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a b s t r a c t

Characterising how deep-sea communities change on contemporary time-scales and understanding

underlying ecosystem processes has become important under changing climate and the rise in the

exploitation of deep-sea resources. However, little is known about these dynamics and processes. Long-

term observations from which inter-annual variations can be detected are scarce in the deep sea. This

study examines inter-annual changes in density, family richness and evenness, family and functional

group rank abundance distributions of infaunal polychaetes at two abyssal stations in the North East

Pacific (Station M, 1991 to 2005) and in the North East Atlantic (Porcupine Abyssal Plain, 1991 to 1999).

The two long-term data sets were used to investigate not only if polychaete community structure and

composition varied at inter-annual scales in terms of diversity and rank abundance distributions but

also if any changes were related to previous observations in megafauna and environmental factors at

each locality. The polychaete community structure at each locality was analysed using univariate

statistics as well as multivariate ordination techniques based on Bray-Curtis similarity of the yearly

family density. Sub-surface deposit feeders, such as Paraonidae, dominated the North East Pacific,

whereas surface deposit feeders, such as Cirratulidae, dominated the North East Atlantic. Both stations

showed inter-annual variations in density, family evenness and rank abundance distributions. The

greatest changes occurred in 1998 in both time series when polychaete densities peaked, and switches

in the rank abundance of the most abundant families and functional groups took place. Inter-annual

variations in the polychaete community were correlated with a limited number of holothurian species

changes, but no correlation was found with particulate organic matter flux or climate indices. Ecological

and environmental factors behind the family-level changes remain elusive. Overall, changes in the

dominance of functional groups imply changes in abyssal ecosystem functioning with potential

consequences on carbon cycling at the seabed.

& 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Understanding temporal variations in deep-sea system is
becoming more important because of the increasing exploitation
of deep-sea resources such as fisheries, hydrocarbons and miner-
als (Glover and Smith, 2003; Thiel, 2003). In addition, global
warming is likely to impact ocean conditions with consequences
on primary and export of that production to the deep ocean (Bopp
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et al., 2005; Sarmiento and Gruber, 2006; Richardson, 2008;
Steinarcher et al., 2010). Most deep-sea fauna depend on such
export production as sinking particulate organic carbon (POC) flux
provides food through pelagic–benthic coupling (Smith, 1987). In
a food-limited environment, such as the deep sea, the supply of
food is important in structuring deep-sea communities (Billett,
1991) and has links to many long-term carbon processes such as
bioturbation, remineralisation, and burial (Smith et al., 1997,
2001, 2009; Witte and Pfannkuche, 2000; Bett et al., 2001; Ruhl
et al., 2008). Characterising deep-sea system temporal variations
is important to assess how ecosystem processes are linked to
climatic variations, stochastic events and long-term trends (Smith
et al., 2009; Glover et al., 2010). In recent years, significant inter-
annual changes have been found in abyssal macro-infaunal
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communities in the North-East Pacific (Ruhl et al., 2008) and
North-East Atlantic (Soto et al., 2010), including changes in
polychaete densities, the dominant macrofaunal taxon in many
areas of the ocean. In order to achieve a mechanistic under-
standing of processes shaping abyssal communities in time, the
inter-annual variations of macrofauna community structure
defined as density, family richness, evenness, family and func-
tional group (FG) compositions have been characterised.

To date, only two abyssal (44000 m) soft-bottom habitats
have been studied for a period greater than 20 years: Station M
(Sta. M) in the North East Pacific and the Porcupine Abyssal Plain
Sustained Observatory (PAP) in the North East Atlantic. Previous
research has characterised pelagic–benthic coupling and abyssal
fauna ecology, especially in terms of temporal patterns (Smith
and Druffel, 1998; Billett and Rice, 2001; Lampitt et al., 2010a).
Results from sediment traps have shown that POC flux has intra-
and inter-annual variations in quantity and quality at both
stations (Baldwin et al., 1998; Smith et al., 2006; Lampitt et al.,
2010b). Climate has been proposed as a key factor generating
inter-annual variations in POC flux, in particular the variations of
the El Niño Southern Oscillation (ENSO) and North Atlantic
Oscillation (NAO). Changes in POC flux at Sta. M were significantly
and positively correlated with the North Oscillation Index (NOI,
an ENSO indicator) where changes in POC flux lagged NOI
variations by 6 months. Similar correlations also found that POC
flux at PAP lagged variations in the NAO by 5 months (Smith et al.,
2006). At Sta. M, POC flux variations appeared to impact mega-
fauna species in different ways: some increased in density during
periods of high food supply whereas others decreased. The most
striking examples include the holothurians Elpidia minutissima,
the echinoid Echinocrepis rostrata as well as less dominant species
like holothurians Scotoplanes globosa a at Sta. M (Ruhl and Smith,
2004). At PAP, the densities of the holothurians Amperima rosea,
Ellipinion molle, and the ophiuroid Ophiocten hastatum varied by
several orders of magnitude between 1989 and 2005 (Billett et al.,
2010; Bett et al. 2001).

