patterns.
occurrence (c-score, [©.9999; t-score, ,p0.0001). True reef fish These inferential approaches are both necessary and appropriate
richness correlated strongly with predicted richness using habitat scales that are not experimentally tractable. However, even well
suitability estimated from all 14 site characteristics (0.8788designed null model tests yield patterns that could be explained by

Figure 2. Maximally packed presence-absence matrix of Caribbean reef fishes, such that species are sorted in order of ubiquity

(rows) and sites are sorted in order of richness (columns). Each darkened square indicates the presence of a species at a site. The curve
represents the isocline of perfect nestedness subject to the constraints of perfect occupancy at the most diverse site, and perfect vacancy at the least
diverse site.

doi:10.1371/journal.pone.0008895.9002
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Figure 3. Reserve network performance under three selection scenarios: 1) sites selected at random (black line), 2) sites selected by

choosing the single richest site from each jurisdiction (red line), and 3) sites selected by choosing the richest sites regardless of
jurisdiction (blue line).  We used the 15 country designations specified in the AGRRA database as our jurisdictional units. Each line represents the
proportion of all species protected as a function of the number of reserved sites under each of the three scenarios. Error bars are 6 1 standard
deviation. For scenarios 2 and 3, when two or more sites had the same richness, one of these sites was selected at random (thus, scenario 3 has error
bars). Similarly, when selecting fewer sites than the total number of jurisdictions considered in scenario 2, we randomly identified jurisdictions to
choose sites from (thus, error bars decrease as the number of reserves approaches the number of jurisdictions).
doi:10.1371/journal.pone.0008895.9g003

multiple processes—this has been a central criticism of ththan the processes driving them per se) largely skirts this criticism;

community assembly null model approach [50]. Our focus onnonetheless, the mechanistic implications of the patterns identified

the conservation implications of the patterns themselves (rathevarrant brief discussion before delving into the conservation and
management implications of the species distribution patterns.

Nestedness

Patterns in community nestedness likely reflect the cumulative
influence of evolutionary history, the geographic isolation of sites,
and habitat affinities among species. ldentifying the specific
ecological mechanisms behind nested patterns has proven
challenging [51]. Many studies have identified habitat character-
istics as an organizing factor in nested patterns [e.g., 32,50,52]; the
strong association between species occurrence and habitat features
identified in the application of the habitat-mediated co-occurrence
null model analysis suggests that habitat plays an important role in
structuring Caribbean reef fish assemblages, likely including the
nested patterns identified in this study.

A MPA siting process typically accounts for diversity by
balancing the goal of preserving-diversity with the local
socioeconomic impact of management actions. For instance, the
diversity and habitat criteria used to evaluate siting alternatives for

Figure 4. The average relative proportion (y-axis) of Caribbean the Tortugas Ecological Reserve (Florida Keys, FL, USA) was ‘“to
reef fish assemblages represented by each trophic guild as a choose an area that would contain the greatest level of biological
function of site richness (x-axis). N.ote that both. predator trop.h|c diversity and that would encompass a wide range of different
groups were completely absent from sites with relatively few species, . . " . L .
suggesting that different forms of diversity may be decoupled at contiguous hab't‘?‘ts [15] Given oqr finding - that ,SPec!eS,
species poor sites. assemblages within a habitat (forereef sites) and across jurisdictions
doi:10.1371/journal.pone.0008895.9g004 are nested, it is likely that this ongoing insular approach to MPA
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