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ABSTRACT: The high biodiversity of the deep-sea floor is often attributed to high local coexistence
of species achieved through microhabitat variation. Grassle & Sanders (1973; Deep-Sea Res 34:
313-341) proposed that deep-sea species were differentially adapted to multiple and small-scale suc-
cessional patches that varied across the landscape and through time. However, results from both
manipulative experiments and precision sampling to test the patch-mosaic model of Grassle &
Sanders (1973) have varied, leading some authors to suggest that patch dynamics may be unimpor-
tant in explaining deep-sea biodiversity. We utilized a remotely operated vehicle and a rigid spatial
sampling protocol to document macrofaunal turnover and individual species spatial dispersion at a
3203 m deep site in the Pacific Ocean over scales of 1 to 350 m. We found high variability in assem-
blage composition and, in contrast to most previous work, we also found that intraspecific species
aggregation was common. These findings suggest that patch dynamics and microhabitat variation
are important in promoting local species coexistence in the deep-sea benthos.
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INTRODUCTION

At local scales in the deep-sea benthos, high coexis-
tence of species is often linked to microhabitat varia-
tion. The creation of this spatial mosaic of patches is
thought to reflect variability in sinking food parcels
from surface waters, bioturbation from megafauna, or
biogenic structures created by other organisms (Jumars
1975, Jumars & Eckman 1983, Thistle 1983, Smith
1985, Jumars & Wheatcroft 1989, McClain & Barry
2010). Grassle & Sanders (1973) envisioned carbon flux
and bioturbation as small-scale disturbances produc-
ing successional sequences temporally out of phase
and varying across the landscape. In their model, local
coexistence is achieved through differential adapta-
tion of species to successional age. However, distur-
bance models or temporal sequencing of successional
changes need not be invoked. Food, biogenic struc-
tures, and bioturbation would produce spatial variation
in environmental regimes, leading to different suites of
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species adapted for each regime. The patch-mosaic
model remains the principal paradigm for explaining
exceptional local diversity in the deep-sea benthos
(reviewed in Etter & Mullineaux 2001, Snelgrove &
Smith 2002), rivaling tropical rainforests and reaching
~300 species within a square meter (Grassle 1989,
Etter & Mullineaux 2001).

This hypothesis inspired 2 lines of research—the use
of precision sampling to detect local-scale faunal
patchiness and manipulative experiments to create
new patches—with neither providing definitive evi-
dence for the role of patch dynamics (reviewed in Rex
& Etter 2010, p. 51-78). Frequently presented as evi-
dence of high local species turnover, sampling often
yields species accumulation curves that rarely express
an asymptote (reviewed in Etter & Mullineaux 2001,
Snelgrove & Smith 2002). Prior work has also focused
on individual occurrences of species among 10 x 10 cm
subcores within 0.25 m? box cores or 0.04 m? Eckman-
style cores taken with a remotely operated vehicle
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(ROV). Contrary to the expected species patchiness
proposed under the patch-mosaic hypotheses, indi-
vidual species are often no different than the null
expectation of randomness, suggesting low response
to environmental patchiness (Jumars 1975, 1976, 1978,
Thistle 1978, Jumars & Eckman 1983, Lamont et al.
1995, reviewed in Rex & Etter 2010). As demonstrated
in subsequent work, however, variance to mean ratios
utilized by some of these studies can be ineffective as a
measure of aggregation measured as departures from
randomness (Hurlbert 1990). Whether the lack of
aggregation found in previous work utilizing variance
to mean ratios is an artifact demands further inquiry.
Experimental work creating artificial mounds or en-
riching nutrients found assemblage shifts in only a
small minority of species that are often opportunistic
species not found in background assemblages (Smith
et al. 1986, Snelgrove et al. 1992). This mixture of lim-
ited response led Rex & Etter (2010, p. 77) to conclude
that current evidence suggests patchy phenomena can-
not account for high local species diversity.