Less is known about sediment macrofauna community tem-
poral variations. From 1989 to 1998, Ruhl et al. (2008) found
significant correlations between POC flux, the NOI and some
macrofauna phyla densities at monthly and inter-annual scales
at Sta. M. At PAP, during the first ‘Amperima Event’ (1996–1998),
macrofauna also displayed taxon-specific temporal variations in
density (Galéron et al., 2001). Focusing on infaunal polychaetes,
Soto et al. (2010) showed that density and total family number
changed between 1989–1994 and 1996–1998, the latter period
coinciding with the first ‘Amperima Event’. In situ enrichment
experiments conducted at Sta. M and PAP have shown that
macrofauna can ingest carbon quickly and mix it into
deeper sediment layers (Aberle and Witte, 2003; Sweetman and
Witte, 2008). Therefore, macrofauna temporal variations could
provide important insights in assessing deep-sea carbon flow
dynamics (Ruhl et al., 2008). However, a better mechanistic
understanding of macrofauna inter-annual variations is needed
to make such insights.

Examining macrofauna community structure variation at a
finer taxonomic resolution than has been done previously will
provide greater knowledge of the functional role of macrofauna at
Sta. M and PAP. Intra-annual variations in POC flux are related to
seasonality with both stations located at temperate latitudes,
where seasonality influences food quantity and quality. While
there is evidence to suggest that intra-annual changes in poly-
chaete community structure and composition occur (e.g., Drazen
et al. 1998), our study focuses on longer term change. In this
study, polychaetes were examined at the family-level because:
(1) polychaetes dominate a majority of deep-benthic soft-bottom
macrofaunal communities in terms of density and species number
(Olsgaard et al., 2003; Paterson et al., 2009); (2) few polychaete
families have been reported as being exclusively abyssal and
those families have apparently limited adaptations compared to
shallow water forms (Glover, 2000; Paterson et al., 2009);
(3) polychaetes have varied life-histories and perform important
ecological functions such as sediment reworking, bioturbation
and carbon recycling (Rouse and Pleijel, 2001; Olsgaard et al.,
2003); (4) polychaetes are clearly responsive to changes in
organic matter supply (e.g., Ruhl et al., 2008; Soto et al., 2010).

In addition to finer taxonomic level, a better characterisation
of Sta. M and PAP macrofauna community inter-annual variations
requires the use of various ecological descriptors. Based on
niche theories, Rank Abundance Distribution (RAD) provides a
useful way to describe resource division among a community
(MacArthur, 1957; Hubbell, 1979; Magurran, 2004). In time series
research, the investigation of RAD variation can facilitate mechan-
istic insights into community inter-annual variations. Analysing
switches in rank composition over time can investigate the
potential role of biological or environmental processes in com-
munity temporal variations (Thibault et al., 2004; Magurran,
2007; Ruhl, 2008). When used with more classical indexes such
as density, richness and evenness, RADs can provide an informa-
tive description of change (Magurran and McGill, 2011). Ruhl
(2008) used temporal RAD analyses to show that benthic
community-level megafauna changes at Sta. M from 1989 to
2004 were modulated by climate-driven resource variations
rather than random ecological drift.

This study examines inter-annual variations in polychaete
density, family richness and evenness, family RAD (RADF) and
functional group RAD (RADG) at Sta. M from 1991 to 2005 and
PAP from 1991 to 1999. Using the two long time-series poly-
chaete data sets, three main questions were addressed: (1) Did
polychaete community structure and composition change at
inter-annual scales in terms of diversity both as family richness
and as Pielou’s Evenness Index? (2) Did polychaete community
structure and composition change in terms of RADF and RADG at
inter-annual scales? (3) Did inter-annual changes in polychaete
family community composition or structure relate to previous
observations in megafauna and environmental factors at each
locality?
2. Materials and methods

2.1. Study areas and macrofauna sampling

From 1991 to 2005, 22 of the research cruises to Sta. M
(50100N, 123100W, in the North East Pacific, 4100 m depth, see
details in Smith and Druffel 1998) included macrofauna
sampling using a Free-Vehicle Grab Respirometer (FVGR, Smith
et al. (2001)). The FVGR is a sampling system comprised of four
413-cm2 grabs separated by 25 cm (square design) collecting the
top 15 cm of sediment (Table 1). After recovery, material was
sieved through a 300 mm mesh and preserved in 10% borate-
buffered formalin solution (Drazen et al., 1998). While FVGR
samples were collected from 1989 to 1990, these were no longer
available for further analysis.

