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Corals are major contributors to a range of key ecosystem functions
on tropical reefs, including calcification, photosynthesis, nutrient
cycling, and the provision of habitat structure. The abundance of
corals is declining at multiple scales, and the species composition of
assemblages is responding to escalating human pressures, including
anthropogenic global warming. An urgent challenge is to under-
stand the functional consequences of these shifts in abundance and
composition in different biogeographical contexts. While global
patterns of coral species richness are well known, the biogeography
of coral functions in provinces and domains with high and low
redundancy is poorly understood. Here, we quantify the functional
traits of all currently recognized zooxanthellate coral species (n =
821) in both the Indo-Pacific and Atlantic domains to examine the
relationships between species richness and the diversity and redun-
dancy of functional trait space. We find that trait diversity is re-
markably conserved (>75% of the global total) along latitudinal
and longitudinal gradients in species richness, falling away only in
species-poor provinces (n < 200), such as the Persian Gulf (52% of
the global total), Hawaii (37%), the Caribbean (26%), and the East-
Pacific (20%), where redundancy is also diminished. In the more
species-poor provinces, large and ecologically important areas of
trait space are empty, or occupied by just a few, highly distinctive
species. These striking biogeographical differences in redundancy
could affect the resilience of critical reef functions and highlight
the vulnerability of relatively depauperate, peripheral locations,
which are often a low priority for targeted conservation efforts.

species richness | functional diversity | functional redundancy |
biogeography | resilience

he species composition and biodiversity of ecosystems are

increasingly responding to human activity (1), highlighting
the urgent need to manage and preserve ecosystem functions (2,
3). A key challenge is to understand the components of bio-
diversity that contribute to essential functions, and that support
their resilience to chronic and acute stressors (4). The influence
of biodiversity on ecosystem function is underpinned not by
species richness per se but by the diversity of functional roles
among species, as measured by their characteristics or traits (2, 5,
6). A diverse range of functional roles (functional diversity) is crit-
ical for maintaining multiple functions (2, 6) and for the sus-
tainable provision of ecosystem services to people (7).

Loss of functional diversity can cause major shifts in ecosystem
function (7-9). This loss of function can be avoided, however, if
each functional role is supported by multiple species, each with
different responses to anthropogenic or natural change (10). Groups
of species with overlapping functional roles generate functional re-
dundancy and provide a chance for declining species to be replaced
by other similar species, thereby maintaining certain functions (10,
11). The stabilizing effect of functional redundancy is often described
as ecosystem reliability (12), the insurance effect (13), or the portfolio
effect (14), and it has been documented in a wide range of ecosys-
tems (5, 15, 16). On coral reefs, for example, herbivory is shared
among a diverse range of species, including some that are
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susceptible to overfishing (e.g., parrotfish) and others that are not
heavily targeted (e.g., sea urchins). In the Caribbean, the decline
of herbivory due to overfishing was ameliorated because a re-
dundant species, the sea urchin Diadema antillarum, maintained
this key process (15), thereby providing a “reservoir of resilience”
(5). For this source of resilience to take effect, redundant species
must show different tolerances to environmental stressors or dif-
ferent regeneration rates after perturbation, a phenomenon often
referred to as response diversity (17). However, overreliance on a
smaller group of tolerant species can reduce resilience, a scenario
that occurred on many Caribbean reefs when D. antillarum pop-
ulations were drastically reduced by disease (15).

