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ABSTRACT

Aim Globally, species distribution patterns in the deep sea are poorly resolved, with

spatial coverage being sparse for most taxa and true absence data missing. Increasing

human impacts on deep-sea ecosystems mean that reaching a better understanding

of such patterns is becoming more urgent. Cold-water stony corals (Order

Scleractinia) form structurally complex habitats (dense thickets or reefs) that can

support a diversity of other associated fauna. Despite their widely accepted

ecological importance, records of scleractinian corals on seamounts are patchy and

simply not available for most of the global ocean. The objective of this paper is to

model the global distribution of suitable habitat for stony corals on seamounts.

Location Seamounts worldwide.

Methods We compiled a database containing all accessible records of

scleractinian corals on seamounts. Two modelling approaches developed for

presence-only data were used to predict global habitat suitability for seamount

scleractinians: maximum entropy modelling (Maxent) and environmental niche

factor analysis (ENFA). We generated habitat-suitability maps and used a cross-

validation process with a threshold-independent metric to evaluate the

performance of the models.

Results Both models performed well in cross-validation, although the Maxent

method consistently outperformed ENFA. Highly suitable habitat for seamount

stony corals was predicted to occur at most modelled depths in the North Atlantic,

and in a circumglobal strip in the Southern Hemisphere between 20� and 50� S and

shallower than around 1500 m. Seamount summits in most other regions appeared

much less likely to provide suitable habitat, except for small near-surface patches.

The patterns of habitat suitability largely reflect current biogeographical knowledge.

Environmental variables positively associated with high predicted habitat suitability

included the aragonite saturation state, and oxygen saturation and concentration.

By contrast, low levels of dissolved inorganic carbon, nitrate, phosphate and silicate

were associated with high predicted suitability. High correlation among variables

made assessing individual drivers difficult.

Main conclusions Our models predict environmental conditions likely to play

a role in determining large-scale scleractinian coral distributions on seamounts,

and provide a baseline scenario on a global scale. These results present a first-

order hypothesis that can be tested by further sampling. Given the high

vulnerability of cold-water corals to human impacts, such predictions are crucial

tools in developing worldwide conservation and management strategies for

seamount ecosystems.
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INTRODUCTION

The oceans provide more than 90% of the habitable area for

life on Earth, and 88% beyond the continental shelves are

deeper than 1000 m (Gjerde, 2006). Most of the current

knowledge concerning marine life is confined to coastal

ecosystems, the continental shelves and shallow, sunlit waters

(< 200 m depth). The deep sea remains the most poorly

sampled ecosystem on the planet (Glover & Smith, 2003), and

only an estimated 0.0001% of the deep-sea floor has been

subject to scientific investigation (Gjerde, 2006). It is therefore

not surprising that patterns of benthic diversity and distribu-

tion are not well resolved for deep-sea species (Gage, 2004),

particularly at the global scale (but see Rex et al., 2006, for

a global analysis of abundance, biomass and body-size).

Consequently, in comparison to the terrestrial realm,

biogeographical patterns for deep-sea benthic marine taxa

and the reasons for such patterns are poorly understood (but

see Harley et al., 2003), with even regional analyses of depth

and latitudinal ranges scarce and limited to a few taxonomic

groups (e.g. Macpherson & Duarte, 1994; Macpherson, 2003;

Cartes & Carrassón, 2004). A general trend appears to be that

eurybathyal species (wide vertical ranges) tend to have wide

geographic ranges (Vinogradova, 1997), whereas stenobathyal

species (narrow vertical ranges) tend to have much narrower

geographic ranges, and particularly occur in the abyssal zone

(> 3000 m depth; Vinogradova, 1997). Why these groups

differ in terms of vertical distribution and horizontal range is

not known. One reason may be the increasing large-scale

fragmentation of benthic habitat with depth that occurs

because physical barriers, such as mid-ocean ridges, isolate the

seabed into separate basins. Life histories may also play a

significant role, as some taxa with low dispersal capabilities

appear to have smaller geographic ranges and a relatively high

level of endemism on a regional scale (e.g. Brandt et al., 2007).

Although sampling has been limited, analyses of archived

(e.g. Rex et al., 2005) and recently collected (e.g. Brandt et al.,

2007) data, often gathered with great cost and effort, continue

to provide insights into biogeographical patterns for deep-sea

fauna. Given that this region is subject to increasing human

pressures with, for example, fishing now taking place to depths

of 2000 m (Sissenwine & Mace, 2007), and climate change

predicted to impact upon deep-sea communities such as cold-

water coral reefs (Guinotte et al., 2006), it is becoming

increasingly important to reach an understanding of the

distribution of deep-sea species.

Because the spatial coverage of deep-sea records is very

sparse, statistical modelling provides a useful tool with which

to synthesize available data and give generality to our

understanding of the ecology of such remote environments.

Methods to model the distribution of species through relating

occurrence data to environmental variables are increasingly

being used in terrestrial biogeographical studies (e.g. see

Araújo & Guisan, 2006) and occasionally in the marine

environment (Clark et al., 2006; Bryan & Metaxas, 2007;

Davies et al., 2008), although much less frequently. In this

paper we use predictive modelling to explore the environmen-

tal variables that may limit the distribution of stony corals

(Phylum Cnidaria; Class Anthozoa; Order Scleractinia) on

seamounts, and to locate the areas that are most likely to

provide suitable habitat.

Seamounts are widespread and prominent topographic

features of the ocean floor. These undersea mountains are

generally conical or conical with a truncated top, and of

volcanic origin (Rogers, 1994; Wessel, 2007). Because mapping

of the deep-sea floor is incomplete, the actual number of

seamounts in the oceans is unknown, but there may be on the

order of 100,000 with an elevation > 1000 m (Wessel, 2001).

Seamounts provide an environment frequently characterized

by enhanced currents (White et al., 2007) and, because of their

predominantly volcanic origin, by the presence of rocky

substrata (exceptions include the small minority of seamounts

formed by tectonic uplift and flat-topped eroded seamounts

on which extensive sedimentation has occurred) (Wessel,

2007).