From 1991 to 1999, ten research cruises to PAP, (48150N,
16130W, in the North East Atlantic, 4850 m depth, Billet and Rice,
2001) sampled macrofauna using a 0.25 m2 USNEL box-corer
(Table 1). Overlying water and five top centimetres of sediment
were sieved using a 300 mm mesh and retained material was
similarly preserved in a 10% formalin solution (Soto et al., 2010).

Before identification, Sta. M samples were sorted to phylum
level at the Scripps Institution of Oceanography prior to 2006, and
thereafter at the Monterey Bay Aquarium Research Institute.



Table 1
Stations, dates, number of chamber grab and drop (Sta. M) or box-corer (PAP) and

locations of macrofauna samplings at Sta. M and PAP.

Station Year Month Chamber grab

(drop) or

Box-corer

Latitude 1N Longitude 1W

Sta. M 1991 February 1 (1) 34.84 122.93

June 7 (2) 34.90 123.05

July 2 (2) 34.89 123.07

October 3 (1) 34.88 123.11

1992 February 5 (2) 34.88 123.12

June 5 (2) 34.91 123.11

July 3 (1) 34.78 122.95

October 6 (2) 34.85 123.15

1993 February 3 (1) 34.79 122.92

July 3 (1) 34.82 123.07

November 5 (2) 34.80 122.93

1994 February 2 (2) 34.78 122.92

1995 February 5 (2) 34.93 123.12

June 1 (1) 34.95 123.13

1996 February 4 (2) 34.72 122.98

June 3 (1) 34.68 122.94

October 5 (2) 34.69 122.90

1998 April 2 (1) 34.93 123.03

August 3 (2) 34.78 123.03

December 2 (1) 34.78 123.00

2005 February 3 (1) 34.853 123.20

June 3 (1) 34.93 123.25

PAP 1991 May 6 48.85 16.50

1994 April 4 41.85 16.50

1996 September 7 48.85 16.48

1997 March 6 48.83 16.50

July 5 48.83 16.48

1998 March 2 48.84 16.49

September 3 48.83 16.50

1999 May 3
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Samples for PAP were sorted at the Natural History Museum
(NHM) of London. In both cases, samples were stained for 24-h in
Rose Bengal, rinsed in distilled water, transferred to a 70%
isopropyl alcohol solution and sorted at phylum-level. Sta. M
annelids were then sent to NHM for taxonomic identification. PAP
polychaetes sampled prior to 1999 were identified to family level
by E. Soto.

2.2. Taxonomic identification

Taxonomic identification was undertaken under high power
microscopes (Zeiss Discovery v20 Stereo and high power Leica
DM 5000 B) by comparing the external morphology of specimens
with published identification keys (Fauchald, 1977; Rouse and
Pleijel, 2001). Family-level identification was a first step before a
more detailed taxonomic analysis. For family identification, only
specimens with a head were used leading to a conservative
assessment of density and diversity (Paterson et al., 2009).
Overall, only 2 and 5% of fauna were unknowns at Sta. M and
PAP, respectively

Each family was assigned to a single functional group among
those defined by Fauchald and Jumars (1979) and amended by
subsequent authors (e.g., Pagliosa, 2005). The choice of the
retained functional group was based on the feeding strategy most
likely to be encountered in an abyssal environment, e.g., direct
herbivory was not meaningful in abyssal systems. Fauchald and
Jumars’ classification was mainly derived from shallow water
specimen observations; such a classification must therefore
be used with caution in an abyssal context. However, as few
polychaete families have been reported as being exclusively
abyssal (Glover, 2000), analogy with shallower species is not
unreasonable. Polychaete functional group research is still
ongoing (e.g., Lindsay and Woodin, 1995; Mistri et al., 2002;
Würzberg et al., 2011) with evidence suggesting that many
polychaetes may be multimodal and may adapt to utilize what
resources are available (Dr. L. Lovell, pers. com.). However, so far,
Fauchald and Jumars (1979) FG classification remains the only
unified classification, based on polychaete morphological traits
and appeared the most relevant for this analysis.
2.3. Statistical analysis of polychaete community diversity at inter-

