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Large-area imaging reveals biologically driven non-random
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Abstract For sessile organisms such as reef-building

corals, differences in the degree of dispersion of individ-

uals across a landscape may result from important differ-

ences in life-history strategies or may reflect patterns of

habitat availability. Descriptions of spatial patterns can

thus be useful not only for the identification of key bio-

logical and physical mechanisms structuring an ecosystem,

but also by providing the data necessary to generate and

test ecological theory. Here, we used an in situ imaging

technique to create large-area photomosaics of 16 plots at

Palmyra Atoll, central Pacific, each covering 100 m2 of

benthic habitat. We mapped the location of 44,008 coral

colonies and identified each to the lowest taxonomic level

possible. Using metrics of spatial dispersion, we tested for

departures from spatial randomness. We also used targeted

model fitting to explore candidate processes leading to

differences in spatial patterns among taxa. Most taxa were

clustered and the degree of clustering varied by taxon. A

small number of taxa did not significantly depart from

randomness and none revealed evidence of spatial unifor-

mity. Importantly, taxa that readily fragment or tolerate

stress through partial mortality were more clustered. With

little exception, clustering patterns were consistent with

models of fragmentation and dispersal limitation. In some

taxa, dispersion was linearly related to abundance, sug-

gesting density dependence of spatial patterning. The

spatial patterns of stony corals are non-random and reflect

fundamental life-history characteristics of the taxa, sug-

gesting that the reef landscape may, in many cases, have

important elements of spatial predictability.

Keywords Coral reefs � Community structure � Landscape
ecology � Spatial dispersion � Photomosaics � Palmyra Atoll

Introduction

The modern paradigm in coral reef ecology suggests that

coral communities reflect a history of disturbance and

subsequent decline (Bellwood et al. 2004). Despite this,

some coral communities also reflect histories of remarkable

survival and recovery following mortality events (Diaz-

Pulido et al. 2009; Roff et al. 2014; Furby et al. 2017). The

colonial growth form, for example, allows corals to sustain

the loss of individual clones while maintaining overall

colony function (Jackson and Coates 1986), and in some

communities, fragmentation and colony regrowth can

result in persistence of extremely long-lived corals (High-

smith et al. 1980; Edmunds 2015). The potential of colo-

nies to shrink, grow and fragment is complemented by the

fundamental importance of new colony creation through

sexual reproduction that supports long-term population
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genetic viability. Importantly, the breadth of demographic

strategies within colonial corals, including recruitment,

survival, fragmentation and recovery, provides a compa-

rable breadth of spatial distribution processes. Investigation

of spatial distributions in corals thus provides insights into

the likely relative contribution of demographic mecha-

nisms governing population dynamics across taxa.

The inferences that can be made through the study of

spatial patterns at the scale of individual organisms have

been of interest to geographers, naturalists and biologists

for more than a century (Turner 1989). In the last 40 yr,

renewed interest of terrestrial ecologists in spatial pro-

cesses and patterns has led to the development of a suite of

analytical tools to predict and describe spatial structure in

nature (Wu 2013; Velázquez et al. 2016). To address

spatial ecological questions, terrestrial landscape ecologists

have taken advantage of comprehensive large-area sam-

pling, often collected in the context of long-term study

sites, including Barro Colorado Island (Hubbell and Foster

1992), the Hubbard Brook experimental forest (Bormann

and Likens 2012) and various other locations (Condit et al.

2000). This work has identified a spectrum of dispersion

patterns across ecosystems (Hubbell 1979; Lieberman et al.

1985; Condit et al. 2000) linked to a variety of key struc-

turing mechanisms (e.g., recruitment patterns, habitat

preference and availability, dispersal probabilities,

resource limitation; Hubbell 1979; Connell 1985; Turner

1989; Condit et al. 2000; Rietkerk and van de Koppel

2008). Importantly, such work has been used to evaluate

theoretical expectations of space use and to test candidate

mechanisms generating the observed patterns, including

the processes predicted by the Janzen–Connell hypothesis

(Janzen 1970; Connell 1978) which has been shown to

influence diversity in both tropical rainforests (Harms et al.

2000) and coral reefs (Marhaver et al. 2013).

To date, the study of spatial variability in coral com-

munities has focused largely on site (Goreau 1959; Kenyon

et al. 2010), reef/island (Newman et al. 2006; Sandin et al.

