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ABSTRACT

Aim The Arctic Ocean is one of the last near-pristine regions on Earth, and,
although human activities are expected to impact on Arctic ecosystems, we know
very little about baseline patterns of Arctic Ocean biodiversity. This paper aims to
describe Arctic Ocean-wide patterns of benthic biodiversity and to explore factors
related to the large-scale species diversity patterns.

Location Arctic Ocean.

Methods We used large ostracode and foraminiferal datasets to describe the
biodiversity patterns and applied comprehensive ecological modelling to test the
degree to which these patterns are potentially governed by environmental factors,
such as temperature, productivity, seasonality, ice cover and others. To test
environmental control of the observed diversity patterns, subsets of samples for
which all environmental parameters were available were analysed with multiple
regression and model averaging.

Results Well-known negative latitudinal species diversity gradients (LSDGs)
were found in metazoan Ostracoda, but the LSDGs were unimodal with an
intermediate maximum with respect to latitude in protozoan foraminifera. Depth
species diversity gradients were unimodal, with peaks in diversity shallower than
those in other oceans. Our modelling results showed that several factors are
significant predictors of diversity, but the significant predictors were different
ostracodes, deep-sea ostracodes and deep-sea

among shallow marine

foraminifera.

Main conclusions On the basis of these Arctic Ocean-wide comprehensive
datasets, we document large-scale diversity patterns with respect to latitude and
depth. Our modelling results suggest that the underlying mechanisms causing
these species diversity patterns are unexpectedly complex. The environmental
parameters of temperature, surface productivity, seasonality of productivity,
salinity and ice cover can all play a role in shaping large-scale diversity patterns,
but their relative importance may depend on the ecological preferences of taxa
and the oceanographic context of regions. These results suggest that a
multiplicity of variables appear to be related to community structure in this
system.

Keywords
Arctic Ocean, biodiversity, deep sea, depth diversity gradients, ecosystem,
latitudinal diversity gradients, macroecology, meiobenthos, shallow marine.

INTRODUCTION

Large-scale marine species diversity patterns reflect funda-
mental features of the world’s biota (Willig et al., 2003; Rex &
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Etter, 2010; Tittensor et al., 2010), and latitudinal species
diversity gradients (LSDGs) have been detected in most
taxonomic groups, although exceptions exist (Willig er al,
2003; Rex & Etter, 2010; Tittensor et al, 2010). Similarly,
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widespread evidence suggests a hump-shaped relationship
between benthic species diversity and water depth, with the
highest diversity seen at mid-depths (Rex, 1981; Rex & Etter,
2010). However, the factors that control these large-scale
species diversity patterns are still the subject of debate (Willig
et al., 2003; Hunt et al., 2005; Corliss et al., 2009; Yasuhara
et al., 2009, 2012; Rex & Etter, 2010; Tittensor et al., 2011).
Furthermore, comprehensive marine ecological and palaeo-
ecological modelling studies are still largely restricted to the
Atlantic Ocean, especially the North Atlantic (Rutherford
et al., 1999; Ellingsen & Gray, 2002; Corliss et al., 2009;
Renaud et al.,, 2009; Yasuhara et al.,, 2009; Tittensor et al.,
2011), with a few exceptions (Hunt et al., 2005; Tittensor
et al., 2010; Yasuhara et al., 2012).

Our knowledge of the Arctic Ocean ecosystems is limited,
and even large-scale species diversity patterns are relatively
poorly known (Svavarsson, 1997; Clarke, 2003; Piepenburg,
2005; Renaud et al., 2006; Cusson et al., 2007; Fonseca &
Soltwedel, 2009; Bluhm et al., 2011a,b). In the Arctic Ocean,
unimodal depth species diversity gradients (DSDGs) are
known with a peak at ¢. 100-200 m in, for example, echino-
derms (Anisimova, 1989; Clarke, 2003), but at ¢. 500-1000 m
in isopods and foraminifera (Svavarsson, 1997; Wollenburg &
Kuhnt, 2000). These diversity peaks are shallower than the
¢. 1000-2000 m peaks in other oceans (Rex & Etter, 2010). In
contrast, LSDGs are much less pronounced in the Arctic Ocean
(Fonseca & Soltwedel, 2009), although this may reflect this
ocean’s limited latitudinal range. Many environmental factors,
including temperature and organic carbon flux, a primary
determinant of food availability for benthic organisms, can
change with depth or latitude. Sea ice is known to influence
polar marine benthic communities, but little is known about
its impact on species diversity (Gradinger, 1995; Gutt, 2001;
Piepenburg, 2005; Tamelander et al., 2006; Hoste et al., 2007;
Soltwedel et al., 2009). Thus, it is still uncertain which factors
govern diversity patterns.