annual scale

After identification, persistence over time defined as percen-
tage of occurrence over the time-series was computed for each
family and functional group. Only data from three or more FVGR
chamber grabs at Sta. M and box-corers at PAP for each sampled
month (Table 1) were used. Data were averaged by year for
further analyses. Because the sampling methods were different at
Sta. M and PAP any comparisons between them must be under-
taken with caution. First, Sta. M was sampled over a greater
range of seasons than PAP (respectively February–December vs.
March–October). Sta. M data statistical analyses were therefore
computed for both the full range of samples across months
February–December and the range which overlaps with samples
at PAP, March–October. The results were not dependant on
seasonal range, and therefore only results of the full data set are
presented here. Second, although using a common analytical
treatment is an asset to compare stations, we acknowledge there
are important limits to quantitative comparison between Sta. M
and PAP because different sampling technologies were employed.
For example, the box corer samples a larger continuous area than
the FVGR grabs and the two systems have different so-called
bow-wave effects (Bett et al., 1994). These bow-wave effects can
cause systematic differences in the level of disturbance to the
seafloor sample as the coring device operates. The main results
rely on examining the variations at each site rather than direct
quantitative comparison.

Polychaete mean densities were computed for each sampling
year, as well as Pielou’s evenness Index (Primer v.6, Clarke and
Gorley (2006)). Family numbers were estimated by rarefaction
technique to account for uneven sampling effort in each time-
series (Coleman technique, EstimateS, Colwell (2009)). Rarefac-
tion curves were computed for each sampling year and tested by
Kruskal–Wallis rank test (SigmaPlot v.11). Family richness at
each locality was compared by using family accumulation curves
(EstimateS) and Mann–Whitney Rank Sum Test (SigmaPlot v.11).
Relationships between univariate indexes were investigated with
non-parametric Spearman rank correlation (rs, SigmaPlot v.11).

The polychaete community structure at each locality was
analysed using multivariate ordination techniques (Primer v.6).
Family composition as Bray–Curtis Similarity of the 4th root-
transformed yearly family density data was computed. Prior to
further temporal analyses, the effects of spatial heterogeneity
were tested. Two similarity matrices were created, one with
spatial distances and one with linear temporal distances between
each sample. Using the RELATE routine (Mantel test, r, Primer
v.6) relationships between polychaete community similarity
matrix and these two matrices were investigated. A non-
parametric Multi-Dimensional Scaling (MDS) method was then
applied to polychaete similarity matrices. Inter-annual changes
were assessed using multivariate Analysis Of SIMilarity (ANOSIM
[R], Primer v.6), which uses randomisation testing of significance
with 999 permutations. Also, the MDS x-ordinate was used as a
summary univariate parameter to characterise community struc-
ture and composition over time.
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2.4. Statistical analysis of polychaete community structure as RADF

and RADG at an inter-annual scale

Family and functional rank abundance distributions (RADF and
RADG) were obtained by ranking, respectively, family and func-
tional group densities for each year (rank 1 being the most
abundant). In each case, the density values were retained and
the distributions were only re-order by ranking these densities
without applying any transformation on the data. Ranked com-
position as Bray–Curtis similarities of the 4th root-transformed
yearly ranked data were computed (Primer v.6). A RELATE test
was performed with a matrix of linear temporal time between
each sample and RADF, RADG matrices. In other words we
examined if the similarity of various RAD distributions was more
similar when the samples were taken closer together in time.
Similarity data were also used for hierarchical clustering (group
average linkage, Primer v.6) and MDS. For FG analysis, the ratio
between surface and sub-surface feeder density (SB ratio) was
examined. Non-parametric Spearman rank correlations (rs, Sig-
maPlot v.11) were computed between families and between FG
variables to assess potential compensatory effects as defined by
negative co-variation (sensu Houlahan et al., 2007).
2.5. Statistical analysis of relationships with megafauna and

environmental factors

Spearman-rank correlations were used to investigate potential
relationships between polychaete community and megafauna/
environmental factors (SigmaPlot v.11). Several polychaete com-
munity descriptors were tested: mean density, rarefied family
number, MDS x-ordinate of the Bray-Curtis similarity, family,
functional group and rank densities. For family, FG and rank
densities, only those with a coefficient of variation (CV, standard
deviation to mean ratio) less than one were used representing 15
most abundant families and 7 functional groups. Also, for mega-
fauna, only species or indicators representative of marked tem-
poral changes were used. At Sta. M, Elpidia minutissima,
Echinocrepis sp., Scotoplanes globosa, total echinoderm biomass
and density were examined (Ruhl and Smith, 2004; Ruhl, 2007).
At PAP, Amperima rosea, Peniagone diaphana, Oneirophanta mut-