These conditions favour the development of emergent

epifaunal assemblages dominated by sessile suspension feeders,

such as sponges and corals (Rogers, 1994; Koslow et al., 2001;

Rogers et al., 2007; Samadi et al., 2007), and, as with other

deep-sea communities, such assemblages often vary with depth

(O’Hara, 2007; Rogers et al., 2007). The benthos of seamounts

has been reported to be diverse, with a high proportion of

endemic species (Parin et al., 1997; Richer de Forges et al.,

2000), although this may not be the case for all taxa and

regions (Samadi et al., 2006; Hall-Spencer et al., 2007; O’Hara,

2007). In some cases, large pelagic predators form aggregations

to exploit the high availability of food resources sometimes

associated with these features (Worm et al., 2003; Tynan et al.,

2005; Holland & Grubbs, 2007). Given the lack of consistency

in patterns, and the low sampling effort in both seamount and

non-seamount habitats for many regions, the ecological

paradigms that have been associated with the fauna of

seamounts have recently been questioned and further study

has been called for (McClain, 2007).

Reefs formed by cold-water stony corals are common

features on seamounts and the slopes of continental margins

and islands (Roberts et al., 2006). These reefs may rival

shallow-water tropical reefs in the diversity of some animal

groups associated with the corals (Rogers, 1999). The number

of species associated directly with cold-water corals can be high

(e.g. Buhl-Mortensen & Mortensen, 2005; Roberts et al., 2006),

and a comparison between a reef habitat and an adjacent deep-

sea habitat revealed that reefs can support faunal assemblages

of greater diversity (Henry & Roberts, 2007). The structurally

complex habitat formed by the corals is thought to promote

such diversity (Freiwald et al., 2002), although the functional

relationships between corals and their associated invertebrate

taxa are not yet fully resolved (McClain, 2007; O’Hara et al.,

2008; Rogers et al., 2008).

Cold-water corals are slow-growing (e.g. Andrews et al.,

2005; Schröder-Ritzau et al., 2005; Roark et al., 2006) and

vulnerable to a range of human threats, including bottom
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trawling (e.g. Clark & O’Driscoll, 2003; Freiwald et al., 2004;

Clark & Koslow, 2007), other forms of bottom-contact fishing

(Stone, 2006; Edinger et al., 2007), hydrocarbon drilling (on

continental margins; Rogers, 1999), seabed mining (Rogers

et al., 2008) and ocean acidification (Guinotte et al., 2006).

Especially on the high seas, but also in national waters, deep-

sea bottom fisheries target fish and shellfish stocks associated

with seamounts (Clark et al., 2007; Watson et al., 2007),

resulting in intense impacts on the benthic communities of

these features, including coral ecosystems (Clark & Koslow,

2007). Impacts on cold-water corals, both documented and

predicted, are serious enough to warrant global efforts to

conserve these unique and fragile ecosystems (e.g. UN General

Assembly, 2006). However, any impact assessment and the

development of conservation measures require data on the

occurrence of corals on seamounts. Because these are available

for only a very small fraction of the world’s seamounts, our

study was specifically designed to redress this critical infor-

mation gap. We focus our efforts at a broad oceanic scale,

whilst noting that the factors responsible for distributions may

be markedly different at the scale of an individual seamount.

To predict the distribution of corals where presence data are

lacking, we parameterized two habitat-suitability models with

a recently compiled database of stony coral samples from

seamounts (Rogers et al., 2007) and with global oceanic

environmental data. Both modelling methods were developed

to work with presence-only data (Hirzel et al., 2002; Phillips

et al., 2006), that is, where true absence data are either

unavailable or unreliable, as is the case for much of the deep

sea. We then used the model output to construct maps of

predicted habitat suitability for stony corals on seamounts.

MATERIALS AND METHODS

Seamount data

We used the most widely accepted definition of a ‘large’

seamount as having a vertical height > 1000 m above the

surrounding sea-floor (Wessel, 2001). Seamount locations

were obtained from the bathymetric analysis of Kitchingman &

Lai (2004), who identified 14,287 probable large seamounts

globally. Fig. 1 shows the locations of seamounts predicted

by this analysis, derived from a global bathymetry data set

with a 2-min resolution. This analysis certainly does not

contain every large seamount (see Wessel, 2001), as evidenced

by the fact that the coral database we compiled has records

from seamounts that were not detected. Thus we needed to

make predictions for seamounts that exist but are not located

by the method of Kitchingman & Lai (2004). To resolve this,

we modelled habitat suitability for the entire global ocean up

to 2500 m in depth, but restricted coral presence data to

seamounts only (i.e. we do not include coral records from

other deep-sea habitats). In this way, we could assess global

habitat suitability for those seamounts yet to be discovered,

by predicting general habitat suitability for seamounts at each

depth layer. We then mapped these depth layers to the

summits of the c. 14,000 predicted seamounts (Kitchingman &

Lai, 2004).

Coral data

A database containing publicly accessible geo-referenced

records of stony coral samples from seamounts has recently

Figure 1 Potential large (> 1000 m height) seamount locations (c. 14,000) predicted from an analysis of global digital elevation data by

Kitchingman & Lai (2004), Behrmann projection. Colours indicate summit depth in metres.

Global stony coral habitat on seamounts
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been compiled (Rogers et al., 2007; database available through

SeamountsOnline at http://seamounts.sdsc.edu/). Data sources

included the primary scientific literature, online databases,

museum databases, and records held by individual scientists.

The geographic distribution of available coral records from

seamounts is very uneven on a global scale (Fig. 2). Most

samples come from the Southwest Pacific and the Northeast

Atlantic, whereas only a few records are available for the Indian

Ocean. In total, we compiled 1880 scleractinian records, of

which 1651 contained latitude, longitude and depth informa-

tion. Records of fossilized corals were excluded. For corals

collected in trawls that recorded only the depth range over

which samples were collected we used the midpoint of the

reported range, and removed samples with a large depth range

uncertainty (> 500 m, 11 records). We binned the records of

Scleractinia to the equal-area grid described below. The

maximum depth of the analysis was 2500 m, as there were too

few records (< 10) at greater depth to parameterize the model

beyond this point effectively; similarly, we used 50 m as a cut-

off for the boundary between warm-water and cold-water corals

(Cairns, 2007). Duplicate records were removed, providing a

binary record of coral presence for each cell. A total of 433 grid

cells contained stony coral presence records on seamounts.