Although small-scale turnover is the foremost hypo-
thesis for explaining elevated deep-sea diversity, rela-
tively few studies explicitly examine this idea and
there is subsequently limited understanding of tempo-
ral and geographic variability in patchiness. Undoubt-
edly, this gap reflects the difficulty in precision sam-
pling and experimental work in the remote deep sea
(Rex & Etter 2010, p. 51-78 and references within).
Much work remains as it did when Jumars (1976)
noted the lack of studies quantitatively relating faunal
turnover to geographic location of and distances
between samples. Rex & Etter (2010) advocated 'much
more precision sampling and experimental work needs
to be done at local scales in deep-sea communities to
better document patch structure and dynamics'.

Here, we document both macrofaunal turnover and
individual species spatial dispersion at a deep-sea site
(3203 m) in the eastern Pacific Ocean. We utilize an ex-
plicit spatial sampling protocol frequently used in plant

community ecology that incorporates a nested and clus-
tered sampling design. This design, combined with
small scale precision sampling with a ROV, allowed us
to compare patterns over spatial scales spanning from a
few centimeters to ~350 m. We find enormous varia-
bility in assemblage composition at scales from a few
centimeters to hundreds of meters that are likely re-
lated to variation in sedimentary carbon content. In
contrast to previous work, we find that intraspecific
species aggregation may be a common feature of the
deep-sea floor across multiple spatial scales.

MATERIALS AND METHODS

In November 2006, we sampled a 3203 m deep site
(36.154098° N, 122.40852°W) with ROV ‘Tiburon’ of
the Monterey Bay Aquarium Research Institute over
the course of 3 dives (14 to 16 November 2006) (Fig. 1).
The site was named Deadwood after a nearby woodfall
experiment. We detected no substantial spatial varia-
tion in temperature, oxygen, and salinity at the site
(1.6°C, 3.0 ml I}, and 34.5 ppt respectively).

We collected 44 sediment cores (inner core diameter:
7 cm) with the ROV over a 350 m transect (Fig. 1). Bot-
tom depth of samples varied less than 3 m (3201 to
3204 m). At the 2 ends of the transect, we conducted a
nested squares sampling by nesting 10 cores at the cor-
ners of 0.15 m, 0.5 m, and 1 m sided squares (Fig. 1).
This sampling design is commonly used in plant com-
munity ecology to effectively quantify spatial patterns
(e.g. Palmer et al. 2007). In the sampling design, the
cores are spatially non-independent, but it was our
goal to document the degree of this non-independence
in the observations. Every 50 m between the nested
squares we sampled a cluster of 4 cores, for a total of
6 individual clusters between the 2 nested clusters
(Fig. 1). The top 0 to 5 cm of each core was sieved for
macrofauna through a 300 pm mesh and preserved in
10 % formalin. We also sieved the 5 to 10 cm fractions,
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Fig. 1. Sampling locality Deadwood at 3203 m depth in the Northeastern Pacific Ocean off the Cen-

tral California coast with an illustration of core sampling design at Deadwood over a 350 m tran-

sect. Different colour boxes along the 350 m transect indicate sections sampled during 3 separate

dives. Open circles correspond to 7 cm diameter faunal cores taken with a remotely operated vehi-

cle (ROV). Squares around the circles group core samples into clusters (numbered 1 to 8). Nested

squares at each end of the transect indicate nested sampling of the 10 cores depicted at these sites
(see Materials and methods). Sampling occurred over 3 d and 3 ROV dives
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but they yielded no or few individuals and were not
included in the analyses and discussions here. We
identified all individuals to morphospecies and assigned
them to known species when possible. Taxonomic
experts were consulted for polychaetes and amphi-
pods. At each 50 m cluster, an additional core was
taken to quantify C:H:N composition and stable iso-
topes of carbon and nitrogen, which were measured
on a Finnigin Mass Spectrometer in the laboratory of
R. Dunbar (Stanford University).