abilis, total echinoderm biomass and density, total holothurian
surface deposit feeder biomass and density, total holothurian sub-
surface deposit feeder biomass and density were used (Iken et al.,
2001; Billett et al., 2010). A distinction between surface and sub-
surface deposit feeding megafauna was applied at PAP only
because the Sta. M data did not include sub-surface deposit
feeders (cf. photography data were used to quantify megafauna
at Sta. M while trawl data were obtained at PAP).

In terms of environmental factors, the climate indicators NAO
at PAP and NOI at Sta. M were tested, as well as site-specific
records of POC flux to the seafloor. At Sta. M, a near-continuous
monthly data record of POC flux was made possible by a
composite measure of POC flux integrated from sediment trap
data at 50 and 600 mab and a model based on satellite data to fill
in the gaps in the record (Ruhl et al., 2008). No such gap filling
data are available for PAP, where much of the need for gap filling
Table 2
Three-letter code key of polychaete functional grou

First letter feeding mode Second letter

B—Subsurface deposit feeder D—Discretely

F—Filter feeder M—Motile

P—Predator S—Sessile

S—Surface deposit feeder
pre-dates the availability of suitable satellite colour data. Monthly
and yearly cross-correlations were used to test relationships over
a distribution of monthly and yearly temporal lags between the
environmental factors (climate and food supply) and polychaete
community features. Because data sets were highly gapped, serial
autocorrelation was not tested. Significance was assessed with
several criteria regarding correlation sign, p-value and involved
time lags. These tests were aimed to understand if climate
processes, productivity and POC fluxes had a direct but lagged
impact on the abyssal polychaete communities at both stations.
3. Results

3.1. Taxonomy

At Sta. M, a total of 3000 specimens were identified, belonging
to 39 families and 10 FG. At PAP, a total of 4984 specimens were
identified representing 41 families and 9 FG. Three families were
present at all sampled times at Sta. M: Capitellidae, Lumbriner-
idae, Paraonidae and eight families were present at least 80% of
the sampled time: Cirratulidae, Cossuridae, Opheliidae, Orbinii-
dae, Phyllodocidae, Pilargidae, Spionidae, Syllidae. At PAP, six
families were found 100% of the sampled times: Ampharetidae,
Cirratulidae, Paraonidae, Pilargidae, Sabellidae, Spionidae and
seven families occurred 80% or more of the sampled times:
Capitellidae, Chrysopetalidae, Fauveliopsidae, Flabelligeridae,
Opheliidae, Phyllodocidae, and Scalibregmatidae. In terms of
functional groups, BMx, OMJ, PMJ, PMx, SBMx, SMT and SDT
(see Table 2) occurred at least 80% of the sampled times at both
Sta. M and PAP. Overall, the two localities shared 34 families,
among which seven were present in at least 80% of the samples.
One family, the Paraonidae, was present in all samples. At Sta. M,
oligochaetes (Phylum Annelida) occurred in substantial and
variant numbers, but were notably absent from PAP.

3.2. Polychaete community density and diversity

Polychaete density varied inter-annually at both stations
(Fig. 1a and b). The highest densities were found in 1998 at both
sites with 18937393 ind. m�2 at Sta. M and 8397285 ind. m�2

at PAP. The lowest densities were approximately four times less
and were recorded in 2005 at Sta. M with 4907219 ind. m�2 and
in 1994 at PAP with 203752 ind. m�2.

In terms of diversity, rarefied family number changed between
years (Fig. 1c and d) but without significant statistical difference at
Sta. M (p40.05). In contrast, significant differences occurred at PAP
between the periods 1991–1994 and 1996–1999, the ‘Amperima

Event’ (p¼0.022) with rarefied family numbers higher during the
‘Amperima Event’. Pielou’s evenness index also varied inter-annually
at both stations (Fig. 1e and f) albeit without correlation to density
or rarefied family number over the whole time-series (Spearman
rank correlation, p40.05). Greater evenness occurred in 1995 at Sta.
M and 1996 at PAP. The highest dominance was found in 1991 at
Sta. M and 1994 at PAP.