Crustacean Ostracoda and unicellular foraminifera are the
only deep-sea benthic groups abundant in both modern and
fossil records (Wollenburg & Mackensen, 1998; Wollenburg &
Kuhnt, 2000; Cronin et al., 2010). Generally, c¢. 100-200
specimens, sufficient for quantitative biodiversity analyses,
are easily available from small volumes (e.g. 20 mL) of
sediment. Robust species-level taxonomy is available for these
taxa, in contrast to the situation for other meiobenthic groups
such as nematodes and copepods, for which most species are
undescribed. Undertaking a comparison of patterns in ostra-
codes and foraminifera is useful because these two groups
differ in several ecological respects, perhaps most importantly
in their dispersal ability. Benthic ostracodes lack a dispersal
stage and most do not swim, whereas benthic foraminifera are
known to disperse widely (see Yasuhara et al., 2012). Here we
use large meiobenthic datasets to document Arctic Ocean-wide
patterns of biodiversity, and apply comprehensive ecological
modelling to test the degree to which these patterns are
potentially governed by environmental factors such as tem-
perature, productivity, seasonality, ice cover and others. These
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and similar analyses can help to provide a robust baseline for
understanding the impact on biodiversity of future climate
change in the Arctic.

MATERIALS AND METHODS

Ostracode and foraminiferal data

The remote nature and extreme environments of the Arctic
Ocean mean that there is limited human access. Despite this
difficulty, extensive marine sediment sampling expeditions
have been conducted because of this region’s geological and
palaeoclimatological importance (Stein et al,, 1994; Cronin
et al., 1995; Wollenburg & Kuhnt, 2000; Spielhagen et al.,
2004; Moran et al., 2006). The Modern Arctic Ostracode
Database (MAOD) 2010 (http://www.ncdc.noaa.gov/paleo/
metadata/noaa-ocean-10479.html; Cronin ef al., 2010) is a
comprehensive compilation of ostracode census data of
modern surface sediments taken by multiple, box, and other
corers and grab samplers during such expeditions. Ostracodes
are small, bivalved crustaceans, and their dead shells are
regularly preserved in marine sediments. The MAOD is based
on the ‘total assemblage’, including both living specimens and
dead shells. However, because living specimens are usually
rare, the total assemblage represents a sample averaged over
the period of time during which those sediments accumulated,
from tens to thousands of years depending on local rates of
sediment accumulation. Taxonomic control is good for this
dataset: species identifications were carefully evaluated by
multiple experienced ostracode taxonomists, including T. M.
Cronin. This unique database is composed of 99 species and
680 samples, making it one of the largest taxonomically
standardized datasets for marine benthic biodiversity. One
species (Acetabulastoma arcticum) was omitted because it is
not benthic (Cronin et al., 2010). Among the 680 samples, 284
samples included a sufficient number of specimens (> 100) for
our species diversity research. Foraminiferal data were drawn
from 90 death-assemblage samples with consistent taxonomy
by a single author group (Wollenburg & Mackensen, 1998;
Wollenburg & Kuhnt, 2000). Locality maps are shown in
Appendix S1 in the Supporting Information.

Ostracode and foraminiferal diversities were measured as
raw species richness for samples with large enough sample size
(> 100 specimens for ostracodes and > 200 specimens for
foraminifera; i.e. asymptotic species richness). The sufficiency
of 200 specimens as a cut-off is confirmed by previous
foraminiferal studies (Thomas et al., 1995; Hunt et al., 2005).
Arctic ostracode diversity is low, however, and so a 100
specimen cut-off is sufficient: species accumulation curves in
our dataset generally flattened strongly between 50 and 100
specimens. Expected species richness rarefied to 100 individ-
uals [E(S100)], a commonly used diversity index in deep-sea
ecology, was also calculated for ostracodes, but not for
foraminifera because the available foraminiferal data do not
permit rarefaction calculations. Because asymptotic species
richness results are similar to rarefied species results, we
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present only the asymptotic species richness results. The
rarefied species results can be found in Appendix S2. Detr-
ended correspondence analysis (DCA) was performed on the
square-root-transformed relative abundances of ostracode and
foraminiferal species. Rare taxa were not excluded, because
repeating the analyses using a range of abundance thresholds
produced quite similar results. The DCA was performed for
sample subsets of shallow-marine ostracodes, deep-sea ostra-
codes, and deep-sea foraminifera separately (see below). We
interpret the first and second DCA axes (DCA1 and DCA2) as
capturing variation in faunal composition among samples.

Environmental parameters

Particulate organic carbon (POC) flux to ocean floor

2yr ") was calculated based on surface productivity,

(gCm~
which was estimated from the Sea-viewing Wide Field-of-view
Sensor (SeaWiFS) satellite ocean colour data for 1998-2007
using a regional net primary production algorithm (Pabi et al,
2008) and the seasonal variation index (SVI) of a production
export flux algorithm (Lutz et al., 2007), by assuming that the
local export depth is 400 m (Lutz et al., 2007) and that
production is zero during ice-covered periods (Pabi er al,
2008). We considered continuous missing values, including
winter data, to be the result of ice cover, while other sporadic
missing production estimates, presumably resulting from
cloud cover, were substituted using the linear interpolation
of adjacent values. There are some uncertainties in this
approach because the primary production algorithm does
not account for production by phytoplankton growing under
sea ice and by sea-ice algae, although these contributions are
likely to represent only a small fraction of total Arctic primary
production (Pabi et al., 2008). Nonetheless, this is currently
the best estimate of Arctic production, and further details on
the uncertainties are available (Pabi et al., 2008; Arrigo & van
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Dijken, 2011). We used the SVI of Lutz et al. (2007) as the
index of seasonality of productivity, which is statistically
similar to other seasonality indices (Berger & Wefer, 1990;
Lampitt & Antia, 1997; see Lutz et al., 2007). We omitted
samples with permanent ice cover from our multiple regres-
sion and model averaging analyses because surface production
and its seasonality cannot be estimated reliably in this case.
The number of ice-free days per year, as described above, is
used as the index of ice cover.