Environmental data

Selecting the environmental variables likely to be important in

determining the distribution of the taxa under study is an

important component of the species distribution modelling

process (Guisan & Zimmermann, 2000). Our modelling

procedure involved selecting environmental parameters for

their potential importance in driving seamount coral distri-

butions (determined through a literature review and expert

opinion) at the grain of our study. We combined physical,

biological and chemical oceanographic data from multiple

sources (Table 1). All variables were remapped from a one-

degree grid to the equal-area grid described below. The grid

resolution was determined largely by the resolution of the

environmental data; both World Ocean Atlas (WOA) and

Global Ocean Data Analysis Project (GLODAP) data were

available at a one-degree resolution. Where possible, data were

selected from the 1990s for maximum congruence with the

GLODAP environmental data. Physical data and primary

productivity model output were all long-term annual means.

The World Ocean Atlas 2005 data (http://www.nodc.noaa.gov/

OC5/WOA05/pr_woa05.html) used in our models were com-

posite annual objectively analysed means. GLODAP gridded

data (Key et al., 2004) were derived mostly from 1990s cruises.

VGPM (Vertically Generalized Productivity Model) outputs

(Behrenfeld & Falkowski, 1997) were depth-integrated primary

productivity values corrected for cloudiness, derived from

chlorophyll data collected between 1977 and 1982. SODA

(Simple Ocean Data Analysis) current velocities (Carton et al.,

2000) were the grand mean of the annual means for the period

1990–99, using the 1.4.2 version of the model. The aragonite

saturation state was calculated using GLODAP data and

following the D½CO2�
3 �A method of Orr et al. (2005), with

equations following Zeebe & Wolf-Gladrow (2001). Positive

D½CO2�
3 �A values indicate supersaturation; negative values,

undersaturation. Depth was included as a parameter not

because it is important per se, but because it may correlate with

unmeasured variables.

Figure 2 Locations of Scleractinia coral samples from seamounts, Behrmann projection. Colours indicate depth in metres.
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Equal-area global grid

Global data are frequently provided in grids with cells equally

spaced in latitude and longitude (e.g. the one-degree grid on

which WOA data are provided). However, such ‘geographic

projections’ are not equal-area, as the length of one degree of

longitude (and, to a much lesser degree, latitude) varies

considerably with latitude. For example, at 60� of latitude

(approximately the northern and southernmost boundaries of

this study) one degree of longitude is half the length (in km)

that it would be at the equator. Thus a one-degree grid cell is

approximately twice the size at the equator that it would be at

60� N or 60� S. This has the potential to bias species

distribution models that span a large latitudinal range; the

greater the distance from the equator, the more important

local-scale processes become.

In order to remove the effects of this potential bias from our

study, we remapped all environmental data from one-degree

grids onto an Equal-Area Scaleable Earth (EASE) grid (http://

nsidc.org/data/ease; see also Armstrong & Brodzik, 1995). For

the EASE grid in this study, we used a cylindrical equal-area

projection with standard parallels at ± 30� to minimize

angular distortion over the region of analysis. The nominal

grid-cell size was c. 130 km, with the exact value chosen such

that grid cells exactly spanned the equator, and that at the

equator grid cells were slightly taller than one degree of latitude

– thus every grid cell contained at least one data point from

the one-degree by one-degree grid on which much of the

environmental data were binned. This resulted in a grid

comprising 114 rows and 267 columns. The map origin was set

to row 56.5, column )0.5 (0� latitude, 0� longitude).

Vertically, data were linearly interpolated into depth bands

spanning 250 m (i.e. the shallowest band ranged from 0 to

250 m, and the deepest from 2250 to 2500 m). Environmental

layers needed to be in two-dimensional grids for input into our

models; we converted three-dimensional grids by concatenat-

ing depth layers and using dummy variables for latitude and

longitude.

Environmental data were remapped to the EASE grid by

weighting one-degree grid-cell values by the area of the grid

cells within each EASE cell. Coral data were mapped directly to

the EASE grid. Models were also run on a one-degree grid to

assess the effects of unequal grid-cell sizes on the robustness of

the results.

Models

For some species, particularly those that are sessile or easily

detectable, it is possible to census an environment to such an

extent that the presence and the absence of individual species

can be near-certain (e.g. trees in measured plots). A wide

variety of statistical models are available for these types of data

(Guisan & Zimmermann, 2000). In many environments,

however, it is not feasible to sample in a manner that provides

reliable absence data. Although it is preferable to use both

presence and absence data where available, because of the

additional information that absence records contain (Brotons

et al., 2004), presence-only statistical models have been

developed for when absence data are unavailable (such as here).

We used Maxent (maximum entropy modelling; Phillips

et al., 2006) and ENFA (environmental niche factor analysis;

Hirzel et al., 2002), both of which were designed to handle

presence-only data. ENFA is, as far as we know, the only

habitat-suitability model previously applied to cold-water

corals: regionally for gorgonians (Bryan & Metaxas, 2007),

and globally for the reef-forming scleractinian Lophelia pertusa

(Davies et al., 2008). Maxent performs well in comparison

with traditional methods such as generalized additive models

(Elith et al., 2006), and ENFA is robust with respect to the

quality and quantity of species distribution data (Hirzel et al.,

2001). Both of these models are also fairly robust to

correlations among environmental variables (Hirzel et al.,

2002; Phillips et al., 2006), reducing some of the uncertainty

arising from model selection. As with any generalized repre-

sentation of real ecological systems, these models cannot

capture the full complexity of underlying processes, and results

should be viewed through this cautionary lens. In particular,

no method exists for incorporating the effects of spatial

autocorrelation within presence-only modelling techniques,

unlike the case for presence/absence models (Dormann et al.,

2007). In this instance, although we cannot rule out any effect

of autocorrelation, given the resolution (grain) at which we are

Table 1 Environmental parameters used to predict habitat suit-

ability.