Overall family composition changed at inter-annual scale
(R¼0.151, p¼0.01 at St M, R¼0.636, po0.001 at PAP with year
ps as defined by Fauchald and Jumars (1979).

mobility Third letter feeding apparatus

motile J—Jaw

T—Tentacle

x—non-armed structure



Fig. 1. Polychaete community structure univariate indexes at Sta. M and PAP over 1991–2005 (A) Sta. M mean polychaete density as individuals per m�2 (’) with

associated standard error and yearly-averaged NOI index (dashed line) (B) PAP mean polychaete density as ind. m�2 (’) with associated standard error and yearly-

averaged NAO index (dashed line) (C) Sta. M rarefied family number with 18 individuals (J) with associated standard error and mean annual POC flux (’) (D) PAP rarefied

family number with 50 individuals (J) with associated standard error and mean annual POC flux (’) (E) Sta. M MDS x-ordinate (’) and Pielou’s evenness Index (J) (F) PAP

MDS x-ordinate (’) and Pielou’s evenness Index (J).
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as a factor). As no relationship was found between the spatial
distance between samples and their similarity (ro0.1, p40.1) at
either locality, these changes were not found to be linked to
spatial variations among sampling. However, a significant rela-
tionship was obtained between the temporal distance between
samples and their similarity: samples taken further apart in time
were less similar to each other than samples taken near in time
(r¼0.303, po0.001 for Sta. M and r¼0.582, p¼0.061 for PAP).
The inter-annual variations in family composition were thus
linked to temporal rather than spatial processes. Family composi-
tion MDS x-ordinate had an opposite sign in 1991, 1996 and 1998
compared to 1992, 1993, 1995 and 2005 at Sta. M (Fig. 1e, 0.063
stress value) with a marginally significant difference among the
two groups of years (ANOSIM, R¼0.463, p¼0.029). At PAP, MDS
x-ordinate (0.001 stress value) also had different signs between
1991, 1994 compared to the ‘Amperima Event’ period (Fig. 1f).
These two groups of years were significantly different (ANOSIM,
R¼1, p¼0.069). In other words, family composition was different
over periods of time rather than from year to year.

Comparing the two stations, allowing for different sampling
methodologies, Sta. M had twice the standardised density of PAP.
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Fig. 4. Bray–Curtis dendrograms of (A) Sta. M yearly family composition, (B) PAP yearly family composition, (C) Sta. M yearly RADF and (D) PAP yearly RADF.
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However, both stations had similar density trends over years:
decreasing from 1991 to 1995 and increasing from 1996 to 1998.
In terms of family numbers, Sta. M and PAP had similar accumu-
lation rates (Fig. 2, Mann Whitney, U¼21, p40.05).
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3.3. Polychaete community structure as RADF

Directional changes in family rank abundance distribution
(RADF) occurred at both stations at inter-annual scales (Fig. 3a
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and b). Samples taken closer together in time were generally
more similar to those taken with longer time intervals between
samples: r¼0.269, p¼0.051 at Sta. M and r¼0.780, po0.001 at
PAP. The RADF similarity dendrogram showed three clusters at
Sta. M: 1998, 2005 and 1991–1996 (Fig. 4c). At Sta. M, no
significant clustering was found with family composition den-
drograms (Fig. 4a). At PAP, two clusters were found in both cases:
1991–1994 and 1996 to 1999, the ‘Amperima Event’ period
(Fig. 4b and d). At each locality, year of greatest and least densities
belonged to different clusters and their corresponding rank
abundance distribution (RADF) varied in density level, shape and
composition (Fig. 5). Sta. M rank 1 was occupied by Paraonidae,
except in 1998 when oligochaetes became dominant, whereas other
ranks had four or more switches. From 1991 to 1999, PAP rank 1 to
3 only switched once or twice and lower ranks five or six-times.
Cirratulidae, Spionidae and Paraonidae occupied the first three
density ranks at PAP, with relative density changes over time, except
in 1998 when Opheliidae became the most dominant family.
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Table 3
Spearman rank correlation of Scotoplanes globosa with Sta. M polychaete community d

Density (TED), Total Holothurian Surface deposit feeder Density (THS D), Total Holothu

descriptors, n¼6. R is the coefficient of correlation with its associate p-value (SigmaPl