2008) or regional (Smith et al. 2016) patterns. Percentage

cover data have formed the basis of this substantial body of

work, with more limited efforts tracking spatial and

demographic processes affecting individual colonies, such

as fragmentation and partial survival (Hughes and Tanner

2000; Edmunds 2015). Importantly, such demographic

insights require spatially explicit data at the level of the

individual organism. Application of individual-level

demographic data has been limited in subtidal marine

environments largely due to the logistical constraints of

obtaining data at the appropriate scale. Despite these dif-

ficulties, a number of studies have used individual-level

data to study coral demography (Hughes 1984; Hughes and

Tanner 2000; Edmunds 2015), to quantify competitive

interactions (Bak et al. 1982; Bradbury and Young 1983;

Reichelt and Bradbury 1984) or to describe habitat struc-

ture (Bak and Engel 1979; Bradbury and Young 1981),

with comparably intense field campaigns tracking spatial

disease patterns across populations (Jolles et al. 2002;

Zvuloni et al. 2009). Less frequently collected are species-

specific descriptions of spatial patterning of coral reef

benthic organisms that rely on extremely labor-intensive

in situ mapping (Lewis 1970; Stimson 1974; Dana 1976;

Carlon and Olson 1993; Karlson et al. 2007; Deignan and

Pawlik 2015). The value of such spatially explicit distri-

bution data is clear, but the costs in terms of sub-tidal labor

have limited the proliferation of these approaches in the

broader marine scientific community.

Advances over the past decade in digital imaging,

computing and data science now enable straightforward

collection and creation of highly detailed composite large-

area (hundreds to thousands of square meters) orthorecti-

fied photomosaics of sub-tidal benthic marine environ-

ments (Gracias et al. 2003; Lirman et al. 2007) (Fig. 1).

Like other image-based underwater survey methods, such

as video transects or photoquadrats, field-based image

collections for photomosaics are complemented by labo-

ratory-based data extraction. A variety of metrics, includ-

ing percentage cover, species composition and disease or

bleaching incidence, can be extracted from photomosaics

using point counts, polygon digitization or other methods

commonly used to analyze underwater imagery. Impor-

tantly, the high detail and large spatial extent of photo-

mosaic surveys can capture thousands of individual coral

colonies identifiable to species, enabling the extraction of

spatially explicit information on benthic communities

previously only available through intense field campaigns.

This study used a large-area imaging approach and

spatial analysis to describe spatial patterns of coral com-

munities at a remote Pacific atoll. Information from digi-

tized photomosaics was used to enumerate and map

individual corals in 16 plots representing 1600 m2 of

benthic habitat. We assessed the dispersion patterns of

adult corals and investigated whether variability in mea-

sures of spatial dispersion was indicative of taxonomic

differences or functional morphology. Further, we used

targeted model fitting to test whether candidate habitat and

biologically driven mechanisms might have generated the

observed patterns. We also considered whether observed

levels of dispersion were influenced by relative density of

each group.
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Methods

Study location

All work was conducted on Palmyra Atoll, a US Fish and

Wildlife National Wildlife Refuge and part of the Pacific

Remote Island Areas Marine National Monument, located

approximately 1600 km south of Oahu, HI. Aside from

alterations made to the lagoon (e.g., dredging and con-

struction of causeways, docks and runways) during the

brief military occupation in the mid-twentieth century,

Palmyra’s reef ecosystems have remained largely undis-

turbed by local human impacts (Sandin et al. 2008). In

2013, 16 plots were established on forereef habitats along

the 10-m isobath and positioned for maximum spatial

coverage across the atoll (Fig. 2).

Although photomosaics can be collected at a variety of

spatial scales, for this study we analyzed imagery from

100 m2 plots. Plots of this size were chosen as raw imagery

can be collected easily during a single scuba dive and are

manageable in the time-intensive step of ecological post-

processing, while also capturing data at a sufficient scale to

include thousands of coral colonies per plot (Table 1). All

plots were established with two geo-referenced steel pins to

facilitate repeat surveys.

Collection of mosaic imagery

Images for photomosaics were collected using two Nikon

D7000 16.2 megapixel DSLR still cameras mounted to a

custom frame. The camera used to generate processed

photomosaics was equipped with a wide-angle 18-mm

focal length lens to ensure high overlap between adjacent

images. The second camera was equipped with a 55-mm

focal length lens to capture images with B 1 mm resolu-

tion. To obtain continuous coverage of the reef floor within

a plot, the diver operating the camera system swam a

gridded pattern approximately 1.5 m above the average

depth of the plot at speeds (5–7 m min-1) sufficient to

maintain maximum overlap between adjacent images.

Images were captured every second from each still camera

using the built-in intervalometers. Depending on condi-

tions, a single mosaic could be collected in 45–60 min and

consisted of approximately 2500 individual images per still

camera.

Technical processing of mosaic imagery

The details of the technical processing software used to

generate the photomosaics have been described previously

(Gracias et al. 2003; Lirman et al. 2007). Briefly, photo-

mosaics are created from raw images using image pro-

cessing and numerical optimization modules that work

with little user intervention. The output is an orthorectified

photomosaic generated by fusing the registered images

together. Measurements collected in the field between

ground control points (electronic supplementary material,

ESM, Fig. S1) are used to calibrate the composite

rendering.

a b

c

Fig. 1 a 25 m2 subsection of

raw landscape mosaic imagery

and b embedded high-resolution

composite images taken with

the 55-mm focal length camera.