We calculated species accumulation curves for macro-
fauna with Mao's Tau (Sobs) in EstimateS (see Fig. 2)
(Colwell 2009). To examine how similarity among as-
semblages changes with distance along the transect,
we used the distance decay of similarity method
(Nekola & White 1999). Because we were interested in
changes in the decay of faunal composition, we quan-
tified similarity between samples with Bray-Curtis
Similarity on presence/absence data. All combinations
of distance pairs and their similarities were plotted,
and an exponential decay model, Similarity = a X exp(b
x Distance), was fitted to these relationships where a
represents the intercept and b represents the slope of
the log-linear relationship. Dissimilarity was calcu-
lated simply as 1 — Similarity. Halving-distance, over
which a 50 % change in composition occurs, was calcu-
lated by dividing In2 by the slope of the exponential
relationship.

Several multivariate analyses were conducted in
PRIMER v6 (Clarke & Gorley 2006). Bray-Curtis simi-
larity was calculated between cores using both pres-
ence/absence and log-transformed abundance data,
which allowed us to explore changes in both species
composition and species dominance. Nonmetric multi-
dimensional scaling (MDS) was used to visualize
turnover between samples in a reduced multivariate
space. MDSs were conducted with the standard 25 re-
starts and allowing equal dissimilarities to be repre-
sented in the final ordination by unequal distances.
Using the RELATE test in PRIMER, which is analogous
to a Mantel test, we correlated matrices of faunal simi-
larity with distance between samples to test whether
assemblage similarity is higher in closer cores. Dis-
tances between cores were calculated using the geo-
graphic coordinates. These geographic distances were
used to populate the cells of the model matrix where
the diagonal core, i.e. the distances between a core
and itself, would be zero. This model matrix was corre-
lated with the faunal similarity matrix, where a strong
correlation would denote that geographic distance
explains the faunal differences between cores.

We also modeled expected distance decay patterns
when individuals were randomly assigned to quadrats
while keeping total individual abundances per core
identical to observed values. We implemented this

model by randomizing individuals within a sample by
species matrix such that row (species abundances) and
column (core abundances) sums remained the same.
We conducted 1000 iterations of the model. Ordinary
least square regressions for pattern visualization and
Mantel correlations for tests of statistical significance
were calculated for each iteration in Matlab (code
available from C. R. McClain).

To look at dispersion patterns of individual species,
some previous deep-sea studies compared variance to
mean ratios to a Poisson distribution of random spatial
structure (Gage & Geekie 1973, Jumars 1975, 1978,
Thistle 1978). Later work revealed model populations
all yielded variance to mean ratios of 1.0 corresponding
to supposed randomness under a Poisson distribution,
even when model populations were designed specifi-
cally to be aggregated (Hurlbert 1990). Thus, Hurlbert
(1990) noted that this metric was ‘useless as a measure
of departure from randomness...[and] uninterpretable
as measure of aggregation' and instead advocated for
Morisita's index of aggregation (Morisita 1959).

We calculated Morisita's index as:

[aZn;(n; - 1)]/[N(N - 1)]

where g is the number of samples at distance (h) from
each other, while n; is the number of individuals in the
ith sample, and N is the total number of individuals in
all samples. Morisita's index equals 1.0 when a popula-
tion is randomly distributed, >1.0 if a population is
clumped, and <1.0 if a population is regularly distrib-
uted. The specific value of Morisita's index ‘indicates
how many times more likely it is that 2 randomly
chosen individuals of the same species will occur [...]
compared with the expected probability for a random
distribution of individuals' (White & Gilchrist 2007,
p. 1331). We calculated Morisita's index for adjacent
cores (36 possible core comparisons), adjacent diago-
nal cores (16 comparisons), and distances rounded off
to 0.25 m (4 comparisons), 0.50 m (18 comparisons),
0.75 m (14 comparisons), 1 m (26 comparisons), 1.25 m
(6 comparisons), 1.5 m (4 comparisons), 50 m (96 com-
parisons), and 100 m (112 comparisons).