Bottom water temperature and salinity are from the World
Ocean Atlas 2001 (1/4 degree version; Boyer et al., 2002;
Stephens et al., 2002). Geographic regions are based on those
in the MAOD 2010 (Cronin et al., 2010). Each geographic
region is coded (e.g. Amundsen Basin as 1, Beaufort Sea as 2,
Canada Basin as 3, etc., as listed in Appendix S1) and included
as a factor in our regression analyses.

Testing controlling factors

We used regression models to test factors that might control
species diversity and faunal patterns, including temperature,
POC flux (surface productivity), seasonality of productivity,
ice cover, salinity, water depth and geographic region
(Table 1). Because hump-shaped relationships between diver-
sity and productivity have been reported frequently in previous
studies (Tittensor et al., 2011; Yasuhara et al., 2012), we
included a quadratic term for POC flux (surface productivity)
in the models. Regression models were run separately for
ostracodes and foraminifera, for shallow-marine (< 200 m)
and deep-sea samples (> 400 m), and for species diversity and
DCA axes 1 and 2; however, the shallow-marine analysis was
not conducted for foraminifera because of the small number of
samples. The samples taken from 200 to 400 m water depth
were omitted from the deep-sea analyses because reliable POC
flux estimation is impossible in areas shallower than the

Table 1 Best three regression models of deep-sea ostracode, shallow-marine ostracode and deep-sea foraminiferal diversities in the Arctic

Ocean.
Model D I P p? SP T S R AIC, AW
Deep-sea ostracode species richness models
1 -15.51 4.83 —4.96 -1.05 - - - 0.44 250.0 0.113
2 -15.31 4.99 -5.20 - - - - 0.40 250.6 0.087
3 —18.46 4.31 -5.03 - - -2.27 - 0.43 250.7 0.083
Shallow-marine ostracode species richness models
1 - - —-0.04 - —24.42 -1.67 1.33 0.31 813.7 0.230
2 2.24 - -0.04 - —25.02 -1.70 0.83 0.31 814.6 0.146
3 4.88 - -0.05 - -25.97 -1.64 - 0.30 815.0 0.121
Deep-sea foraminiferal species richness models
1 =52.10 - -9.51 - - - - 0.57 228.1 0.142
2 —31.24 - - - - - - 0.68 229.3 0.081
3 -55.17 - -9.20 - - - 63.42 0.58 230.4 0.045

D, water depth; I, ice covering (number of ice-free days per year); P, surface productivity or POC flux; P2, quadratic term of surface productivity or

POC flux; SP, seasonality of productivity; T, temperature; S, salinity.

The table shows the coefficient of each term, R?, the Akaike information criterion corrected for small sample size (AIC.), and the Akaike weight (AW).
Bold denotes significance at P < 0.05. Overall P is < 0.05 in all models.
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export-zone depth (c. 400 m at high latitudes; Lutz et al.,
2007). We used annual surface production instead of POC flux
for our shallow-marine modelling for the same reason,
assuming that annual surface production generally reflects
POC flux at shallow-water depths. Salinity outliers (salinity
< 25) in the shallow-marine ostracode subset were omitted
from the multiple regression in order to remove brackish sites.
All environmental parameters, except geographic region, were
zero-centred. The log transformation was used for water depth
in all subsets, for seasonality of productivity in the shallow-
marine ostracode subset, and for ice cover and POC flux in the
deep-sea ostracode and foraminiferal subsets, respectively, to
make their distributions more symmetric.

The Akaike information criterion corrected for small sample
size (AIC.) was used to measure model support in a way that
balances goodness-of-fit and model complexity, and Akaike
weights were used to summarize proportional support for all
candidate models (Anderson et al., 2000; Table 1). We also
considered parameter estimates averaged over models with
AAIC. < 4, proportional to the support that each model
receives (Table 2; Appendix S2). This approach accounts for
uncertainty in model selection and thus leads to appropriately
broader confidence intervals than would be obtained by relying
only on the single, best-supported model. The influences of the
various predictor variables were measured as relative impor-
tance, which is the sum of the Akaike weights of models that
include the variable in question (Burnham & Anderson, 2002).

For each dataset, we computed variance inflation factors and
pairwise correlations between predictor variables to assess
whether multicollinearity was likely to influence the regression
results. In all datasets, seasonality of productivity and the
number of ice-free days were strongly and negatively correlated
(all r < —0.85), and variance inflation factors above 20 indicate
that these correlations may be influencing the regressions
(temperature and depth were also strongly correlated in the
foraminiferal dataset, r = —0.89). Although multicollinearity
increases the standard error of regression coefficients, it does
not bias their estimation. Moreover, our strategy of basing
inference on multiple models limits the effects of individual
models with spurious coefficients. As a result, we did not omit
variables or otherwise alter the analyses, but we do note that it
may be difficult to separately estimate the effects of seasonality
of productivity and ice cover in these data.