The high-resolution imagery

from the 55-mm camera enables

detailed analysis of individual

processes at small spatial scales

c that can be mapped to the

larger mosaic, allowing analyses

to be conducted across scales.

The image b is roughly

commensurate in scale with

imagery collected for standard

point count percentage cover-

based analyses. See electronic

supplementary material Fig. S2

for full-size imagery
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Ecological post-processing of mosaic imagery

Photomosaics were post-processed through a manual dig-

itization process adapted from previous work (Lirman et al.

2007). Mosaic images were first uploaded to Adobe Pho-

toshop CC, and the boundaries of all corals[ 9 cm2 were

digitized by hand using a Wacom pen-tablet (model #

CTH-470). Linked high-resolution imagery was used to

separate adjacent colonies of the same species (Fig. 1). We

followed the operational definition of a colony as a con-

tiguous patch of live tissue (Highsmith 1982). Using the

best available species lists (ESM Table S1), we designated

corals to the highest taxonomic level possible. When the

species could not be determined, taxa were grouped within

genera based on functional morphology (ESM Table S1).

To determine whether spatial patterns also varied at the

functional level, corals were grouped by functional mor-

phology. Corals were classified as branching, corymbose,

encrusting, free-living, massive, plating, sub-massive or

tabular using the best available sources (ESM Table S1).

Taxonomic and functional morphology designations were

confirmed with high-resolution imagery (Fig. 1). Different

taxonomic groups were then represented as separate image

‘layers’ in Photoshop and exported as individual PNG

image files.

Analytical processing of mosaic imagery

Exported image files were processed analytically using

custom algorithms designed by the authors using R 3.2 (R

Core Team 2016). The algorithm reads RGB pixel values

from the individual digitized PNG image files to identify

and enumerate individual coral colonies and calculate

percentage cover/surface area. Distance between ground

control points (in cm) was measured in the field (ESM

Fig. S1) and compared to the distances in the photomosaics

(in pixels) to establish the ratio of pixels to cm scale and to

internally georeference and calibrate photomosaics, in turn

creating a spatially explicit map of each plot. Previous

evaluations of geometric accuracy in photomosaic imagery

have shown maximum distance errors ranging from 10.7 to

13.5 cm, while evaluations of abundance, diversity and

percentage cover were statistically indistinguishable from

standard methodologies (Lirman et al. 2007). The count-

based metrics used here are robust to distance errors,

especially with large sample sizes. However, we performed

a sensitivity analysis to evaluate potential bias in abun-

dance estimates. Drawing from a normal probability dis-

tribution of offset values ranging from 0 to the maximum

error distance, we randomly assigned coral colonies’ spa-

tial offset values and found no significant difference in

abundance or aggregation metrics.

Quantitative processing of mosaic imagery

After corals were enumerated and mapped in each photo-

mosaic (ESM Fig. S2a–p), we described the spatial patterns

of corals at the finest taxonomic resolution possible to

determine how individual species or taxonomic groups of

corals drive the observed patterns. We then quantified

patterns using a functional morphology-based approach to
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FR69
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FR5FR40

FR39FR38
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∧Palmyra Atoll

0 1 km

Fig. 2 Satellite image of the location of study plots at Palmyra Atoll, a remote uninhabited atoll and National Wildlife Refuge located approx.

1600 km south of the Hawaiian Islands (inset)
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explore how shared morphological and life-history strate-

gies might contribute to common spatial patterning.

Dispersion patterns

One of the oldest and most frequently applied measures of

spatial patterning, the variance-to-mean ratio (VMR) (Dale

1999; Dale et al. 2002) allows identification of departures

from complete spatial randomness (CSR); potential alter-

natives are increased uniformity (i.e., individuals more

evenly spaced than expected) or increased clustering (i.e.,

individuals more aggregated than expected) (sensu

Hutchinson 1953; Dale 1999).

Our calculation of VMR used a simulated quadrat

sampling approach commensurate in scale to the imagery

collected by most benthic monitoring and research pro-

grams. Using a bootstrapping approach, we estimated the

mean and variation of VMR across each of the 16 plots for

each of the taxonomic and functional morphological

groups. For each group, i, and each plot, j, we sampled

Q = 25 non-overlapping 1-m2 quadrats and counted all

colony centroids in each quadrat, nq. We then calculated

the mean (li;j;k) and VMR (mi;j;k) of the number of colony

centroids from the N = 25 quadrats for each bootstrapped

replicate, k. Summary statistics were calculated as follows:

mi;j;k ¼
r2i;j;k
li;j;k

with li;j;k ¼
1

Q

XQ

q¼1

ni;j;k;q and

r2i;j;k ¼
1

Q

XQ

q¼1

ni;j;k;q � li;j;k
� �2

By repeating this process B times for each plot, setting

B = 1000, we obtained a distribution of VMR values for

each taxonomic and functional morphological group com-

posing the set, mi;j;1; . . .; mi;j;k; . . .; mi;j;B
� �

. Next, we calcu-

lated the mean VMR for each replicate (k) across the j plots

to obtain a distribution of means, �mi;1; . . .; �mi;k; . . .; �mi;B
� �

for

each group, expressed as:

�mi;k ¼
1

M

XM

j¼1

mi;j;k

where M is the total number of plots. From this distribu-

tion, we then estimated the bootstrapped mean VMR for

each group:

��mi ¼
1

B

XB

k¼1

�mi;k

Finally, we estimated the 95% confidence interval of

this distribution, ��mi;0:025 and ��mi;0:975 for each group i, where
��mi;a is the ath quartile of the vector of bootstrapped mean

VMRs for each i. For values of ��mi;0:025 [ 1, the dispersion

pattern is clustered, if ��mi;0:025\1 and ��mi;0:975 [ 1, the dis-

persion pattern is random and when ��mi;0:975\1, the spatial

distribution is over-dispersed.

Model comparison

To explore potential processes contributing to the observed

spatial patterns, we used a goodness-of-fit approach to

compare four hypothesized null models of spatial pattern-

ing for each group, as follows: (1) a homogeneous Poisson

process, where all points (e.g., colony centroids) are ran-

domly and independently distributed across the landscape

(e.g., CSR) and which is analogous to the VMR approach;

(2) a non-homogeneous Poisson (NHP) process which

models patterns created by availability of open space or

habitat preferences, defined here as habitat filtering; (3) a

homogeneous clustering process (HC) which represents

biotic mechanisms such as spatially constrained dispersal

and fragmentation; and (4) a non-homogeneous clustering

(NHC) process which combines both habitat filtering and

biotic clustering and processes.

For each taxonomic and functional morphology group in

each plot, we used a simulation procedure to compare the

observed spatial patterns against each of the null models

outlined above using the pair correlation function (PCF), a

non-cumulative second-order summary statistic (Baddeley

et al. 2015). The PCF represents the expected density of

colony centroids within rings of radius r centered on the

centroid of the focal colony divided by the intensity of the

spatial pattern. We then compared the difference between

the mean values from the simulations and the observed

values for each group, allowing us to test the fit of the null

hypothesis that the observed pattern was similar to the

model it was tested against. Note that the analyses were

conducted only on those groups with sufficient statistical

power, defined here as groups with at least 20 colonies

present in at least four plots, i.e., 25% of our plots.

For a detailed explanation of the model comparison

approach, please see ESM Methods 1: Model comparison

and references therein.

Density dependence

To identify potential density dependence in the observed

levels of dispersion, we used linear regression to describe

relationships between the colony density (number

100 m-2) and the mean VMR value of each bootstrapped

sample at each plot for each group, expressed as:

�mi;j ¼
1

B

XB

k¼1

mi;j;k:
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For many groups, there was a large range in colony

density across plots; hence, colony density data and mean

VMR values, �mi;j, were log transformed for all groups.

Regressions were conducted for both taxonomic and

functional morphology analyses.

To maximize the power of the VMR and linear regres-

sion analyses, we only considered groups with at least ten

colonies present in at least four plots (25% of our sample).

Further, plots with less than ten colonies for a given group

were dropped from the analysis as this is the minimum

number of colonies required to make inferences about

dispersion patterns.

Development of models and all analyses were com-

pleted using R 3.2, and the package spatstat was used for

the model comparison section (R Core Team 2016).

Results

Abundance and percentage cover patterns

We identified 44,008 individual coral colonies ([ 9 cm2)

from 33 different taxonomic groups (ESM Table S1)

belonging to eight functional morphology groups in

1600 m2 of forereef habitat (16 plots, each 100 m2)

(Table 1; ESM Fig. S2a–p). Abundance ranged from a

maximum of 4980 coral colonies 100 m-2 to a minimum

of 1572 colonies 100 m-2 with an average of 2750 ± 256

(SE) colonies 100 m-2 across all 16 plots (Table 1). The

number of colonies per taxonomic and functional group

was variable between plots. Porites superfusa was the most

abundant taxonomic group in nine of the 16 plots, with an

average of 696 ± 108 colonies 100 m-2. The next most

abundant group, the genus Fungia, was nearly half as

abundant, with 383 ± 131 colonies 100 m-2. However,

Fungia also displayed the highest variability, with abun-

dance ranging from 22 to 1752 colonies 100 m-2, and had

the highest single plot abundance. The third most abundant

group, the genus Pocillopora, demonstrated much less

variability across plots with abundance ranging from 166 to

565 colonies 100 m-2 with an average of 330 ± 26 colo-

nies 100 m-2. At the other end of the spectrum, nine of 33

observed taxonomic groups were represented by fewer than

100 colonies across all 16 plots (Table 1).