Coral reef assemblages differ in species richness at global and
provincial scales (18-20). Their biogeography is characterized by a
global biodiversity hotspot in the central Indo-Pacific (the Coral
Triangle); by decreasing diversity with increasing latitudinal and
longitudinal distance from this hotspot; and by a secondary, less
diverse hotspot in the Caribbean (18-20). Such gradients in species
richness can alter biogeographical pools of functional trait diversity
and redundancy, and therefore potentially influence the resilience
of different provinces (11). Quantifying the diversity of functional
traits along gradients of increasing species richness can reveal the
extent to which additional species provide new functions or increase
the number of redundant species supporting the same functions
(21-23). Furthermore, although functional redundancy is likely to
be common in tropical ecosystems, a critical question is whether
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redundancy is restricted to a subset of functions, leaving other
functions supported by just one, or a few, unique species (9, 24).
Reef-building corals (in the order Scleractinia) are often dom-
inant contributors to a range of ecological (25, 26), biogeochem-
ical (27), structural (28), and geological (29) functions on coral
reefs. This complex interplay of functions influences some of the
defining features of coral reefs, such as reef growth and devel-
opment, productivity and nutrient recycling, and the provision of
habitat to other reef-associated species. As coral assemblages re-
spond to escalating human stressors (3, 11), critical reef functions
are being impaired, including calcification (30) and the provision
of three-dimensional reef structure (31). Understanding the po-
tential functional roles of corals is an essential task that must
consider a large number of species and a large number of func-
tionally relevant traits. In addition, since many traits, including
morphological dimensions and physiological rates, fall along a
continuum, quantifying the diversity and importance of species’
functional roles must move beyond categorical groups, and in-
stead use quantitative estimates of trait-based dissimilarity (32).
In this study, we provide a comprehensive analysis of the func-
tional traits of all extant reef-building coral species. Our aim is to
quantify how the functional diversity and redundancy of corals
change with species richness across 12 biogeographical provinces in
both the Indo-Pacific and Atlantic domains. Using seven quanti-
tative traits that facilitate key ecological functions, we generate a
7D trait space in which species are positioned according to their
functional dissimilarity (32). In this trait space, we examine the
global patterns of functional diversity (the range of unique trait
combinations) and functional redundancy (the number of species

sharing similar sets of traits), testing the relationship of each with
species richness. Our analysis focuses on functional redundancy at
multiple levels of trait-based dissimilarly, allowing us to identify
locations and functions where redundancy is critically lacking. Fi-
nally, we conduct an analysis of specific traits that influence dis-
persal and regeneration, and of additional traits that influence reef
productivity and growth, providing insights into the potential for the
occurrence of response diversity among functionally similar species.

Results

A principal component analysis (PCA) of the global trait space
for 821 species of corals, based on seven functional traits (Table
S1), reveals four significant axes of correlated trait variation,
with 67% of variation expressed in just two dimensions and 88%
in four dimensions. Along PCA axis 1 (48.6% of variation explained),
coral species are positioned from small, slow-growing taxa with
large corallites and dome-shaped morphologies to large fast-
growing taxa with small corallites and complex morphologies.
Along PCA axis 2 (18.3% of variation explained), coral species are
positioned from short taxa with large surface areas and high
skeletal densities to tall taxa with small surface areas and low
skeletal densities (vector plot axes 1 and 2 in Fig. 1). Skeletal
densities and maximum colony sizes also load heavily onto PCA
axes 3 and 4, respectively (vector plot axes 3 and 4 in Fig. 1). The
periphery of the four dimensions is occupied by taxa with rare or
extreme trait values, and individual species (points in Fig. 1 and
Fig. S1) are dispersed widely between these outer boundaries,
leaving few areas of the trait space unoccupied. Thus, our analysis
shows that a wide variety of unique trait combinations in corals

Red Sea Persian Gulf Indian Ocean

Coral Triangle

Australia Fiji Polynesia

S= 98 89 %

52.4 % S= 446

94.5 % 89.2 % S= 403

S=574

76.2% S=185

Vectors (PC1-2) Vectors (PC3-4) Hawaii East Pacific Caribbean Brazil East Atlantic
i 2 4
18
2 3 =2 3
3] 3]
= 54 gl A
7
6 5
155% T0.4% 36.8 % S=68 202 % S=32 264 % S=51 25% S=18 0.9% S=9