RESULTS

A total of 79 species and 1874 individuals were col-
lected from the 44 cores. The mean number of individ-
uals per core was 36.4 (range: 10 to 81) and the mean
number of species per core was 8.8 (range: 5 to 15).
Five of the species were represented by only 1 indi-
vidual and 4 species by only 2 individuals among all
cores. The species accumulation curve for Deadwood,
although not asymptotic, does indicate that the addition
of new species with increased sampling has slowed,
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and that additional sampling would yield fewer new
species (Fig. 2).

High variation in dissimilarity, i.e. 1 — Similarity,
between cores occurred regardless of the geographic
separation between them. The average compositional
similarity based on the presence/absence data between
adjacent cores was 88 % (Fig. 3A). Macrofaunal com-
munities were slightly more dissimilar at greater dis-
tances (Fig. 3A). However, compared to our model
simulations, the presence of this weak relationship was
statistically significant (Fig. 3B). The p-value was
considerably lower and the correlation considerably
higher than the vast majority (95 %) of the simulations
(Fig. 3B-D). The halving distance, at which a 50%
change in compositional similarity occurs, was 7.5 km
(or not to extrapolate beyond our dataset: ~1.5% for
every 200 m).
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Fig. 3. Distance decay relationships for macrofauna. (A) Distance decay relationship with empirical points and fitted relationship given
as Similarity = 0.25 x exp (Distance x —0.00009). Solid black line is the exponential decay fit such that Similarity = a x exp (Distance
x b). (B) Fitted distance decay relationship, with Bray-Curtis distance (solid black line) and simulations (gray lines). Frequency
distributions for simulations of (C) Mantel p-values and (D) Mantel correlations compared to empirical patterns (solid black lines)
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MDS plots based on presence/absence or log-
transformed abundances showed a weak spatial signal
among individual cores, with increasing distance asso-
ciated with increasing dissimilarity (Fig. 4A,B). But the
MDS should be interpreted cautiously since stress lev-
els were high. Stresses in excess of 0.20 indicate a
complex multivariate structure for assemblage simi-
larity that is not easily reconciled into 2 dimensions.
This interpretation is consistent with our other findings
of variation in compositional dissimilarity irrespective
of geographic separation (Fig. 3A). The correlations
between the similarity matrix based on the assemblage

Distance: Rho = 0.04, p = 0.047

data and a geographic distance matrix are low but
significant (Rho = 0.04, p = 0.047, and Rho = 0.05, p =
0.042 respectively), suggesting loose spatial structure
in the data. Among quadrats of cores at every 50 m
(Fig. 1) a weak and insignificant correlation of in-
creasing distance with increasing dissimilarity existed
(Rho=0.05,p=0.094, and Rho = 0.06, p = 0.078 respec-
tively) (Fig. 4A,B). The correlation among faunal simi-
larity and percent sediment carbon is much stronger
for both presence/absence data (Rho = 0.42, p = 0.021)
and log-transformed abundance data (Rho = 0.31, p =
0.036). No correlation existed between the abundance
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Fig. 4. Nonmetric multidimensional scaling (MDS) based on Bray-Curtis similarity of (A) presence/absence and (B) log-
transformed data for individual cores. Numbers indicate the cluster in which the core occurred (see Fig. 1). MDS on Bray-Curtis
similarity of (C) presence/absence and (D) log-transformed data for clusters of 4 adjacent cores taken every 50 m (6 individual
clusters and 2 nested clusters). Numbers near points indicate the cluster number (see Fig. 1) and percent carbon. Lines connect
clusters from the lowest to highest percent carbon. Rho and p-values are given for the correlation between the empirical similar-
ity matrix and a model matrix based on geographic distance between cores as determined by the RELATE routine, similar to a
Mantel test, in PRIMER. For 50 m clusters, Rho and p-values are also given for the correlation between the empirical similarity
matrix and a model matrix based on similarity in percent carbon
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Fig. 5. (A) Number of species that occur in n cores where
n= 1 to 44. (B) Distribution of Morisita's Index of spatial
aggregation among the most abundant 20 species versus
varying spatial distances in the present study. Morisita's
index equals 1.0 (dashed line) when a population is ran-
domly distributed, >1.0 if a population is clumped, and <1.0
if a population is regularly distributed. Upper and lower
bounds: 25th and 75th quartiles; Line in the box: median;
Whiskers: lowest datum still within 1.5 IQR of the lower
quartile and the highest datum still within 1.5 IQR of the
upper quartile. The outlying points (@) at 0.1 and 1 m dis-
tance between cores represent the bivalve Tindaria com-
pressa and the polychaete Prionospio delta respectively.
Adjacent (adj.) and diagonal (diag) cores refer to pairs
within the same cluster