Coral cover ranged from 12.0 (Table 2) to 31.3%, with

an average of 22.7 ± 1.3%. As with numerical abundance,

percentage cover of the various taxonomic and functional

groups was variable among plots. Massive corals of the

genus Porites had the highest percentage cover in eight of

16 plots, with an average cover of 3.8 ± 0.5% across the

16 plots. The group with the second highest mean per-

centage cover, Pocillopora (3.3 ± 0.3%), was also the

third most numerically abundant group. The group with the

third highest mean percentage cover, encrusting Mon-

tipora, demonstrated the greatest variability across plots

with percentage cover ranging from 0.7 to 8.0%; it was also

the group with the highest single plot percentage cover

(Table 2).

Dispersion patterns

Of the 32 taxonomic groups in the 16 plots, 23 had suffi-

cient sample sizes to investigate dispersion patterns, while

all eight functional morphologies had sufficient sample

sizes for the analysis. Overall, we found that adult hard

corals were highly clustered grouped by both taxonomy

and functional morphology (Fig. 3a, b), with little or no

evidence for randomness or uniformity.

The degree of dispersion was variable within and among

taxonomic groups, but there was a strong tendency for

clustering. We found evidence (i.e., ��mi;0:025 [ 1) of spatial

clustering in 21 of the 23 coral groups considered (Fig. 3b).

Corals of the genus Fungia displayed the greatest median

VMR as well as the greatest variability across the 16 plots.

Other groups with high levels of clustering (branching

Acropora, Favia stelligera and Turbinaria reniformis) also

showed similar levels of variability. Porites superfusa, on

the other hand, displayed the second highest median VMR,

but with much lower variability than other highly clustered

groups. Although still significantly clustered, the lowest

levels of VMR were found in sub-massive corals of the

genus Favites and the fast-growing table Acropora and

corymbose Pocillopora groups. We found nonsignificant

departures from randomness (i.e., ��mi;0:025\1 and
��mi;0:975 [ 1) in only two groups of corals, massive colonies

of the genus Platygyra and the species Pocillopora eydouxi

(Fig. 3b).

There was also variability in the level of spatial dis-

persion among functional morphology groups. Despite this

variability, all eight of the observed functional morphology

groups showed clustered dispersion patterns (Fig. 3a).

Overall, the free-living morphology showed the greatest

degree of clustering. These results strongly reflect the

pattern of the numerically dominant genus Fungia, as other

free-living groups were rare. Other morphologies exhibit-

ing high levels of clustering were the encrusting and

branching morphologies. As the branching morphology

was comprised of only a single taxonomic group (Acrop-

ora), caution should be used in generalizing the results.

Model comparison

Results of the null model comparisons show striking pat-

terns of non-randomness; the CSR model (model 1) was
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rejected for all observed taxonomic and functional mor-

phology groups (Fig. 4). These results are consistent with

the VMR analysis, with two notable differences: Pocillo-

pora eydouxi did not significantly depart from randomness

in the VMR analysis despite rejection from model 1; and

Platygyra sp. was not included in model comparisons due

to limited sample sizes. The goodness-of-fit for NHP model

(model 2) was rejected for all but four of the 22 taxonomic

groups examined: branching and corymbose Acropora

species, Hydnophora exesa and Pocillopora eydouxi. The

only functional morphology group comparison for which

the NHP model could not be rejected was the branching

corals (Fig. 4). Given that this group is made up exclu-

sively of branching Acropora species, these results are

unsurprising.

We found little support to reject the clustering models

(either model 3 or 4) as an underlying cause leading to the

observed distributions for the taxa examined (Fig. 4). Both
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Fig. 3 Dispersion results by a functional group and b species.

Boxplots of simulated VMR distributions show medians (symbols)

and 95% quantile ranges (lines) of the bootstrapped VMR

distributions. The dotted line indicates VMR = 1 (randomness), and

95% quantile ranges not overlapping 1 are indicative of significant

departures from randomness
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clustering models were rejected for only two coral species,

Hydnophora microconos and Favia stelligera. We did not

find evidence to reject HC model (model 3) for Favites sp.

(sub-massive) Pocillopora eydouxi or Stylophora pistillata,

but there was support to reject NHC model (model 4) for

these three groups. On the other hand, while we rejected

the HC model for Montipora sp. (encrusting), Pocillopora

sp. and Porites superfusa, we did not find support to reject

the NHC model for these groups (Fig. 4).

In the functional group comparisons, both clustering

models (models 3 and 4) were rejected only for sub-mas-

sive corals. However, as this group is numerically domi-

nated by Favia stelligera (46% of colonies), generalization

of these results should be done with caution. Similarly, we

rejected the HC model (model 3) for encrusting corals;

however, this group is heavily dominated by Porites

superfusa (65% of colonies) for which the HC model was

also rejected.