Station Megafauna descriptor Polychaete descriptor R

Sta. M S. globosa RADF MDS x-ord. 1

RADG MDS x-ord. 0.94

Ampharetidae 0.94

Capitellidae 0.88

PAP A. rosea MPD 0.94

RADG MDS x-ord. 0.94

MDS x-ord. 0.92

Ampharetidae 0.94

Cirratulidae 0.88

Sabellidae 0.88

O. mutabilis SB ratio 0.94

TED MPD 0.88

Lumbrineridae 0.89

Sabellidae 0.94

Spionidae 0.94

SB ratio 0.94

THS D MPD 0.94

MDS x-ord. 0.92

RADG MDS x-ord. 0.94

Ampharetidae 0.89

Cirratulidae 0.88

Sabellidae 0.88

THB B Lumbrineridae 0.92

Sabellidae 0.88

Spionidae 0.88
Non-parametric Spearman rank correlations between family densities
(CVo1) at both stations were only positive, if significant.
3.4. Polychaete community structure as RADG

Polychaete communities also had directional changes in yearly
RADG (Fig. 3c and d). Samples closer together in time were
generally more similar to those with longer time intervals
between them: r¼0.353, p¼0.006 at Sta. M and r¼0.654,
p¼0.031 at PAP. RADG dendrograms of both stations gave similar
clusters to RADF plots. The FG rank abundance distributions
(RADG) changed in terms of composition, shape and level at both
stations (Fig. 6). At Sta. M, rank 1 and 2 switched four times
between 1991 and 2005, Rank 3 switched only once. Surface
deposit feeders as BMx occupied rank 1 in 1991, 1992, 1995 and
2005. Sub-surface deposit feeders as BMx dominated in 1993,
1996, 1998. Some predators such as PMJ or tentaculate surface
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rian Sub-surface deposit feeder Biomass (THB B) with PAP polychaete community

ot v.11). Ord. stands for ordinate. MPD stands for mean polychaete density.

p Polychaete descriptor R p

0.028 Cirratulidae 1 0.028

3 0.017 Spionidae 0.943 0.017

3 0.017 SDT 1 0.028

6 0.033 SMT 0.943 0.017

3 0.017 Spionidae 0.886 0.033

3 0.017 Syllidae 0.886 0.033

6 0.017 PMJ 0.810 0.010

3 0.017 SDT 0.943 0.017

6 0.017 SMT 0.943 0.017

6 0.033

3 0.017

6 0.033 RADG MDS x-ord. 0.886 0.033

9 0.017 SBMx 0.886 0.033

3 0.017 SDT 0.943 0.017

3 0.017 SMT 0.943 0.017

3 0.017

3 0.017 Spionidae 0.886 0.033

6 0.017 Syllidae 0.943 0.017

3 0.017 PMJ 0.943 0.017

9 0.017 SMT 0.886 0.033

6 0.033 SDT 0.886 0.033

6 0.033

8 0.017 OMJ 0.943 0.017

6 0.033 SDT 0.886 0.033

6 0.033
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feeders such as SMT and SDT were mainly in ranks 3 to 5 albeit
with different positions over time.

At PAP, rank 1 was occupied by surface deposit feeders as SMT in
1991, 1994, 1996, 1997, 2002 and SDT in 1989 and 1999. Only in
1998, sub-surface deposit feeders as BMx became the most dominant
FG (due mainly to the influx of one family: the Opheliidae). Between
rank 3 and 5, two types of functional group, the deposit feeders
(SBMx, BMx) and predators (PMJ) were found most of the time. Both
stations were dominated by deposit feeders but the relative propor-
tion of surface and sub-surface deposit feeders was different: surface
(S) dominated at PAP and sub-surface (B) deposit feeders at Sta. M.
The SB ratios had inter-annual variations also relating to RADG

changes (Fig. 7). Correlations (Spearman) between FG (CVo1) at
both stations were only positive, if significant.

3.5. Polychaete community relationships with megafauna and

environmental factors

In terms of statistical relationships between polychaetes and
megafauna, several Sta. M polychaete community descriptors were
correlated with S. globosa but not with any other species or mega-
fauna indicators (Table 3). At PAP, many polychaete community
descriptors were correlated with A. rosea, total echinoderm density,
total holothurian surface deposit feeder density, and total holothurian
sub-surface deposit feeder biomass (Table 3). No correlations with
compatible statistical and mechanistic rationale were found with POC
flux or climate indices at either locality.
4. Discussion

4.1. Inter-annual variations in abyssal polychaete community

structure

Sta. M and PAP polychaetes showed significant changes in family
composition, family evenness, RADF and RADG in addition to the
density variations reported by Ruhl et al. (2008) and Soto et al. (2010).
At both stations, structural changes occurred, the strongest being in
1998 when polychaete densities peaked at both localities, and
switches in the densities of most abundant families and functional
groups took place. The changes in dominance were initiated in 1996
when switches started to occur in RADF and RADG composition and
evenness. At PAP, changes observed during the ‘Amperima Event’
lasted through 1999. However, the persistence of these changes could
not be assessed at a later date than 1999 owing to low replication and
gear change issues from 2002 to 2010. A study to assess gear change
impact on macrofauna when sampling abyssal systems is underway
as done by Bett et al. (1994) on meiofauna.