of individuals within quadrats of cores and percent
sediment carbon (p = 0.5478). This implies composi-
tional differences are unrelated to differences related
to variation in abundance.

Visualizing the spatial dispersion among 10 of the
most common species showed considerable patchiness
among samples, even at the interspecific level (Fig. S1
in the supplement at www.int-res.com/articles/suppl/
m422p193_supp.pdf). A total of 20 species were abun-
dant enough and occurred in more than 1 core cluster
to analyze aggregation (Fig. 5), while 27 species
occurred in only 1 core (Fig. 5A). All of the 20 species
used for aggregation analysis showed significant
aggregation. On average, species were 2.5 times more
likely than expected by chance to encounter an indi-
vidual of the same species in another core, whether
separated by a few centimeters or several meters.
There was a tendency, although nonsignificant, for
Morisita's Index to be higher among adjacent and
diagonal cores and at distances greater than 50 m
(Fig. 5). Differences in aggregation among species of
major clades, e.g. Polychaeta, Bivalvia, Aplacophora,
Isopoda, and Tanaidacea, were not detectable (data
not shown).

DISCUSSION

Using precision sampling with an ROV, we quanti-
fied a high degree of variability in faunal composition
at small spatial scales on a backdrop of a weak but
significant pattern of species turnover across a 350 m
transect along the deep-sea bottom. In general, 2 sam-
ples taken adjacent to one another were only slightly
more likely to be compositionally similar than those far
apart, as demonstrated by the large scatter in both the
distance decay and MDS plots (Figs. 3 & 4). Adjacent
or 350 m distant samples on average shared only 22 %
of their species in common but in some cases reached
levels of ~70% compositional similarity. Despite this
considerable variation in species makeup, we did find
a significant, though small, distance decay relationship
such that distant assemblages exhibited slightly less
similarity than proximate ones. Across the Deadwood
site, 200 m distance yielded a 1.5% change in fauna.
This percent change was much greater than that en-
countered in our simulations of random assemblages
indicating that the ecological structure of the deep-sea
floor is not entirely stochastic.

Nonrandom spatial structure was also exhibited
within the 20 most abundant species across the spatial
scales we studied. Our findings contrast to those from
shallower but reasonably nearby sites in the Pacific
(~1200 m deep) and distant sites in the Atlantic (2875 m
deep) demonstrating that species dispersion patterns
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at small spatial scales on the seabed are rarely differ-
ent from random patterns (Jumars 1975, 1976, 1978,
Gage 1977, Thistle 1978, Lamont et al. 1995). At inter-
mediate scales (~100 to 200 m), prior studies at shal-
lower upper bathyal and deeper abyssal depths also
found few species departing from a random dispersion
(Jumars 1975, 1976, 1978, Gage 1977, Thistle 1978,
Lamont et al. 1995, Cosson et al. 1997). However, at
lower bathyal depths, like those in the present study,
aggregation within species is frequent (Lamont et al.
1995, Cosson et al. 1997, reviewed in Rex & Etter 2010,
p. 51-78). Some of these differences in findings likely
reflect methodological differences, in particular our
choice of Morisita's Index over variance to mean ratios.
The latter metric is unlikely to detect departures from
randomness even when they exist (Hurlbert 1990).