Fig. 4 a Stereotypical

examples of each of four

simulated distributions: (1)

homogeneous Poisson (HP); (2)

non-homogeneous Poisson

(NHP); (3) homogeneous

clustering process (HC); and (4)

non-homogeneous clustering

process (NHC). b Model

comparison results by

functional and taxonomic group

for each of the simulated null

models of spatial dispersion

showing only the models fitting

each group. As the HP model

did not fit any of the groups it

has been omitted; groups with

no model fits are designated

with a dash
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Density dependence

While only a limited number of groups showed significant

relationships, there was an overall tendency for positive

density dependence in VMR values (Table 3). Of the 23

groups with adequate sample sizes, only Fungia, encrusting

Montipora, Pocillopora and Porites superfusa showed

significant positive relationships in the linear regressions

between colony abundance and the VMR (Table 3). While

the free-living, corymbose and encrusting functional mor-

phologies showed significant density dependence, these

results reflect the influence of the hyper-abundant Fungia,

Pocillopora and Porites superfusa groups.

We did not observe any negative relationships between

colony abundance and the VMR. Across all groups, the

lack of density dependence did not appear to be related to

truncated abundance ranges, as many coral groups showing

non-significant relationships between abundance and VMR

exhibited large differences in colony abundance across the

16 plots (Tables 1, 3).

Discussion

We described the spatial distribution of scleractinian corals

across 16 plots at the remote coral reef, Palmyra Atoll,

using methodological and quantitative approaches devel-

oped to address spatial ecological questions in terrestrial

systems. In our exploration of spatial dispersion, we found

an overall tendency for individual corals within taxonomic

groups to be clustered across the landscape, but the degree

to which they aggregated varied by taxon. Similarly,

functional morphology groups also had clustered distribu-

tions. Next, using a goodness-of-fit model fitting proce-

dure, we explored whether the observed spatial

distributions matched simulated distributions based on

hypothesized mechanisms of habitat filtering and biotic

clustering processes such as dispersal limitation and frag-

mentation. We did not find support for the random spatial

(i.e., CSR) model in any of the observed functional or

taxonomic groups. Overwhelmingly, our observed distri-

butions were most consistent with models of biotic clus-

tering (models 3 and 4), with little support for habitat

filtering (model 2) alone as a putative mechanism for the

observed patterns. While levels of clustering were variable

within taxonomic and functional groups, we found an

overall tendency for the degree of clustering to be posi-

tively related to abundance.

Previous work investigating spatial patterns in corals has

found similar, but more equivocal, results (Lewis 1970;

Carlon and Olson 1993; Karlson et al. 2007). Similarly,

there are a range of dispersion patterns in terrestrial plant

communities including overdispersion, random and clus-

tered spatial patterns at a variety of intensities (Anderson

et al. 1982; Lieberman et al. 1985; Taylor and Woiwod

1982; Condit et al. 2000). This work and the spatial pat-

terns revealed here, along with our targeted model fitting,

suggest that multiple mechanisms likely work in concert to

produce emergent spatial patterns in communities of reef-

building corals.

Spatial dispersion patterns: abiotic factors

A variety of abiotic factors can affect the distribution and

spatial patterns of corals across the landscape. For exam-

ple, the degree of fragmentation in branching corals has

been shown to be positively related to the intensity and

frequency of disturbance. Previous work has shown sig-

nificant and complicated patterns of variation in the phys-

ical environment around Palmyra (Williams et al. 2013)

Table 3 Results of linear regressions of variance-to-mean ratio and

colony abundance for 23 taxonomic and eight functional groups

Group Morphology b R2 p n

Acropora Branching 0.12 0.07 0.61 6.00

Acropora Corymbose 0.36 0.41 0.12 7.00

*Pocillopora – 0.32 0.29 0.03 16.00

Pocillopora eydouxi – 0.01 0.00 0.93 8.00

Stylophora pistillata – 0.26 0.16 0.51 5.00

*Group total – 0.41 0.67 0.00 16.00

Favites Encrusting 0.17 0.19 0.12 14.00

Leptastrea – 0.15 0.20 0.27 8.00

*Montipora – 0.23 0.31 0.03 16.00

Pavona varians – 0.09 0.03 0.51 16.00

*Porites superfusa – 0.49 0.68 0.00 16.00

*Group total – 0.76 0.48 0.00 16.00

*Fungia Free-living 0.65 0.74 0.00 16.00

Favia stelligera Massive 0.24 0.06 0.43 13.00

Hydnophora microconos – 0.05 0.06 0.38 15.00

Lobophyllia – 0.32 0.67 0.18 4.00

Montastrea curta – 0.08 0.10 0.27 15.00

Platygyra – 0.01 0.00 0.97 10.00

Porites – -0.20 0.12 0.18 16.00

Group total – -0.04 0.01 0.73 16.00

Hydnophora exesa Plating -0.01 0.00 0.99 6.00

*Montipora – 0.36 0.88 0.00 10.00

Turbinaria reniformis – 0.12 0.02 0.71 11.00

Group total – 0.15 0.10 0.26 15.00

Favites Sub-massive 0.16 0.10 0.37 10.00

Pavona – 0.16 0.17 0.11 16.00

Group total – 0.18 0.02 0.58 16.00

Acropora Tabular 0.78 0.30 0.20 7.00

Significant relationships indicated by asterisks, n is the number of

plots with sufficient abundance for analysis ([ 10 colonies per plot)
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that may partially explain the observed high degree of

variability in dispersion patterns for some of our coral

groups. For instance, while corals of the free-living genus

Fungia and branching species of Acropora were consis-

tently clustered, they also displayed the highest variability

in dispersion values. The observed clustering in Fungia

may also be the result of large-scale physical factors such

as the direction of predominant wave energy and currents

that may transport these free-living corals to particular

locations on the reef. The clustering of adults across the

landscape may also be the result of larval preferences for,

and availability of, suitable habitat (i.e., habitat filtering). If

the distribution of suitable habitat is heterogeneous, or

uniform, recruitment patterns should also be expected to be

clustered.