We measured the degree of spatial autocorrelation in model
residuals for the five best models for each dataset by
computing the Moran’s I statistic for neighbourhood sizes of
100, 500 and 1000 km. The only evidence for significant spatial
autocorrelation in model residuals was found in the shallow-
water ostracode dataset. For these data, we re-ran the analysis,
forcing the geographic region variable to be included in all
models in order better to account for spatial autocorrelation.
These modified analyses resulted in residuals with little spatial
correlation (except for DCA2, which retained some at the 100-
km scale), and their coefficients were qualitatively similar to
the original regressions. Accordingly, we present only the
original results.
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Table 2 Model-averaged parameter estimates and Cls of deep-sea
ostracode, shallow-marine ostracode and deep-sea foraminiferal

diversities in the Arctic Ocean.

Term RI Coefficient Lower CI Upper CI
Deep-sea ostracode species richness (sample size = 45)
D 1.00 -16.32 —26.06 —-6.58
P 0.92 —4.48 -9.02 0.06
I 0.73 4.81 0.10 9.52
T 0.53 -2.61 —-6.13 0.91
p? 0.51 -1.08 -2.39 0.23
SP 0.26 —-0.31 -2.19 1.57
S 0.18 20.09 —-52.19 92.38
Shallow-marine ostracode species richness (sample size = 129)
P 1.00 —-0.04 -0.08 -0.01
SP 1.00 -27.19 —44.79 -9.59
T 1.00 -1.61 -2.32 -0.90
S 0.77 1.16 0.24 2.08
D 0.51 3.43 -0.76 7.63
I 0.27 —0.03 —0.13 0.06
p? 0.23 0.00005 —0.0003 0.0004
Deep-sea foraminiferal species richness (sample size = 29)
D 0.81 —46.23 -72.07 -20.39
P 0.63 —-11.38 —27.59 4.84
R 0.33 7.82 —12.69 28.33
T 0.24 13.80 -8.73 36.34
1 0.20 14.32 —44.02 72.67
SP 0.15 6.64 —6.36 19.64
S 0.13 —26.26 —281.78 229.27
P? 0.06 1.64 —4.18 7.45

ClIs, confidence intervals; RI, relative importance (the sum of the
Akaike weights of models that include the variable in question; see
Materials and Methods); R, region. Other abbreviations are as in
Table 1.

Bold denotes CIs that exclude zero. For R, the coefficient, lower CI and
upper CI values shown are averages of those for geographic regions.

Analyses reported here were implemented in the R pro-
gramming language (R Development Core Team, 2011), using
functions from the R packages: vEgan (Oksanen et al., 2010)
for diversity and DCAs; MuMIN (Barton, 2009) to perform the
model averaging; and sPDEP to measure spatial autocorrelation
(Bivand, 2011). Datasets used for this paper are deposited at
Dryad (http://dx.doi.org/10.5061/dryad.9gc21).

RESULTS

Benthic Arctic ostracode species diversity showed a noisy but
significant negative LSDG (R* = 0.13, P < 0.0001; n = 284)
and a unimodal DSDG (in log scale: R?>=0.32, P < 0.0001;
n = 280; Fig. 1). The LSDG was also significant for the
shallow-marine (R2 =0.03, P=0.03; n = 173) and deep-sea
(R* = 0.05, P = 0.03; n=107) samples separately, although
very noisy. The deep-sea samples were concentrated at higher
latitudes and showed lower species diversity than shallow-
marine samples, making the whole-dataset LSDG clearer
(Fig. 1). Ostracode diversity showed a peak at c. 100 m water
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depth (Fig. 1). In foraminifera, both latitude—diversity and
depth—diversity relationships were unimodal (R = 0.14,
P =0.001 for LSDGs; R* = 0.42, P < 0.0001 for DSDGs in
log scale; n = 90), although the relationships were rather noisy.
The foraminiferal DSDG showed an intermediate peak at
¢. 1000 m (Wollenburg & Kuhnt, 2000; Fig. 1).

To test environmental control of these diversity patterns,
subsets of samples for which all environmental parameters
were available were analysed with multiple regression and
model averaging. The three best regressions indicated that, for
each dataset, several factors were significant predictors of
species diversity (Table 1). The significant terms were not
always consistent across models, however, and the model-
averaged coefficients revealed a much smaller list of covariates
that had consistent enough effects across models to differ
significantly from zero when model uncertainty was taken into
account. These results suggest that deep-sea ostracode diversity
has a significant relationship with water depth (negative) and
ice cover (positive), that shallow-marine ostracode diversity
has a significant relationship with surface productivity (neg-
ative), seasonality of productivity (negative), temperature
(negative) and salinity (positive), and that deep-sea forami-
niferal diversity has a significant negative relationship with
water depth (Table 2). Deep-sea faunal composition (DCA
axes 1 and 2) was strongly related to water depth, salinity, and
seasonality of productivity in ostracodes, and to water depth,
temperature, ice cover and POC flux in foraminifera (Appen-
dix S2), suggesting inter-taxa differences of response to
environmental parameters. Shallow-marine faunal composi-
tion is related to geographic region, ice cover, salinity, surface
productivity, seasonality of productivity and temperature
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(Appendix S2), suggesting local differentiation of shallow-
marine ostracode assemblages. A data overview showing
relationships between species richness and environmental
parameters is found in Appendix S3.