Parameter Source Reference(s)

Alkalinity (total), lmol kg)1 GLODAP Key et al. (2004)

D[CO3
2)]A (aragonite

saturation state), lmol kg)1

Derived

from

GLODAP

data

Key et al. (2004);

Orr et al. (2005);

Zeebe & Wolf-

Gladrow (2001)

Depth, m WOA Locarnini et al. (2006)

Dissolved oxygen, mL L)1 WOA Garcia et al. (2006a)

Export primary productivity,

mg C m)2 year)1

VGPM Behrenfeld &

Falkowski (1997);

Laws et al. (2000)

Nitrate, lmol L)1 WOA Garcia et al. (2006b)

Percentage oxygen

saturation, %

WOA Garcia et al. (2006a)

Phosphate, lmol L)1 WOA Garcia et al. (2006b)

Primary productivity

(overlying water),

mg C m)2 year)1

VGPM Behrenfeld &

Falkowski (1997)

Salinity, pss WOA Antonov et al. (2006)

Silicate, lmol L)1 WOA Garcia et al. (2006b)

Total DIC (dissolved inorganic

carbon), lmol kg)1

GLODAP Key et al. (2004)

Temperature, �C WOA Locarnini et al. (2006)

Regional current velocity, cm s)1 SODA Carton et al. (2000)

GLODAP, Global Ocean Data Analysis Project; SODA, Simple Ocean

Data Assimilation 1.4.2; VGPM, Vertically Generalized Productivity

Model; WOA, World Ocean Atlas 2005.
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working it is reasonable to assume spatial independence

between adjacent cells, and such effects are likely to be

minimal.

Maximum entropy modelling

Maximum entropy modelling (Phillips et al., 2006) is a

technique adopted from statistical mechanics. Given an

unknown probability distribution o (such as the distribution

of a species) over a finite set X (such as the cells of a study

area), we can approximate o with a probability distribution ô.

The information-theoretic entropy (Shannon, 1948) of this

approximate distribution is defined as

HðôÞ ¼ �
X

x2X

ôðxÞ ln ôðxÞ ð1Þ

In a general sense, the maximum entropy principle (Jaynes,

1957) suggests that the best approach to approximating an

unknown probability distribution is to maximize entropy,

subject to constraints (in this case, environmental data

associated with species presences) representing incomplete

information. A distribution with higher entropy is less

‘constrained’; the maximum entropy principle therefore

ensures that no unnecessary constraints are placed on ô.

Algorithms guaranteed to converge to the maximum entropy

distribution have been developed (Dudı́k et al., 2004).

We used Maxent software version 3.21 (http://www.cs.

princeton.edu/~schapire/maxent) to fit the Maxent model,

using default model parameters (a convergence threshold of

10)5, a maximum iteration value of 1000 and automatic

regularization with a value of 10)4); these default settings have

been shown to achieve good performance (Phillips & Dudı́k,

2008). A jackknifing procedure was used to examine the

importance of each variable, by comparing the model with that

variable absent against that with it present. Habitat-suitability

maps were constructed by calculating a raw probability value

p(x) for each grid cell x, such that the total of all cell

probabilities summed to one. This value was then scaled

logistically using the equation c p(x)/(1 + c p(x)), where c is the

exponential of the entropy of the raw distribution, resulting in a

relative habitat-suitability value ranging from zero to one. The

logistic habitat-suitability values can be interpreted as an

estimate of the probability of presence under a similar level of

sampling effort as that used to obtain the known occurrence

data (Phillips & Dudı́k, 2008). All coral presence points were

used to construct habitat-suitability maps.

Environmental niche factor analysis

Environmental niche factor analysis (ENFA) is a niche-based

predictive habitat-suitability modelling technique for presence-

only data based on multivariate ordination (Hirzel et al.,

2002). The factors produced by the model are uncorrelated

and have biological significance. The first represents species

marginality (the absolute difference between the global mean

and the species mean in the multidimensional environmental

space) and the remainder specialization (the ratio of the

variance between the global distribution and the species

distribution). A marginality value near to or > 1 indicates

that a species requires habitat substantially different from the

background mean, and a specialization > 1 indicates tolerance

of a narrow range of environmental conditions (Hirzel et al.,

2002); however, both of these values depend on the reference

(background) environmental data used to construct the model.

The factors are ordered by decreasing amounts of variance

explained, except for the first factor, which explains all of the

marginality and some portion of the specialization. In contrast

to other ordination techniques, therefore, the first factor may

explain less of the variance than subsequent factors.

We used the geometric mean algorithm to calculate a

habitat-suitability index for each cell (Hirzel & Arlettaz, 2003).

The habitat-suitability maps were constructed using the

isopleth method following Hirzel et al. (2002) and using all

coral data. We used a broken-stick distribution to determine

the number of factors (nine) with which to construct habitat-

suitability maps. Habitat-suitability maps were indexed with a

range of 0–100, where higher values indicate more suitable

habitat. ENFA assumes that data are multinormal (but see

Hirzel et al., 2002) and that occurrence data span the

environmental range of the taxonomic group in question.

Prior to running the model, environmental data were

normalized using the Box-Cox transformation (Sokal & Rohlf,

1995). We used biomapper 4.0 (http://www.unil.ch/biomap-

per) and matlab 7.4 (http://www.mathworks.com) to run the

ENFA model.

Model evaluation

Although many methods exist to evaluate the predictive

capabilities of presence/absence models (Guisan & Zimmer-

mann, 2000), techniques to gauge the performance of

presence-only models are still being developed (Boyce et al.,

2002; Hirzel et al., 2006), because of the problems inherent in

discriminating models predicting blanket presences from those

that are more selective. Validation indices that have been

developed for such situations are often dependent on arbi-

trarily selected thresholds. Recent developments, however,

have shown considerable promise in resolving some of these

difficulties (e.g. Hirzel et al., 2006; Phillips et al., 2006). We

used a threshold-independent measure, the AUC (area under

the curve), to assess our models (Zweig & Campbell, 1993;

Fielding & Bell, 1997).