Spatial dispersion patterns: biotic factors

Important differences in growth strategies may in part

explain the observed levels of clustering. Many inverte-

brates, particularly colonial organisms such as corals, have

the unique ability to grow almost without limit and sustain

fluctuations in body size in response to stress (Jackson and

Coates 1986; Sebens 1987). The ability of colonial

organisms to tolerate stress via loss of individual clones

without suffering total colony mortality allows corals to

grow indeterminately (Jackson and Hughes 1985; Hughes

et al. 1992) which is reflected in many corals through high

rates of partial survival and regrowth following fragmen-

tation (Hughes and Jackson 1980; Highsmith 1982; Furby

et al. 2017). The formation of multiple daughter colonies

from a single parent occurs through fission, fragmentation

and budding (Highsmith 1982; Hughes and Connell 1987).

Differences in these processes may produce fundamentally

different spatial patterns as new colonies formed from

fragmentation arise via skeletal fracturing and have some

limited dispersal capabilities. In contrast, colonies formed

via fission of tissues alone will necessarily be unable to

disperse and may later fuse to reform a single colony fol-

lowing regrowth, resulting in necessarily more restricted

spatial distributions.

Encrusting corals, particularly Pavona varians, Porites

superfusa, and those in the genera Favites and Montipora,

showed strong clustering with low levels of variation.

These corals, and Porites superfusa in particular, have

remarkable regenerative capabilities, with colony frag-

ments readily surviving after fusion and new growth

readily originating from these surviving fragments (Furby

et al. 2017). Visual inspection of imagery also suggests that

individuals from these genera are frequently highly frag-

mented via fission, likely producing the observed cluster-

ing. It is perhaps not surprising that there is repeated

support for models of clustering (models 3 and 4) given

that fission and regrowth of large coral colonies are typi-

cally constrained to areas of the colony’s original footprint,

namely the limestone previously accreted by the colony.

We also found moderate clustering in sub-massive

Pavona and Favia stelligera. The distribution of sub-

massive Pavona fit null clustering models, comparable to

the patterns observed for the encrusting corals. In contrast,

none of the null models consistently fit data for Favia

stelligera, suggesting that the distribution of this species is

structured by a complex collection of mechanisms. Inter-

estingly, while both these species readily fragment via

fission, fusion is more common in Favia stelligera.

The distributions of both branching and corymbose

Acropora species were clustered, with the pattern consis-

tent with models of both habitat filtering and biotic clus-

tering mechanisms (Fig. 4). Many Acropora species have

impressive regenerative capabilities and readily produce

viable fragments (Highsmith 1982; Wallace 1985; Riegl

and Piller 2001; Diaz-Pulido et al. 2009). Branching

Acropora was strongly clustered, but the level of clustering

was variable, perhaps reflecting plot-specific differences in

habitat patterning. Levels of clustering in corymbose

Acropora were lower and showed much less variability.

Interestingly, as the distributions of both groups fit all the

null spatial models tested here (except for the CSR model),

the effects of habitat filtering may be equally important

drivers of clustering patterns in addition to fragmentation.

Another readily fragmenting group, Lobophyllia, which

lives colonially but without tissue connections between

adjacent polyps (Brickner et al. 2006), also showed high

levels of clustering with moderate variability and was

supported by both clustering null models. The spatial pat-

terns reported here represent the first records for the

majority of the central Pacific coral groups examined and

are consistent with the hypothesis that fragmentation plays

a key role in determining the spatial patterns of coral

communities.

At the functional morphology level, the increase in

clustering largely follows a gradient from determinate to

indeterminate growth, i.e., from taxa known to grow more

or less linearly to bounded maximum sizes, to taxa with

fluid growth capabilities and without clear size limits,

respectively (Highsmith 1982; Hughes 1987; Sebens 1987).

Determinate growth in corals is frequently associated with

corymbose and plating taxa with small maximum size, high

growth rates and fecundity and low stress tolerance (Sz-

mant 1986). The lower levels of clustering found in these

groups (e.g., Pocillopora, Montipora) are likely the result

of the relatively lower survivorship and regenerative

capabilities of both adult colonies and fragments. This is

contrasted with indeterminate growth in corals, which is

generally associated with slower growing, stress-tolerant

sub-massive and massive forms (Highsmith 1982; Szmant
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1986; Hughes et al. 1992). Fragmentation and regrowth are

known functions of indeterminate growth and have been

positively linked to increasing size and inherent morpho-

logical characteristics in massive and other corals (Hughes

and Connell 1987; DeVantier and Endean 1989; Pisapia

and Pratchett 2014).