Fig. 1. PCA of the trait space of corals across biogeographically distinct provinces. In each panel, the global multidimensional trait space for all corals is
presented in gray, with each provincial trait space overlaid in color. Colored points represent the positions of species along PCA axis 1 [principal component 1
(PC1) and and PCA axis 2 (PC2). Values in each panel indicate the percentage of occupancy of the 4D global trait space and species richness (S) for each
province. (Bottom Left) Seven traits used to construct the PCA and the four axes making up the trait space are shown in the two panels along with their
percentage of explained variance. The trait vectors are (1) skeletal density, (2) surface area-to-volume ratio, (3) growth rate, (4) interstitial space size, (5)

maximum colony size, (6) colony height, and (7) corallite width.
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can be condensed into just a few axes of variation representing
major dimensions of coral functional diversity.

The percentage occupancy of the global coral trait space by
the species pool in the Atlantic is small, even in the Caribbean
hotspot, where only 26% of the trait space is occupied. The
Brazilian and West African provinces occupy only 3% and 1% of
trait space, respectively. In the Indo-Pacific, trait diversity is
greatest in the Coral Triangle, where 95% of the global range of
traits occurs. Trait diversity is largely maintained across five
other provinces stretching from the Red Sea and western Indian
Ocean, and eastward to Polynesia in the central Pacific (Fig. 1
and Fig. S1). These five provinces each contain >75% of the
global functional diversity, despite a decrease from 586 coral
species in the Coral Triangle to 320 westward across the Indian
Ocean and a drop to 185 species eastward across the Pacific
Ocean (Figs. 1 and 24). In contrast, as species richness declines
further in more peripheral Indo-Pacific provinces, functional
diversity diminishes sharply, indicating that smaller regional
species pools support a relatively depauperate mix of functional
traits (Figs. 1 and 24). Consequently, our analysis reveals an
asymptotic relationship between species richness and trait di-
versity (Fig. 24), consistent with a null model in which provincial
species pools are randomly assembled from the global species
pool (gray bootstrapped confidence limits in Fig. 24).

The average distance between neighboring species in multi-
dimensional trait space is markedly lower in provinces with
higher species richness, signifying a closer degree of similarity, or
more redundancy, between species (Fig. 2B). These differences
in average species similarity are heavily influenced by clustering
in trait space. For the global species pool, we identified 80 fine-
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scale clusters of highly similar species, or “functional entities.”
The number of clusters occurring in each province increases
asymptotically with species richness (solid red line, Fig. 24). In
addition, the proportion of clusters in each province represented
by just one species decreases with species richness (solid red line,
Fig. 2B). In the Caribbean, for example, 38% (30 of 80) of the
clusters are represented. Furthermore, 65% of the clusters in
the Caribbean are represented by just one unique species (i.e.,
the remaining 35% have redundancy), while only 18% of the
clusters in the Coral Triangle are represented by a single species
(82% exhibit redundancy) (Fig. 2B). Thus, redundant species in
species-rich provinces are spread widely throughout multidi-
mensional trait space, whereas in depauperate regions, limited
levels of redundancy are necessarily more restricted to smaller
portions of the total trait space (Fig. 2B). Notably, the number of
occupied clusters and the proportion of single-species clusters in
each province differ from a null model in which species are ran-
domly assigned to clusters (dotted red lines, Fig. 2 4 and B). This
disparity between our observed results and null expectations is
highest in the Indo-Pacific, where species are confined to smaller
areas of trait space (Fig. 24) and packed into fewer clusters in trait
space [i.e., there are more single-species clusters (Fig. 2B) than
expected if species-cluster associations are randomized].