DISCUSSION

The comprehensive ostracode and foraminiferal datasets
enabled us to show clear large-scale species diversity patterns
in the Arctic Ocean. The negative LSDG in ostracodes in the
Arctic Ocean is consistent with typical large-scale diversity
patterns known in other regions and taxa (Willig et al., 2003;
Rex & Etter, 2010; Tittensor et al., 2010), but the unimodal
gradient in foraminifera is unexpected. The peak in ostracode
diversity at a depth of ¢. 100 m is consistent with previous
Arctic studies (Anisimova, 1989; Clarke, 2003) and much
shallower than the diversity peak in other oceans (Rex, 1981;
Rex & Etter, 2010). Although the weak plateau at ¢. 2000 m
(Fig. 1) is consistent with the peak depth of standard DSDGs
in other oceans (Rex, 1981; Rex & Etter, 2010), the data are
noisy and a depth-related trend is not clear. The ¢. 1000-m
peak in foraminifera is still shallower than the peak in the
typical DSDGs in other oceans (Rex, 1981; Rex & Etter, 2010).

In the shallow-marine environments, species diversity
usually increases with temperature (Roy et al., 1998; Tittensor
et al., 2010), at least when temperatures are not overly high
[mean annual sea-surface temperature < ¢. 25 °C (Rutherford
et al., 1999)]. The model averaging results for shallow-marine
ostracodes show a significant relationship between species
diversity and temperature, but the relationship is negative
(Table 2). Other controlling factors for shallow-marine ostracode
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diversity are surface productivity, seasonality of productivity
and salinity (Table 2); the model-averaging results for all of
these point to a significant relationship with species diversity
(Table 2).

The negative relationship between diversity and tempera-
ture in the shallow ostracode fauna is opposite in direction to
that in most previous reports. This effect might be related to
the relatively restricted range of temperatures in the Arctic; the
relatively low species richness in the Arctic suggests that a
positive relationship might be found over a broader latitudinal
range. Or, the reason might be related to the evolutionary or
ecological characteristics of the Arctic fauna, which may be the
product of the diversification of cryophilic species (Jones
et al., 1998). A negative relationship is also known from
relatively warm bathyal environments in the Mediterranean
(nematodes: Danovaro ef al., 2004) and South Pacific (ophiu-
roids: O’Hara & Tittensor, 2010). The negative deep-sea
diversity—temperature relationship observed in these relatively
warm temperature ranges may reflect the descending rim of a
unimodal diversity—temperature relationship over a wide
temperature range (Rutherford et al., 1999; Tittensor et al.,
2010). Thus, the mechanism of the negative diversity—
temperature relationship may be different between relatively
warm bathyal environments and very cold, shallow Arctic
Ocean environments.

In the deep sea, Arctic ostracode diversity shows a negative
relationship with water depth and a positive relationship with
ice cover, and foraminiferal diversity shows a negative
relationship with water depth (Table 2). Strong water-depth
controls of deep-sea ostracode and foraminiferal diversities are
difficult to interpret. Deep-sea ostracode and foraminiferal
diversities may be controlled by environmental parameters that
change with water depth but are not included in the present
study (see Levin et al., 2001), or this negative diversity—depth
relationship may be related to evolutionary dynamics such as
the deep-sea source—sink hypothesis (Rex et al., 2005). In this
hypothesis, low population sizes make abyssal populations
demographic sinks, which are maintained by immigration
from shallower bathyal sources. As a result, diversity decreases
with increasing distance from the bathyal source population.

The Arctic-wide marine biodiversity patterns suggest that
Arctic LSDGs are less obvious than those in the adjacent North
Atlantic Ocean. The ostracode LSDGs are relatively noisy, and
foraminifera exhibit unimodal latitudinal gradients typically
not seen in other deep-sea regions. These noisier latitudinal
gradients are probably a consequence of the limited latitudinal
range of the Arctic Ocean compared with that of the North
Atlantic Ocean. Unimodal Arctic depth gradients with diver-
sity peaks shallower than those known in other oceans (Rex &
Etter, 2010) are consistent with those for other taxonomic
groups of, for example, isopods and echinoderms (Svavarsson,
1997; Clarke, 2003).

Our results suggest that the underlying mechanisms causing
these species diversity patterns are unexpectedly complex, with
contributions from multiple environmental factors. In the
Arctic Ocean, water depth, bottom water temperature, POC
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flux (surface productivity), seasonality of productivity, salinity
and/or ice cover are the important factors related to marine
benthic species diversity, depending on taxonomic groups and
water depth categories (i.e. deep sea or shallow marine).
Although our ostracode and foraminiferal results consistently
show negative diversity—productivity relationships (Table 1),
the relationship is not always significant after accounting for
model uncertainty, and other parameters are often more
dominant (Table 2). These results strongly suggest that
consideration of all of these factors in order to evaluate the
fundamental controlling factor(s) of, especially deep-sea,
biodiversity is important in marine ecological research on
various geographic scales from local to global. Deep-sea
ostracode diversity is predominantly controlled by water depth
and ice cover in the Arctic (Table 2), but by temperature in the
North Atlantic (Yasuhara et al., 2009) and by POC flux in the
North Pacific (Yasuhara et al., 2012). In contrast, foraminiferal
diversity is predominantly controlled by water depth in the
Arctic (Table 2), by seasonality of productivity in the North
Atlantic (Corliss et al., 2009), and by temperature in the North
Pacific (Yasuhara et al., 2012). These environmental para-
meters are not necessarily mutually exclusive, and their relative
importance may depend on the ecological preferences of taxa
and the oceanographic context of regions. In other words, a
multiplicity of variables appears to be related to deep-sea
biodiversity. These results suggest that the traditional and
widely held perspective that POC flux is a dominant control-
ling factor for most community-level phenomena in this food-
limited deep ocean floor environment is oversimplified,
although balanced approaches are increasing (Hunt et al.,
2005; Yasuhara et al., 2009, 2012; Tittensor et al., 2011).