Although AUC was originally derived for presence/absence

models, it can also be used for presence-only models. AUC is

calculated by summing the area under a receiver operating

characteristic (ROC) curve, which is a plot of sensitivity

(fraction of true positives, i.e. the proportion of positive

instances that are classified positive) against 1 – specificity (the

false positive rate, i.e. the fraction of negative instances that are

classified positive) for all possible thresholds. The value of an

AUC index varies between 0 (performance worse than

random) and 1 (perfect discrimination), with 0.5 being
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indistinguishable from random. Defined in this manner, ROC

plots require presence/absence data. Plotting sensitivity against

a random sample of background locations (i.e. without species

presences) is equivalent to replacing absences with pseudo-

absences, and is sufficient to define an ROC curve (Wiley et al.,

2003; Phillips et al., 2006). Utilizing this method, however,

means that, in contrast to an ROC curve created using

presence/absence data for which the maximum obtainable

AUC is 1, the maximum achievable AUC is 1 – a/2, where a is

the fraction of grid cells that the species’ distribution covers.

This is typically an unknown quantity, so it is not possible to

determine how optimal an AUC value is when generated by

this procedure. It is, however, possible to determine whether

the AUC is statistically distinguishable from a random model

(AUC value of 0.5), and to compare the prediction strength of

multiple models using the same data. For the first procedure

we used a Wilcoxon rank-sum test statistic, and for the second

a nonparametric test based on the theory of generalized

U-statistics (DeLong et al., 1988).

We used a cross-validation procedure to evaluate the

performance of our models, by creating 10 random partitions

of the occurrence localities, splitting the data in each partition

between calibration (70%) and evaluation (30%) data sets. The

same 10 random partitions were used for both models. AUC

values were calculated for the evaluation data. Cross-validation

procedures and statistical comparisons were carried out in

matlab 7.4 (http://www.mathworks.com).

RESULTS

Model evaluation

Both models performed significantly better than random

(P < 0.0001; Wilcoxon rank-sum test) for each and every

partition of the data (AUC validation; Table 2). Although both

models showed largely congruent geometric and bathymetric

patterns of coral habitat, the Maxent model had a significantly

better classification rate [P < 0.0001; DeLong et al.’s (1988)

nonparametric test] than the ENFA model for all 10 cross-

validation partitions. No partitions had significantly different

AUC values when comparing EASE and one-degree grids, and

environmental variables linked with regions of high/low

habitat suitability were the same. Removing variables corre-

lated at > 0.90 and > 0.75 had no significant impact on all

cross-validations for Maxent and ENFA except one [Maxent

cross-validation number 10 with variables correlated at > 0.90

removed had a significantly lower AUC: P = 0.0054; DeLong

et al.’s (1988) nonparametric test]. Habitat-suitability maps

and environmental variable responses were similar for models

containing all variables and those with highly correlated

variables removed; we focus on the models with all variables to

allow for a fuller assessment of the factors potentially

underlying distributions.

The maximum-entropy and ENFA models scale habitat-

suitability values differently when constructing maps (see

Materials and Methods), so direct comparison of absolute

values is inappropriate. Instead we consider each habitat-

suitability model separately.

Maximum entropy modelling

Predicted habitat suitability for the maximum entropy model

is depicted in Fig. 3. Highly suitable habitat for cold-water

stony corals on seamounts was predicted to occur in the North

Atlantic at all depths down to 2500 m, particularly in the

eastern North Atlantic. In the Southern Hemisphere, highly

suitable habitat was found at < 1500 m depth in parts of a

circumglobal band located between 20� and 50� S. Some

regions of the North Pacific (e.g. north-west of Hawaii and

south-east of Japan) had suitable near-surface habitat, but only

small areas below 750 m and almost none below 1000 m. In

the Indian Ocean almost all suitable habitat was predicted only

south of the equator. Habitat suitability at depths below

1750 m (not shown) was similar to that displayed in Fig. 3(d).

Jackknifing of variables and heuristic estimates (not shown)

suggested that the aragonite saturation state (D[CO3
2)]A) and

total DIC were the environmental variables most influential in

determining habitat suitability; primary productivity and

oxygen levels were also important. However, as a result of

the high level of correlations among environmental variables it

is difficult to determine the effects of individual factors in

isolation.

Environmental niche factor analysis

The marginality value of the ENFA model was 1.430,

indicating that cold-water stony corals had environmental

requirements substantially offset from the background mean

(Table 3). A specialization value of > 1 (1.571) indicated that

scleractinian corals on seamounts occupy relatively narrow

environmental niches. Factors positively associated with high

Table 2 AUC values for all model runs.

Partition ENFA Maxent

1 0.777 0.880

2 0.782 0.875

3 0.803 0.873

4 0.803 0.877

5 0.787 0.882

6 0.792 0.890

7 0.810 0.886

8 0.814 0.876

9 0.771 0.878

10 0.784 0.898

Mean (SD) 0.792 (0.015) 0.882 (0.008)

Models were calibrated using training data (70% of occurrence points,

randomly selected), and AUC values were calculated from test data

(30% of occurrence points). All model runs fit significantly better than

random (P < 0.0001). Maxent (maximum entropy modelling) AUC

values were significantly higher than ENFA (environmental niche

factor analysis) values for all partitions (P < 0.0001).
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habitat suitability included the aragonite saturation state

(D[CO3
2)]A), dissolved oxygen concentration, and percentage

oxygen saturation. Furthermore, low concentrations of phos-

phate, nitrate, silicate and dissolved inorganic carbon were all

associated with high habitat suitability. Suitable coral habitat

predicted using ENFA showed very similar patterns (Fig. 4) to

those derived from the Maxent model (Fig. 3), although fewer

fine-scale features were evident, and in general ENFA predicted

larger areas containing suitable habitat. The biggest discrep-

ancy between the models was the generally lower relative

habitat suitability in the Northwest and tropical Atlantic in the

Maxent model (Figs 3 & 4).

Habitat suitability for seamount summits

The two models largely corresponded in their predictions of

geographic and bathymetric patterns of cold-water stony coral

habitat on likely seamount summits (Fig. 5). Because all

depths in the North Atlantic were predicted to provide suitable

habitat, many seamounts in this basin were highly suitable for

corals irrespective of their summit depth (Fig. 5). In the

circumglobal strip in the Southern Hemisphere, seamount

summits above 1500 m depth were predicted to be suitable

coral habitats, particularly in the Southwest Pacific around

New Zealand, New Caledonia, Fiji and Tonga. ENFA predicted

higher suitability of coral habitat for seamount summits in the

tropical Atlantic; many summits identified in this region are

below 1500 m depth (Fig. 1), where relative habitat suitability

was predicted to be higher by the ENFA model (Figs 3d & 4d).