A broader cluster analysis of trait space reveals eight distinct
clusters and shows that major disparities exist in the density of
species across large areas of trait space (Figs. 2 C and D and 3).
These imbalances are most prominent in species-poor provinces
(n < 200), where large clusters in trait space are heavily un-
derrepresented (Fig. 2C) and supported by just one or a few
species (Fig. 2D). In contrast, in species-rich provinces (r > 200),
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Fig. 2. Relationship between species richness and functional diversity (A), species dissimilarity (B), imbalances in trait space (C), and redundancy in trait space

(D) across major biogeographical provinces. In A and B, colored points represent 12 provinces with the corresponding color code from Fig. 1. Functional
diversity is measured as the percentage of occupancy of the global trait space hypervolume in each province. Species dissimilarity is measured as the average
distance between species and their closest neighbors in trait space (a visual representation of each metric is shown in gray boxes). Gray bars show a null model
of random species allocation for each species richness value, indicating the mean and 95% confidence intervals of 100 iterations. Solid red lines indicate an
alternative analysis of 80 fine-scale clusters of species (or functional entities), indicating the proportion of clusters occupied by species (A) and the proportion
of occupied clusters that contain only one species (B). Dotted red lines indicate the same metrics under a null model of random assignment of species to
clusters. In Cand D, colored points represent eight coarse-scale clusters of species in trait space, colored by province (the positioning of clusters in trait space is
shown in the gray box). Imbalances in trait space are indicated by the proportional representation of each major cluster in the species pool of each province,
with gray lines linking the same clusters across provinces. Redundancy in trait space is indicated by the number of species occupying major clusters in each
provincial trait space (colored lines), plotted in rank-descending order along the x axis from high to low redundancy.
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imbalances across trait space are less extreme due to higher
levels of redundancy in all clusters. These larger areas of trait
space represent key morphological types, including mound-like
corals of various sizes; two-dimensional corals, including solitary
and nonattached species; plate-like or foliose corals; digitate or
tabular corals; branching corals; and tall, complex mounds or
columnar corals (Fig. 3). The proportional representation in
provincial species pools of each of the major clusters is con-
strained within a narrow range of values across the Indo-Pacific
(varying between 0.05 and 0.25, depending on the cluster) (Fig.
2C), where each major cluster is supported by tens or even
hundreds of species (Fig. 2D). Furthermore, the proportion of
the species pool represented in each cluster is remarkably con-
stant across a very broad gradient in species richness (Fig. 2C).

The occupancy of trait space is strikingly different between the
two major domains, as exemplified by the disparity between the
Caribbean and the Great Barrier Reef (Fig. 3). The two domains
have no native species in common (18), yet they share a range of
functional roles, because Caribbean species occupy similar areas
of trait space to those on the Great Barrier Reef, despite an 11-
fold difference in species richness (Figs. 1 and 34). Contours of
high redundancy in trait space (based on kernel density estima-
tion) for the Great Barrier Reef indicate that the highest re-
dundancy occurs in three major clusters of species that are
predominantly mound-shaped, tabular, or digitate, and branch-
ing (Fig. 3 A and B). These clusters represent a broad range of
traits for >200 species with a wide range of taxonomic affilia-
tions. In contrast, the Caribbean trait space is heavily depleted,
with only one high-redundancy cluster of massive and submassive
corals, no fast-growing digitate, bushy, or tabular corals, and only
three species of branching corals (Acropora palmata, Acropora
cervicornis, and Acropora prolifera) (Fig. 3 A and B). The clustering
of species in the Caribbean trait space (Fig. 2 B-D) therefore
leaves large portions of trait space unoccupied or populated by
just one or a few functionally distinctive species.

The distinct biogeographical patterns of diversity and re-
dundancy in coral trait space can have major consequences for
the dynamics of coral assemblage functions in different prov-
inces. In particular, critical attributes underlying reef resilience
and function are poorly represented in the Caribbean trait space
(Fig. 3 C and D). For example, two fundamental traits, the tissue
biomass and skeletal growth rates of whole colonies, reach their
highest overall value among species with complex morphologies
and fast-growth rates, or with very large mound-like or columnar
skeletons (Fig. 3C). In the Caribbean, corals with these attributes
(e.g., Acropora, Dendrogyra, Orbicella) are poorly represented in
trait space (Fig. 3 A-C). In contrast, on the Great Barrier Reef,
corals with these attributes comprise a diverse mix of taxa (e.g.,
Acropora, Porites, Pavona, Diploastrea) and are widely distributed
across trait space (Fig. 3 A-C). Furthermore, a key trait, the
mode of larval development (i.e., brooders, spawners), is dis-
tributed differently in trait space between the two domains (Fig.
3D). Although there are proportionally more brooding species in
the Caribbean, they are limited to a subset of functional types
and devoid of large, branching or columnar species. In contrast,
both brooding and spawning strategies are widely distributed
across the Great Barrier Reef trait space, indicating that a di-
versity of dispersal and recruitment patterns occurs across a
broad range of coral functional types in this region (Fig. 3).