ACKNOWLEDGEMENTS

We thank J. Farmer for help with temperature and salinity
data; M. A. Rex, D. Tittensor and an anonymous referee for
valuable comments; and J. Lambshead, R. J. Whittaker and B.
Wheeler for editing. This work was supported by a Seed
Funding Programme for Basic Research of the University of
Hong Kong (project code: 201105159002) and a Smithsonian
Marine Science Network Postdoctoral Fellowship (to M.Y.)
[Correction added on 20 August 2012, after first online
publication: Acknowledgements section updated].

REFERENCES

Anderson, D.R., Burnham, K.P. & Thompson, W.L. (2000)
Null hypothesis testing: problems, prevalence, and an
alternative. Journal of Wildlife Management, 64, 912-923.

Anisimova, N.A. (1989) Distributional patterns of echinoderms
in the Eurasian sector of the Arctic Ocean. The Arctic seas:
climatology, oceanography, geology and biology (ed. by Y.
Herman), pp. 281-301. Van Nostrand Reinhold, New York.

Arrigo, K.R. & van Dijken, G.L. (2011) Secular trends in Arctic
Ocean net primary production. Journal of Geophysical
Research, 116, C09011, doi:10.1029/2011JC007151.

Journal of Biogeography 39, 2081-2088
© 2012 Blackwell Publishing Ltd



Barton, K. (2009) MuMIn: multi-model inference. R package
version 0.12.2/r18. Available at: http://R-Forge.R-project.
org/projects/mumin/.

Berger, W.H. & Wefer, G. (1990) Export production: seasonality
and intermittency and paleoceanographic implications.
Palaeogeography, — Palaeoclimatology, — Palaeoecology, 89,
245-254.

Bivand, R. (2011) spdep: spatial dependence: weighting schemes,
statistics and models. R package version 0.5-43. Available at:
http://cran.r-project.org/web/packages/spdep/index.html.

Bluhm, B.A., Ambrose, W.G., Bergmann, M., Clough, L.M.,
Gebruk, A.V., Hasemann, C., Iken, K., Klages, M., Mac-
Donald, I.R., Renaud, P.E., Schewe, I., Soltwedel, T. &
Wrhodarska-Kowalczuk, M. (2011a) Diversity of the arctic
deep-sea benthos. Marine Biodiversity, 41, 87-107.

Bluhm, B.A., Gebruk, A.V., Gradinger, R., Hopcroft, R.R,,
Huettmann, F., Kosobokova, K.N., Sirenko, B.I. & Wes-
lawski, J.M. (2011b) Arctic marine biodiversity: an update of
species richness and examples of biodiversity change.
Oceanography, 24, 232-248.

Boyer, T.P., Stephens, C., Antonov, J.I, Conkright, M.E.,
Locarnini, R.A., O’Brien, T.D. & Garcia, H.E. (2002) World
Ocean Atlas 2001, Vol. 2: Salinity. U.S. Government Printing
Office, Washington, DC.

Burnham, K.P. & Anderson, D.R. (2002) Model selection and
multimodel inference: a practical information-theoretic ap-
proach, 2nd edn. Springer, New York.

Clarke, A. (2003) The polar deep seas. Ecosystems of the deep
oceans (ed. by P.A. Tyler), pp. 239-260. Elsevier, Amster-
dam.

Corliss, B.H., Brown, C.W., Sun, X. & Showers, W.J. (2009)
Deep-sea benthic diversity linked to seasonality of pelagic
productivity. Deep-Sea Research I, 56, 835-841.

Cronin, T.M., Holtz, T.R., Stein, R., Spielhagen, R., Futterer,
D. & Wollenburg, J. (1995) Late Quaternary paleoceanog-
raphy of the Eurasian Basin, Arctic Ocean. Paleoceanogra-
phy, 10, 259-281.

Cronin, T.M., Gemery, L., Briggs, W.M., Jr, Jakobsson, M.,
Polyak, L. & Brouwers, E.M. (2010) Quaternary sea-ice
history in the Arctic Ocean based on a new ostracode sea-ice
proxy. Quaternary Science Reviews, 29, 3415-3429.

Cusson, M., Archambault, P. & Aitken, A. (2007) Biodiversity
of benthic assemblages on the Arctic continental shelf: his-
torical data from Canada. Marine Ecology Progress Series,
331, 291-304.