DISCUSSION

We used two presence-only modelling methods to construct

habitat-suitability predictions for stony corals on seamounts.

Both models showed similar spatial patterns of high and low

suitability consistent with current knowledge. The Maxent

approach had AUC values significantly higher than those of

ENFA, indicating that it more accurately classified test

locations as being suitable relative to background locations.

Results were robust to correlations among variables and the

model grid type (one-degree or equal-area). Mapping habitat

suitability to the summits of c. 14,000 predicted seamount

locations showed a heterogeneous pattern of habitat suitability,

with highly suitable summits in the North Atlantic and a mid-

latitude strip in the Southern Hemisphere. These patterns, and

the underlying factors responsible, have potential implications

for our understanding of the biogeography of stony corals in

the deep sea and for developing worldwide conservation and

management strategies for seamount ecosystems.

Disentangling the environmental factors responsible for

constraining the distributions of stony corals on seamounts at

the global scale is complex, and ultimately requires back-

ground knowledge of the ecosystem and of coral biology.

Factors that were strongly correlated with high habitat

suitability for these taxa may not in themselves be important,

but may rather be correlated with another important variable.

Furthermore, there was strong correlation between many of

the environmental parameters used in the analyses, and

although the models are robust to this, it further complicates

the assignation of relative importance to each individual

environmental variable. Nonetheless, the relative importance

of each factor in the ENFA model (Table 3) and jackknife and

heuristic results from the Maxent model (not shown) can be

used to provide some guidance.

Of all the variables in the study, those of least importance

were water velocity, export productivity, salinity and depth

(Table 3). High water velocity or turbulent flow is known to be

important in determining the distribution of cold-water corals

at the local scale (metres to kilometres) on seamounts and in

other geological settings (e.g. Genin et al., 1986; Frederiksen

Table 3 Variance explained by the first nine ecological factors in the ENFA (environmental niche factor analysis) model.

Factor 1 (marginality) 2 3 4 5 6 7 8 9

Alkalinity (total) )0.257 0.003 0.117 0.026 0.048 0.021 0.294 0.394 0.476

D[CO3
2)]A (aragonite saturation state) 0.313 0.109 0.229 0.455 0.143 0.016 0.001 0.110 0.102

Depth )0.226 0.004 0.052 0.121 0.001 0.110 0.067 0.070 0.218

Dissolved oxygen 0.251 0.397 0.538 0.517 0.622 0.637 0.399 0.159 0.086

Export productivity 0.185 0.019 0.021 0.035 0.036 0.154 0.055 0.011 0.188

Nitrate )0.320 0.425 0.109 0.022 0.098 0.044 0.425 0.361 0.328

Percentage oxygen saturation 0.296 0.558 0.739 0.464 0.618 0.446 0.197 0.263 0.253

Phosphate )0.322 0.570 0.146 0.092 0.104 0.062 0.170 0.068 0.051

Primary productivity 0.297 0.011 0.035 0.028 0.107 0.098 0.109 0.018 0.049

Salinity 0.152 0.061 0.000 0.105 0.077 0.002 0.214 0.048 0.194

Silicate )0.349 0.032 0.093 0.141 0.192 0.352 0.142 0.452 0.585

Total DIC (dissolved inorganic carbon) )0.317 0.046 0.197 0.460 0.346 0.010 0.397 0.622 0.103

Temperature 0.249 0.077 0.118 0.206 0.113 0.468 0.511 0.069 0.302

Water velocity )0.006 0.000 0.010 0.009 0.001 0.002 0.040 0.006 0.121

Explained specialization 0.096 0.198 0.186 0.111 0.085 0.066 0.062 0.049 0.041

Factor one explains the marginality; the remainder, the specialization. The cumulative explained specialization of the first nine factors is 89.5%. Factor

1 explains 100% of the marginality.
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et al., 1992). Studies employing ENFA on deep-water octoco-

rals and on the deep-water reef-forming scleractinian Lophelia

pertusa have demonstrated that these corals favour areas of

high current velocity or steep or irregular topography (Bryan &

Metaxas, 2007; Davies et al., 2008). High current flow can

provide transport of nutrients and food to corals (e.g. Thiem

et al., 2006) as well as preventing siltation of colonies and

removing sediment from the seabed (Rogers, 1994). At the

global scale, however, the averaging of velocity over the grid

cells in the present study failed to capture the fine-resolution

detail around each individual seamount, and hence the

localized variation in flow.

Export productivity provided little information to the

models, again probably because it failed to capture small-scale

Figure 5 Predicted habitat suitability for Scleractinia on the summits of potential large seamounts, Behrmann projection. Top: results from

the Maxent (maximum entropy modelling) model. Bottom: results from the ENFA (environmental niche factor analysis) model. Only

seamounts with summit depths < 2500 m are included.
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detail. However, this may also reflect the importance of

advective processes in supplying food to seamount ecosystems,

effectively de-coupling benthic communities from the regional

level of primary production (Genin & Dower, 2007; White

et al., 2007).

In general, the relationships between cold-water coral

distribution and salinity are poorly understood (Freiwald

et al., 2004). Salinity partially determines the density of

seawater and may be expected to influence stratification of

the water column and small-scale oceanographic processes

such as internal wave formation that may affect food supply to

cold-water corals as well as other aspects of their ecology. A

lack of evidence for the influence of salinity on habitat

suitability for deep-sea stony corals may again reflect the

inability of our analyses to capture the small scale at which

such processes operate, but may also reflect the fact that other

oceanographic processes may be important in driving food

supply to cold-water corals on banks and seamounts (e.g.

White et al., 2005; Duineveld et al., 2007).

Depth is unlike the other environmental parameters in that

it is not a proximate factor potentially responsible for driving

coral distributions per se, but rather is included in order to

capture the potential effects of unmeasured variables. That it is

of relative unimportance in model predictions suggests that

there are no unmeasured factors highly correlated with depth

that play a strong role in shaping stony coral distributions on

seamounts, at least down to 2500 m.