Discussion

This study reveals that a diverse variety of coral functional trait
combinations can be represented along the same few axes of
correlated trait variation. The boundaries of these axes differ
between the two Indo-Pacific and Atlantic domains, and along
regional-scale gradients in reef biodiversity. Provinces with higher
species richness exhibit a greater range of traits and trait combi-
nations, in addition to a greater similarity, or redundancy, among
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Fig. 3. Diversity and redundancy of trait space on the Great Barrier Reef
and in the Caribbean. (A) Coral trait space, with species (points) colored blue
for the Great Barrier Reef and orange for the Caribbean, showing the
overlap in trait space between the two domains, and contours of high
species density shown in gray. (B) Heat map of species density in the global
trait space for each domain, with contours indicating peaks of richness and
similarity. (C) Heat map for each domain of two functional traits, the total
tissue biomass and skeletal accretion rates of colonies. The squares represent
the portion of 80 fine-scale species clusters or functional entities that are
occupied in each province (gray indicates deficient data). (D) Distribution of
reproductive modes in trait space in both domains. The ellipses illustrate
eight coarse-scale species clusters.
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species. Moreover, the proportion of coral species in different
hotspots of trait space is remarkably consistent across the major
provinces of the Indo-Pacific, consistent with their high species
richness and their uniform taxonomic composition at the family
level (19). Like reef fish (24), all Indo-Pacific provinces contain a
mix of high-redundancy clusters of species with similar traits,
alongside an unexpectedly high number of distinctive species that
are relatively isolated in trait space. For corals, however, periph-
eral provinces with comparatively low species richness are par-
ticularly low in redundancy, because major functional roles are
supported by just a few, unique species occupying large areas of
trait space. This lack of functional redundancy is critical, because
it can reduce the collective potential of groups of similar species to
resist or recover from a variety of stressors (5, 11).

The broader functional roles of corals, as measured here by
numerous morphological and life history traits, correspond to
previously used groupings based on colony shape (11, 33) (Fig.
3A4), highlighting the functional relevance of colony morphology
and the intrinsic association of numerous morphological and
physiological traits (34-38). By analyzing a more comprehensive
range of traits, however, we reveal a greater dissimilarity be-
tween species, creating a more accurate and quantitative de-
piction of the potential functional roles of species. Trait diversity
is high in most Indo-Pacific provinces, making them even greater
hotspots of functional diversity than previously assumed (11).
Some Indo-Pacific species break the rules of conventional trait
associations, and therefore occupy remote corners of trait space
where there are fewer species than expected by chance. For ex-
ample, they are species with unusually low skeletal densities,
large corallites on branches, or enormous colony sizes. In de-
pauperate provinces, the most unique species are often the sole
representatives of large areas of trait space, thereby upholding
critical functions, such as reef productivity, carbonate accretion,
and habitat complexity. For example, A. palmata, a species that
was once abundant but is now considered to be in danger, is the
tallest three-dimensional coral in the Caribbean. Its decline has
dramatically reduced rates of reef accretion and the provision of
habitat on shallow reefs (30, 31). Declines in such unique and
essential species can severely compromise reef function with
little hope of compensation by other, dissimilar species.