Danovaro, R., Del’Anno, A. & Pusceddu, A. (2004) Biodi-
versity response to climate change in a warm deep sea.
Ecology Letters, 7, 821-828.

Ellingsen, K.E. & Gray, J.S. (2002) Spatial patterns of benthic
diversity: is there a latitudinal gradient along the Norwegian
continental shelf? Journal of Animal Ecology, 71, 373-389.

Fonseca, G. & Soltwedel, T. (2009) Regional patterns of
nematode assemblages in the Arctic deep seas. Polar Biology,
32, 1345-1357.

Gradinger, R. (1995) Climate change and biological oceanog-
raphy of the Arctic Ocean. Philosophical Transactions of the

Journal of Biogeography 39, 2081-2088
© 2012 Blackwell Publishing Ltd

Arctic Ocean biodiversity patterns

Royal Society A: Mathematical, Physical and Engineering
Sciences, 352, 277-286.

Gutt, J. (2001) On the direct impact of ice on marine benthic
communities, a review. Polar Biology, 24, 553—564.

Hoste, E., Vanhove, S., Schewe, ., Soltwedel, T. & Vanreusel,
A. (2007) Spatial and temporal variations in deep-sea
meiofauna assemblages in the Marginal Ice Zone of the
Arctic Ocean. Deep-Sea Research I, 54, 109—129.

Hunt, G., Cronin, T.M. & Roy, K. (2005) Species—energy
relationship in the deep sea: a test using the Quaternary
fossil record. Ecology Letters, 8, 739-747.

Jones, R., Whatley, R.C. & Cronin, T.M. (1998) The zoogeo-
graphical distribution of deep water Ostracoda in the Arctic
Ocean. Bulletin du Centre de Recherches Elf Exploration
Production, Mémorie, 20, 83-90.

Lampitt, R.S. & Antia, A.N. (1997) Particle flux in deep seas:
regional characteristics and temporal variability. Deep-Sea
Research I, 44, 1377-1403.

Levin, L.A,, Etter, R.J., Rex, M.A., Gooday, A.J., Smith, C.R,,
Pineda, J., Stuart, C.T., Hessler, R.R. & Pawson, D. (2001)
Environmental influences on regional deep-sea species
diversity. Annual Review of Ecology and Systematics, 32, 51-93.

Lutz, M.]., Caldeira, K., Dunbar, R.B. & Behrenfeld, M.].
(2007) Seasonal rhythms of net primary production and
particulate organic carbon flux to depth describe the
efficiency of biological pump in the global ocean. Journal
of Geophysical Research, 112, C10011, doi:10.1029/
2006JC003706.

Moran, K., Backman, J., Brinkhuis, H. et al. (2006) The
Cenozoic palaeoenvironment of the Arctic Ocean. Nature,
441, 601-605.

O’Hara, T.D. & Tittensor, D.P. (2010) Environmental drivers
of ophiuroid species richness on seamounts. Marine Ecology,
31, 26-38.

Oksanen, J., Blanchet, G.B., Kindt, R., Legendre, P., O’Hara,
B., Simpson, G.L., Solymos, P., Stevens, M.H.H. & Wagner,
H. (2010) vegan: community ecology package. R package
version 1.17-4. Available at: http://CRAN.R-project.org/
package=vegan.

Pabi, S., van Dijken, G.L. & Arrigo, K.R. (2008) Primary
production in the Arctic Ocean, 1998-2006. Journal
of Geophysical Research, 113, (C08005, doi:10.1029/
2007jc004578.

Piepenburg, D. (2005) Recent research on Arctic benthos:
common notions need to be revised. Polar Biology, 28, 733—
755.

R Development Core Team (2011) R: a language and envi-
ronment for statistical computing. Version 2.14.1. R Foun-
dation for Statistical Computing, Vienna, Austria. Available
at: http://www.R-project.org.

Renaud, P.E., Ambrose, W.G., Jr, Vanreusel, A. & Clough,
L.M. (2006) Nematode and macrofaunal diversity in central
Arctic Ocean benthos. Journal of Experimental Marine
Biology and Ecology, 330, 297-306.

Renaud, P.E., Webb, T.J., Bjorgesaeter, A. et al. (2009) Con-
tinental-scale patterns in benthic invertebrate diversity:

2087



M. Yasuhara et al.

insights from the MacroBen database. Marine Ecology Pro-
gress Series, 382, 239-252.

Rex, M.A. (1981) Community structure in the deep-sea ben-
thos. Annual Review of Ecology and Systematics, 12, 331-353.

Rex, M.A. & Etter, R.J. (2010) Deep-sea biodiversity: pattern
and scale. Harvard University Press, Cambridge, MA.

Rex, M.A., McClain, C.R., Johnson, N.A., Etter, R.]J., Allen,
J.A., Bouchet, P. & Waren, A. (2005) A source-sink
hypothesis for abyssal biodiversity. The American Naturalist,
165, 163-178.

Roy, K., Jablonski, D., Valentine, J.W. & Rosenberg, G. (1998)
Marine latitudinal diversity gradients: tests of causal
hypotheses. Proceedings of the National Academy of Sciences
USA, 95, 3699-3702.

Rutherford, S., D’Hondt, S. & Prell, W. (1999) Environmental
controls on the geographic distribution of zooplankton
diversity. Nature, 400, 749-753.