The environmental factors most important in determining

habitat suitability appeared to be the aragonite saturation,

dissolved oxygen and percentage oxygen saturation (Table 3).

Aragonite saturation has been shown to closely regulate the

calcification rates of zooxanthellate and azooxanthellate stony

corals and other organisms (e.g. Leclercq et al., 2000; Kleypas

et al., 2006), and has been speculated to constrain the

distributions of cold-water stony corals (Guinotte et al.,

2006). The models appeared to confirm this, with low

suitability in the North Pacific, where the aragonite saturation

horizon is shallow (c. 50–600 m) in comparison to the North

Atlantic (c. 2500–3000 m) (Feely et al., 2004). For cold-water

coral reefs, accumulation of the coral framework is a balance

between coral growth and destruction of coral skeletons by

bioeroding organisms such as sponges and polychaete worms

(Rogers, 1999). Thus, conditions of low aragonite saturation

are likely to be particularly unfavourable for cold-water coral

reef formation as the balance between framework building

processes and reef destruction is altered, especially as seawater

can induce dissolution at low levels of saturation (Orr et al.,

2005; Kleypas et al., 2006; Hoegh-Guldberg et al., 2007).

The strong influence of high oxygen concentrations on the

occurrence of scleractinian corals was also found in an ENFA

of the distribution of Lophelia pertusa, where the coral was

found to occur in waters of 4.6–7.2 mL L)1 (Davies et al.,

2008). This study was consistent with previous observations

of the occurrence of L. pertusa in waters of oxygen

concentrations of c. 4–5.5 mL L)1 (Freiwald, 2002). Eco-

physiological studies on L. pertusa suggest that it cannot

maintain aerobic metabolism at oxygen concentrations below

3 mL L)1 (Dodds et al., 2007). Hypoxia has also been

demonstrated to decrease calcification rates in zooxanthellate

corals in the dark (Al-Horani et al., 2007). This effect is

negated in daylight by the production of oxygen during

photosynthesis, a mechanism not available to deep-water

corals (Al-Horani et al., 2007). Overall, it would appear that

regions of the ocean where conditions of low oxygen exist

are unsuitable as habitat for stony corals.

Low levels of nitrate, silicate and phosphate were also

determined to be important for high relative habitat suitability,

as found for L. pertusa (Davies et al., 2008). This result seems

to confirm that nutrient concentrations, or factors correlated

with nutrient concentrations, are important in determining

cold-water stony coral distributions. Nutrient effects on coral

growth have been extensively explored for warm-water corals,

where nitrogen and phosphorus may increase photosynthesis

in corals, but can inhibit calcification rates (Marubini & Thake,

1999; Renegar & Riegl, 2005; but see Langdon & Atkinson,

2005). Furthermore, the effects of nutrient enrichment may be

additive with the effects of low aragonite saturation, rendering

the environment particularly unsuitable for the occurrence of

scleractinian corals. Increased nutrients and temperature can

both also increase the occurrence and severity of coral diseases

in shallow-water stony corals (Bruno et al., 2003, 2007; Boyett

et al., 2007). Studies of the effects of nutrients on calcification

rates have not been carried out for cold-water corals, but these

azooxanthellate corals do not photosynthesize, and hence we

might speculate that only the negative effects of high nutrient

concentrations may affect them.

The components of the seawater carbonate system (dis-

solved inorganic carbon, alkalinity, and [DCO3
2)]A) are all

highly correlated; high levels of [DCO3
2)]A are negatively

correlated with dissolved inorganic carbon and alkalinity. Thus

the availability of aragonite corresponds with low alkalinity

and dissolved inorganic carbon.

Primary productivity was positively associated with habitat

suitability, and interestingly appeared to be somewhat more

influential in the Maxent model. This suggests that habitat

suitability was nonlinearly related to primary productivity

(Maxent marginal response curves, not shown), with a general

trend towards high primary productivity being linked with

high habitat suitability (Table 3, marginality).

All of the above-mentioned environmental variables are

strongly correlated (|q| > 0.5 with at least one other variable).

For example, oxygen saturation of seawater is directly related

to temperature and both show marked patterns of variation

with depth. Temperature generally decreases with increasing

depth, and oxygen concentration drops to a minimum below

the surface prior to increasing again with increasing depth.

This leaves as yet unresolved the question of which factors are

the most important in determining the suitability of seamount

habitat for stony corals. Experimental and observational

studies on calcification rates in cold-water corals and responses

to physical and biogeochemical environmental parameters are

required to resolve this question (see Kleypas et al., 2006).
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The patterns predicted by the models (Figs 3–5) are largely

consistent with current biogeographical knowledge for this

taxon (Guinotte et al., 2006; Rogers et al., 2007). The Atlantic

has a relatively deep aragonite saturation horizon and high

oxygen availability, thus providing suitable conditions for

corals to grow (e.g. Rogers, 1999; Hall-Spencer et al., 2007).

The circumglobal strip of suitable habitat in the Southern

Hemisphere corresponds very well with a relatively deep

aragonite saturation depth (Feely et al., 2004) and a high level

of dissolved oxygen in comparison to surrounding regions

(Garcia et al., 2006a). In contrast, the equatorial Pacific has a

much shallower aragonite saturation depth and lower levels of

dissolved oxygen. This is likely to be responsible for the low

habitat suitability at every depth except for some near-surface

patches in the ENFA model. The North Pacific Ocean also has a

much shallower aragonite saturation horizon (Feely et al.,

2004), which could be responsible for the low predicted habitat

suitability at depth. Samples from North Pacific seamounts do

appear to indicate reduced abundance of scleractinians relative

to many other regions (Baco, 2007). The northern Indian

Ocean is a well-known extreme oxygen minimum zone (e.g.

Helly & Levin, 2004; Garcia et al., 2006a), and both models

predict low habitat suitability at all depths for this region.

Although there are few presence data in the model from the

southern Indian Ocean, this entire region is predicted to be

highly suitable habitat. Thus, at a global level, the model

predicts high habitat suitability for both well-sampled (e.g.

Northeast Atlantic) and less well-sampled (e.g. South Indian

Ocean) regions. Therefore, our models largely reflect the known

biogeography of this taxon, but in addition provide predictions

of highly suitable regions that are not yet well sampled. It will

prove interesting to see whether seamounts in these regions do

indeed have cold-water scleractinians in any abundance.