We propose that increased intraspecific aggregation
along with the decrease in compositional similarity
with distance among assemblages may reflect a more
heterogeneous environment typical of upper bathyal
habitats. Mid-depth regions represent considerable
heterogeneity in carbon flux, topography, sediments,
and currents at large spatial scales (Carney 2005,
Zardus et al. 2006). As such, species of the upper
bathyal often exhibit smaller geographic ranges
(Wilson & Kaufmann 1987, Allen & Sanders 1996) and
greater genetic divergence (Etter & Rex 1990, Zardus
et al. 2006). How habitat heterogeneity varies bathy-
metrically at the local scales relevant to this study
remains virtually unexplored. Etter & Grassle (1992)
demonstrated that greater sediment heterogeneity
within 0.25 m? boxcores correlated with greater alpha-
diversity among macrofauna in the Northwest Atlantic.
Although no such study exists for the Pacific for direct
comparison, the greatest sediment heterogeneity oc-
curred at ~1250 m depth, much shallower than the
lower bathyal depths discussed here. Greater competi-
tion, as reflected by character displacement, may also
occur among species at intermediate depths (McClain
2005). This pattern contrasts the abyssal plains, where
stochastic variation in recruitment combined with low
population densities (Rex et al. 2005) may generate
assemblages more consistent with neutral expectations
(Hubbell 2001).

A spatial mosaic of patches on the deep-sea floor,
whether resulting from disturbance or the presence
of biogenic structures, remains one of the principal
explanations for high alpha-diversity of the deep-sea
benthos (Grassle & Sanders 1973, Jumars 1975,
reviewed in Rex & Etter 2010, p. 51-78). Recent work
demonstrates that disturbance from bioturbation and
gradients in carbon flux can also work in concert to
increase beta-diversity over tens of meters (McClain &
Barry 2010). This assortment of patches may persist for
many years as a result of low colonization, bioturba-

tion, and benthic disturbance rates (Etter & Mullineaux
2001). Feeding depressions, fecal pellets, mounds,
tubes, tracks, and tests create physical heterogeneity
on the seafloor (Thistle 1979, 1983, Jumars & Eckman
1983, Etter & Mullineaux 2001, Snelgrove & Smith
2002). Bioturbation by megafauna may create patches
varying in disturbance regimes (Jumars & Eckman
1983, Smith et al. 2008). Video from the ROV during
the 3 dives reported here revealed substantial micro-
topography from mounds, depressions, and feeding
tracks. Deposit-feeding echinoids, holothurians, and
ophiuriods were also seen.

Carbon and sediment are also heterogeneously dis-
tributed at small scales across the deep-sea floor
(Smith 1985, Jumars & Wheatcroft 1989, Etter &
Grassle 1992, Gooday 2002). Discarded larvacean
mucus nets and other detrital aggregations produce
patches of varying food quality and quantity (All-
dredge & Silver 1988, Robison et al. 2005). Detrital flux
can amass in local depressions leading to food-rich
patches (Jumars & Eckman 1983). We detect a signifi-
cant correlation between compositional and structural
variation in assemblages at 50 m and percent carbon of
the sediment. Although more research will be required
linking beta-diversity to carbon heterogeneity across
spatial scales, our work suggests that deep-sea faunal
patchiness is partly related to spatial patchiness in food.

Our results highlight the potential scales of ecologi-
cal variability on the deep-sea floor. The weak but sig-
nificant distance decay relationship of more distant
assemblages exhibiting less similarity than proximate
ones suggests that even at small scales a variety of
ecological processes such as dispersal dynamics, local
rarity, reproductive aggregation, patch extinction, and
competitive exclusion may contribute to significant
species patterning. We also show that local species
coexistence may be high because of extremely patchy
distributions of individual species, potentially reflect-
ing small-scale environmental heterogeneity. Hetero-
geneity in carbon flux to the deep-sea floor is well
known, and here we begin to explicitly tie this variable
to local-scale beta-diversity in the deep sea. More work
is obviously needed to quantify environmental and
faunal heterogeneity at local scales, as well as possible
geographic variation in these relationships. Here, we
demonstrate that distribution of assemblages and spe-
cies is not stochastic and that patchiness may explain
the exceptional local diversity in the deep-sea benthos.
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