How biogeographical differences in trait diversity and re-
dundancy translate into differences in ecosystem function de-
pends on how regional pools of species assemble at local scales,
accounting for the abundance and trait variability of individual
species, in addition to noncoral taxa with similar functional roles
(e.g., calcifying algae). Clearly, coral reefs can develop and
flourish even in depauperate provinces with low functional di-
versity. For example, Clipperton Atoll, in the remote East Pa-
cific, has only seven species of corals, and assemblages there are
dominated by mound-shaped Porites (39), highlighting the ability
of just a few species to maintain a broad array of functions suf-
ficient to sustain a coral reef. In addition, reef growth and de-
velopment in the Atlantic has persisted independent of a 10-fold
variation in coral species richness over the past 28 million years
(40). Nevertheless, many studies highlight the importance of high
coral functional diversity, for example, to maintain complex
variations in microhabitat (41) and for the provision of habitats
and resources used by different fish and invertebrate species
(42). Measuring redundancy therefore requires a careful con-
sideration of the functions of interest, and of the resolution of a
trait-based analysis necessary to distinguish functionally impor-
tant and redundant species. Our analysis measures the similarity
between species at two scales: fine-scale clustering of 80 aggre-
gates and coarser scale similarities within eight hotspots of trait
similarity. At both scales, redundancy is substantially lower in
depauperate regions, highlighting their vulnerability to major
shifts in function, in addition to more intricate shifts that may
otherwise go unrecognized.

3088 | www.pnas.org/cgi/doi/10.1073/pnas.1716643115

For redundancy to enhance the resilience of high-richness re-
gions compared with depauperate ones, redundant species must
exhibit response diversity (i.e., have different tolerances to envi-
ronmental change) or have different regeneration capacities after
a perturbation (17). Numerous traits influence species responses,
including resistance to stress, reproductive capacity, dispersal
ability, and growth rate. However, low redundancy in key groups
can reduce the diversity of these traits and limit the extent of
response diversity among species (4, 43). Indeed, the poor rep-
resentation of key reproductive modes in large areas of Caribbean
trait space may be a liability, since it may reduce the potential for
response diversity when only one reproductive mode (brooding or
broadcast spawning) is dominant. Low morphological diversity in
large areas of Caribbean trait space may also limit the diversity of
tolerances to mechanical disturbances (e.g., storms) among func-
tionally similar species (38). Response diversity is common in
highly redundant marine and terrestrial ecosystems (5, 15, 16, 33).
Nevertheless, the stabilizing influence of response diversity becomes
weaker as the severity of multiple stressors increases. For exam-
ple, response diversity within similar guilds of terrestrial plants
(44) and tropical birds (45) diminishes under land-use intensifi-
cation. Thus, a key challenge for coral research is to understand
the role of response diversity among functionally similar species,
especially in the context of multiple chronic and acute stressors,
and to identify the traits that enhance the resistance or recovery
of assemblages.

Coral reefs face an uncertain future, and, already, the goal of
returning degraded reefs to their original state is no longer an
option in many cases. Instead, the global challenge in the face of
climate change is to maintain reefs in a way that preserves their
ecological functions, recognizing that the species composition is
already changing rapidly (3). Across the world’s reefs’ provinces,
there is an increasing prevalence of heavily impacted coral as-
semblages, where more tolerant or regenerative species are fa-
vored (46). In many regions, the extent of shifts in ecosystem
functions or the prospects of returning to a normal functioning
state are unknown. Ultimately, the degree of functional transi-
tion by reefs depends on shifts in the abundance of corals and on
the level of similarity between persistent and declining species.
The critical task of understanding and preserving reef function
rests on our comprehension of these phenomena, including the
wide range of functional traits among species and the vulnera-
bility of reef functions within and across biogeographical regions.