The geographical distribution also reflects previously pro-

posed historical and ecological factors responsible for large-

scale coral patterns in the deep sea. For example, the abundance

of cold-water corals in the Southwest Pacific is thought to be

the result of shallow to deepwater dispersal of fauna from the

centre of coral speciation in the Indo-West Pacific (a region

that had originated by the early Miocene), and of the number

and concentration of seamounts that could facilitate effective

dispersal (Cairns, 2007). Thus, the results of the predictive

modelling of suitable habitat for stony corals on the summits of

seamounts largely confirms rather than significantly questions

the current views on dispersal and colonization by corals in the

deep sea, and what little is known about seamount biogeo-

graphy in general (Stocks & Hart, 2007).

The maps of habitat suitability on seamount summits

(Fig. 5) provide useful guidance as to areas containing

seamounts with highly suitable habitat. However, we are

limited by the constraints of the data. First, numerous

seamounts are undoubtedly not detected through this

approach, some of which are likely to be located in regions

of high habitat suitability. For example, the Kitchingman & Lai

(2004) analysis does not detect any seamounts to the north-

west of Britain and Ireland, but both the ENFA and Maxent

models suggest that this is a region of high suitability. Second,

habitat suitability on seamount summits is likely to differ from

that on seamount flanks, especially for those regions where

habitat suitability varies substantially by depth (for example,

the general decrease in habitat suitability with depth in the

circumglobal southern latitude strip; Figs 3 & 4). Finally, the

modelling of habitat suitability from environmental variables

tells us nothing about the role of biological interactions in

determining the distribution of stony corals on seamounts. We

point out, however, that past approaches to explaining deep-

sea diversity and species distributions that have concentrated

on ecologically based explanations (for example niche special-

ization, Sanders, 1969; intermediate disturbance hypotheses,

Dayton & Hessler, 1972) have largely failed to provide a

satisfactory explanation of species diversity and patterns of

species occurrence (Gage, 2004). Such interactions may

actually have a limited impact on the diversity that occurs

at a local scale (see Cornell & Lawton, 1992, for terrestrial

communities). Instead, diversity is likely to be set at the

regional level by environmental parameters and evolutionary

history. Food resources are an overwhelming limiting factor in

deep-sea communities (Rex et al., 2006), suggesting that the

competition for food and space that occurs in many shallow

water marine habitats is unlikely to have a strong impact on

species distributions in the deep sea. Therefore, we believe that

the conclusions are probably not significantly affected by

interspecies interactions, although they may be influenced by

biogeography (Cairns, 2007).

The Maxent model outperformed the ENFA model for every

cross-validation partition (Table 2). Maxent can fit more

complex functions of environmental variables, including

thresholds, quadratic functions and products. ENFA, in

contrast, is only able to fit linear dependencies of the species

niche (Hirzel et al., 2002), unless transformations or nonlinear

combinations of variables are also incorporated as layers.

However, this means that ENFA results (Table 3) regarding the

importance of each variable are more straightforward to

interpret than the heuristic and jackknifing estimates output

with Maxent. Given our results, we recommend the testing of

multiple modelling approaches on deep-sea presence-only data,

along with threshold-independent metrics of validation, as

there may be substantial differences in performance. Nonethe-

less, both models fit with AUC scores of > 0.75 for all cross-

validation partitions, which indicates good discrimination

ability appropriate for many uses (Pearce & Ferrier, 2000).

CONCLUSIONS

Stony corals are slow-growing, long-lived and vulnerable

organisms, particularly on seamounts, which are often the

target of exploitation because of the high concentrations of fish

present (Rogers, 1994). The maps derived from our statistical

models suggest that global habitat for scleractinians on

seamounts is highly heterogeneous, being concentrated in the

North Atlantic and in a circumglobal strip between 20� and

50� S. This pattern generally reflects what is known about the
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biogeography of stony corals in the deep sea, although samples

have not been taken from some regions of the ocean predicted

to be suitable habitat for this taxon (e.g. the South Indian

Ocean). The modelling that we have carried out presents a

testable hypothesis as to the distribution of stony corals on

seamounts. Further sampling could lend weight to or falsify

this hypothesis.

Our analysis also provides a comparison of two presence-

only habitat-suitability modelling methods: ENFA and Max-

ent. In this instance, Maxent consistently provided a better

classification of coral presence data using a cross-validation

procedure. This may be because Maxent is able to fit more

complex functions of environmental variables. We propose

that threshold-independent comparisons be conducted when-

ever predictive modelling of habitat suitability for deep-sea

organisms is conducted, in order to properly assess the

performance and idiosyncrasies of individual models, and

consequential effects on predictions.

Higher-resolution environmental data or additional coral

samples would allow for further refinement of these models.

Knowledge of likely differences in coral habitat between

seamount summits and seamount flanks, and for different

types of seamounts would also greatly increase our under-

standing. This understanding could come through fine-scale

predictive modelling of habitat suitability on individual

seamounts, were such data available, and would provide

enormous insight into the small-scale factors that are impor-

tant for these organisms. Local-scale models could also reveal

further regional differences, and species-specific analyses may

identify varied requirements within the Scleractinia.

Human impacts on cold-water corals can be substantial

(Davies et al., 2007). Such effects may grow in the future as a

result of climate change and increased exploitation pressure.

The likely shallowing of the aragonite saturation horizon (Orr

et al., 2005) may well have a negative effect on habitat

suitability for cold-water stony corals on seamounts (Guinotte

et al., 2006). Furthermore, exploitation pressure must be

considered in concert with coral habitat when addressing

issues of conservation and management. Our analysis suggests

that efforts to protect these fragile organisms on seamounts

must take the spatial heterogeneity of suitable habitat into

account. This suitable habitat may be mostly limited to the

North Atlantic and a circumglobal strip in the Southern

Hemisphere. The potential importance of these corals for their

associated assemblages suggests that increasing our under-

standing of their distribution is important in helping to protect

seamount biodiversity. Using predictive models to maximize

understanding gleaned from sampling efforts is one way in

which to do this.
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