At the other extreme, free-living corals exhibit unique

growth traits that are associated with indeterminism, likely

contributing to their high degree of clustering. Remnant

tissue in injured adult colonies, and even seemingly dead

ones, has the potential to produce large numbers of buds

(Kramarsky-Winter and Loya 1996). Despite potentially

limited facultative dispersal and habitat selectivity, this

movement is highly spatially constrained due to habitat

effects. The results of the model-fitting procedure strongly

support the conclusion that budding processes have pro-

duced the highly clustered patterns observed here (Fig. 4).

The final group considered, encrusting corals, showed the

second highest median level of clustering. While generally

considered less stress tolerant, some encrusting corals have

a remarkable ability to undergo fission and regrowth (Furby

et al. 2017), likely leading to the high level of clustering

found here. As some coral taxa have a mix of these traits,

the patterns observed here are likely the result of interac-

tions among traits.

Dispersal in sessile organisms such as plants, algae,

fungi, bryozoans and reef-building corals occurs via a

limited number of processes. Though some free-living

corals have limited facultative dispersal (Chadwick 1988),

generally, adult coral dispersal will only occur following

dislodgement or fragmentation as a result of biophysical

forcing (e.g., storms, waves). Consequently, the dispersive

pattern of early life stages (e.g., larvae) will drive recruit-

ment patterns and ultimately the spatial structure of sessile

communities (Hubbell 1979; Condit et al. 2000). The

reproductive strategies of corals can largely be categorized

as spawning or brooding. Brooding corals produce fully

competent larvae that can settle and metamorphose in the

immediate vicinity of parent colonies following release of

planulae (Carlon and Olson 1993). In contrast, gametes

released via broadcast spawning are released into the water

column where they are subject to mixing and must be

transported to settlement locations. Variation in these

reproductive modes may therefore be expected to lead to

differences in the spatial distributions of adult corals.

Previous evidence has shown large-scale spatial structuring

of coral communities related to reproductive mode (Stim-

son 1978), but inter-colony spatial variation due to differ-

ences in reproductive mode has seldom been explicitly

considered (but see Carlon and Olson 1993). Here we

found the brooding coral, Stylophora pistillata, exhibited

moderate levels of clustering, while broadcasting corals,

Pocillopora in particular, showed levels of dispersion

much closer to randomness, perhaps resulting from the

differences outlined above.

Spatial dispersion patterns: density dependence

Several of the functional and taxonomic groups showed

significant positive relationships between plot-specific

VMR and colony abundance (Table 3). These relationships

may arise from fundamental processes of reproduction,

aggregation and repulsion. Taylor’s law (Taylor 1961;

Taylor and Woiwod 1982) asserts that log–log relation-

ships between variance and mean abundance can be

expected to have positive slopes of 1–2, which is equiva-

lent to slopes between 0 and 1 when relating VMR and

mean (ESM Methods 2). We found significant relationships

with slopes ranging from 0.225 to 0.650 for taxonomic

groups and from 0.411 to 0.761 for functional morphology

groups (Table 3). Moreover, while only a handful of the

taxonomic and functional groups had significant VMR–

abundance relationships, the general trend of positive

relationships across all taxonomic groups occurred signif-

icantly more frequently than expected by chance alone (21

of 23 groups, binomial test, p\ 0.01), following the pre-

dictions of Taylor’s law. This relationship, however, was

not significant at the functional morphology level (three of

eight groups, binomial test, p = 0.07), suggesting that

species-specific traits may be an important determinant of

density-dependent processes.

The value of these slopes should correlate positively

with fragmentation/reproduction rates. However, inferring

relationships between ecological processes should be

treated with caution (Anderson et al. 1982; Routledge and

Swartz 1991). Interestingly, species with high reproduc-

tion/fragmentation rates living in heterogeneous environ-

ments can exhibit steeper slopes than species with a lower

reproduction/fragmentation rate in more homogeneous

environments (Anderson et al. 1982). Here, the strongest

relationship was found for Fungia (Table 3), perhaps

reflecting the comparatively high reproductive rates and

constraints imposed on the free-living morphology in more

topographically and hydrodynamically heterogeneous

areas. For other groups, the strength of relationship

between the level of clustering and abundance appears to

arise from the capacity of a group to use fragmentation as a

survival/reproductive mechanism, as seen in the significant

positive relationships found for encrusting Porites super-

fusa and Montipora. We also saw a significant relationship

for Pocillopora, which dominates juvenile coral (\ 9 cm2)

abundances across the majority of our plots. This suggests

that interactions between habitat heterogeneity and repro-

duction may be contributing strongly to the results found

here.
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