Materials and Methods

Coral Trait Space. Seven traits were selected for their functional importance:
growth rate, skeletal density, corallite width, maximum colony size, colony
height, interstitial space size, and surface area-to-volume ratio (Table S1).
Mean trait scores for every zooxanthella coral species (n = 876) were obtained
from the Coral Trait Database (47), and subsequently placed into numerical
(range: 1-5) categories (Table S1). Three ordinal morphological traits (colony
height, interstitial space size, and surface area-to-volume ratio) were assigned
to species based on their morphological types and a simplified model of coral
geometry (37) (Table S2). The Coral Trait Database includes most of the em-
pirical data from the literature. However, deficiencies in the data remain for
certain traits. To ensure that nearly every known reef-building coral species
was included in the analysis, a regression approach (37) was used to fill in
missing data for four traits: growth rates (131 empirical values), colony sizes
(348 empirical values), skeletal densities (54 empirical values), and corallite
width (842 empirical values). Using log-transformed trait values, a linear
model was run for each trait against predictor variables using the /m function
in R (R Development Core Team 2017). Since each of these traits is known to
be phylogenetically (37) and morphologically (34, 36) conserved, the predictor
variables chosen were molecular family and growth form for growth rates
and skeletal densities and molecular family and growth rates for corallite
widths and maximum colony sizes. The predictive functions were then used to
return model estimates for each species. The strength of the predictive
functions is demonstrated by their ability to accurately predict known em-
pirical values from the trait database (Fig. S2). Combinations that were not
predicted by the function were based on the taxonomy and growth form of a
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species. Unknown reproductive modes (brooding or broadcast spawning)
were also predicted, as reproductive modes in corals are generally conserved
among congeners, except for well-known exceptions such as Porites and
Pocillopora. After infilling was completed, taxa that are not associated with
reef habitats were subsequently removed from the dataset, leaving 821 species.

Occurrence Data. Species pools for distinct Indo-Pacific provinces separated by
faunal boundaries were based on the system used by Keith et al. (48). Atlantic
provinces were based on the system used by Veron (18).

Functional Trait Diversity and Redundancy. Trait diversity was measured as the
4D convex hull volume of trait space, signifying the outer boundary of trait
space, or the most extreme trait values (49). Four PCA dimensions were used
to maximize the amount of variation explained by functional diversity metrics
(88%). Provincial values were divided by the global convex hull to get a
percentage occupancy of trait space. Neighbor similarity is based on the sum
of nearest neighbor distances for the nearest five species, calculated using the
R package “FNN” (R Development Core Team 2017). This metric was then
averaged over all species and presented for each province. Assigning different
numbers of neighbors did not change the results. Fine-scale clustering of
species in trait space was calculated by binning species coordinates in the
global trait space, with a consistent bin width of 0.6 (resulting in 80 global
clusters). The proportion of clusters with only one species was then quantified
(24). Broader aggregations of species in trait space were derived from a
clustering analysis, in which the optimal number of clusters (k = 8) was de-
termined from the Bayesian information criterion for a k-means clustering
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algorithm. For each analysis, a null model was created to compare observed
provincial values with a random sample from the global species pool. Samples
were taken without replacement, with species richness fixed at a specific level
(each increment of five species from 0 to 600). Analyses were repeated on
each sample 100 times before presenting the mean and 95% confidence in-
terval for the replicate samples.

Tissue Biomass and Skeletal Accretion. Absolute values for these two key traits
at the colony level were estimated using a simple model of colony geometry
(Table S2), standardized by empirical values of maximum size, growth rates,
and skeletal density for Caribbean and Great Barrier Reef species. Tissue
biomass (in grams) was measured by multiplying estimates of tissue biomass
(per square centimeter) by maximum colony area (Table S2). Whole-colony
skeletal accretion rates (in grams per year) were estimated by finding the
difference in maximum colony volume after 1 y of uninterrupted growth
and multiplying by skeletal density. Initial colony volumes were calculated
using models of colony geometry (Table S2) calibrated by maximum colony
diameter minus 1y of linear growth (estimated using empirical growth rates
in millimeters per year). Final colony volumes were calculated using the same
models of colony geometry calibrated by maximum colony diameter.
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