Soltwedel, T., Mokievsky, V., Schewe, I. & Hasemann,
C. (2009) Yermak Plateau revisited: spatial and temporal
patterns of meiofaunal assemblages under permanent ice-
coverage. Polar Biology, 32, 1159-1176.

Spielhagen, R.F., Baumann, K.H., Erlenkeuser, H., Nowaczyk,
N.R., Norgaard-Pedersen, N., Vogt, C. & Weiel, D. (2004)
Arctic Ocean deep-sea record of northern Eurasian ice sheet
history. Quaternary Science Reviews, 23, 1455—1483.

Stein, R., Nam, S.I, Schubert, C., Vogt, C., Futterer, D. &
Heinemeier, J. (1994) The last deglaciation event in the
eastern central Arctic Ocean. Science, 264, 692—696.

Stephens, C., Antonov, J.I., Boyer, T.P., Conkright, M.E.,
Locarnini, R.A., O’Brien, T.D. & Garcia, H.E. (2002) World
Ocean Atlas 2001, Vol. 1: Temperature. U.S. Government
Printing Office, Washington, DC.

Svavarsson, J. (1997) Diversity of isopods (Crustacea): new
data from the Arctic and Atlantic Oceans. Biodiversity and
Conservation, 6, 1571-1579.

Tamelander, T., Renaud, P.E., Hop, H., Carroll, M.L,
Ambrose, W.G. & Hobson, K.A. (2006) Trophic relation-
ships and pelagic—benthic coupling during summer in the
Barents Sea Marginal Ice Zone, revealed by stable carbon
and nitrogen isotope measurements. Marine Ecology Progress
Series, 310, 33—46.

Thomas, E., Booth, L., Maslin, M. & Shackleton, N.J. (1995)
Northeastern Atlantic benthic foraminifera during the last
45,000 years: changes in productivity seen from the bottom
up. Paleoceanography, 10, 545-562.

Tittensor, D.P., Mora, C., Jetz, W., Lotze, H.K,, Ricard, D.,
Berghe, E.V. & Worm, B. (2010) Global patterns and pre-
dictors of marine biodiversity across taxa. Nature, 466,
1098-1101.

Tittensor, D.P., Rex, M.A., Stuart, C.T., McClain, C.R. &
Smith, C.R. (2011) Species—energy relationships in deep-sea
molluscs. Biology Letters, 7, 718-722.

Willig, M.R., Kaufman, D.M. & Stevens, R.D. (2003) Latitu-
dinal gradients of biodiversity: pattern, process, scale, and
synthesis. Annual Review of Ecology, Evolution, and System-
atics, 34, 273-309.

2088

Wollenburg, J.E. & Kuhnt, W. (2000) The response of benthic
foraminifers to carbon flux and primary production in the
Arctic Ocean. Marine Micropaleontology, 40, 189-231.

Wollenburg, J.E. & Mackensen, A. (1998) Living benthic
foraminifers from the central Arctic Ocean: faunal compo-
sition, standing stock and diversity. Marine Micropaleon-
tology, 34, 153-185.

Yasuhara, M., Hunt, G., Cronin, T.M. & Okahashi, H. (2009)
Temporal latitudinal-gradient dynamics and tropical insta-
bility of deep-sea species diversity. Proceedings of the
National Academy of Sciences USA, 106, 21717-21720.

Yasuhara, M., Hunt, G., Cronin, T.M., Hokanishi, N.,
Kawahata, H., Tsujimoto, A. & Ishitake, M. (2012) Climatic
forcing of Quaternary deep-sea benthic communities in the
North Pacific Ocean. Paleobiology, 38, 162-179.

SUPPORTING INFORMATION

Additional Supporting Information may be found in the
online version of this article:

Appendix S1 Locality maps and geographic region codes.
Appendix S2 Arctic ostracode and foraminiferal model
averaging results.

Appendix S3 Data overview showing relationships between
species richness and environmental parameters for ostracode
and foraminiferal subsets.

As a service to our authors and readers, this journal provides
supporting information supplied by the authors. Such mate-
rials are peer-reviewed and may be re-organized for online
delivery, but are not copy-edited or typeset. Technical support
issues arising from supporting information (other than
missing files) should be addressed to the authors.

BIOSKETCH

Moriaki Yasuhara is an assistant professor of environmental
science in the School of Biological Sciences, Swire Institute of
Marine Science, and the Department of Earth Sciences at the
University of Hong Kong. He has broad interests in marine
palaeoecology and macroecology. His recent research has
focused on the spatio-temporal dynamics of large-scale
biodiversity patterns, the impact of climate on species
diversity, and the controlling factor(s) of biodiversity pat-
tern/change in deep-sea ecosystems. He is also interested in
human-induced marine ecosystem degradation.

Author contributions: M.Y. and G.H. designed the research;
G.D. and K.R.A. analysed the productivity data; M.Y. and G.H.
performed the ecological modelling; T.M.C. and J.E.W.
assisted with the ostracode and foraminiferal interpretations,
respectively; and M.Y. and G.H. wrote the paper.

Editor: John Lambshead

Journal of Biogeography 39, 2081-2088
© 2012 Blackwell Publishing Ltd