The main difference in inter-annual variations of the
polychaete communities at Sta. M and PAP was the constancy of
Sta. M rarefied family richness over years. Although it may be due
to a sampling artefact of the FVGR, consistently missing some
polychaete families, it may also be linked to differences in the
regional family pool in the vicinity of both stations. Thibault et al.
(2004) also observed changes in RAD and not in species richness
in a long-term study of a desert rodent community, suggesting
that RAD and species richness may not be as closely connected as
previously thought (e.g., MacArthur, 1957).

Despite inter-annual variations, the polychaete community com-
positions at Sta. M and PAP showed some consistent features. These
were more evident in community structure than in the specific
composition of the families. Both localities shared 34 families. This
is not surprising because few polychaete families are endemic to the
deep sea and many have broad geographic and bathymetric distribu-
tions (Paterson et al., 2009). The Paraonidae was the only family
present during each sampling time at both stations. Most species
belonging to this family are thought to be opportunistic and may be
more suited to environments with seasonal and limited food supply
(Smith and Hessler, 1987; Levin et al., 1999; Hilbig and Blake, 2000).
Paraonidae was the dominant family at Sta. M, representing 25 to 30%
of the community, except in 1998 when oligochaetes became
dominant. The presence of oligochaetes in benthic macro-infaunal
communities has been scarcely reported at abyssal depths. Blake
(1997) described oligochaetes from Santa Maria basin and Western
Santa Barbara Channel seafloor off the California coast. Oligochaetes
could be present in the regional species pool associated with Sta. M
and not in the one associated with PAP. Although Sta. M and PAP
were sampled with different gear, recent sampling at PAP using a
megacorer did not sample macrofaunal oligochaetes. Another differ-
ence between the stations was that the Paraonidae was never the
dominant family at PAP; Cirratulidae was. This difference is unlikely
to be an artefact of the different sampling methodologies because
Sweetman and Witte (2008) also noticed this difference between Sta.
M and PAP during enrichment experiments conducted with the same
design of incubation chambers at the two localities. At PAP, Cirratu-
lidae represented 25 to 30% of the polychaete community except in
1998 when Opheliidae became dominant. Differences in regional
family and species pools and/or environmental settings may explain
Sta. M and PAP dissimilarities in composition.

Ecological and environmental factors could also be forcing
variables. Switches in polychaete RADF and RADG observed in
1998 at both localities may indicate competitive interactions in
an environment where resources were variable in supply, and/or
niche-based difference environmental tolerances. The main
changes in 1998 were not accompanied by negative correlations
between polychaete families or functional group suggesting no
compensatory effect as defined by Houlahan et al. (2007). How-
ever, oligochaetes became more dominant than Paraonidae at St.
M and Opheliidae were more dominant than Cirratulidae at PAP
in 1998. The change in dominance could be due to a greater
numbers of individuals collected following a particularly good
recruitment due to factors unrelated to competition, although
biomass data may be better at unravelling competition processes
(Ernest and Brown, 2001). However, in fragile deep-sea samples
there are many fragmented polychaete specimens precluding a
biomass analysis at the family level. Vanreusel et al. (2001)
suggested that a synchronised recruitment event occurred in
Opheliidae at PAP in fall 1996 as only small juveniles were
present in meiofauna at a single period of time over the time-
series. Episodic growth and/or reproduction events could also
influence the population structure (Smith, 1994).

The lack of obvious compensatory effects could also be related
to some taxon pairs belonging to mis-matched trophic levels
(Houlahan et al., 2007). Houlahan et al. (2007) suggest in such
cases that, if there were compensatory effects, they may have
been weaker than other forcing variables such as megafaunal
abundance and sediment reworking rates, food supply or envir-
onmental factors. The inter-annual variations in polychaete
family community structure and composition were not isolated
in time from the other faunal changes noted in both time series,
but were part of broad-scale changes observed across all abyssal
faunal-size groups (Ruhl et al., 2008; Gooday et al., 2010;
Kalogeropoulou et al., 2010). Such comprehensive variations
suggest forcing variables rather than ecological drift as drivers
of changes (Ruhl, 2008; Smith et al., 2009; Billett et al., 2010).

4.2. Inter-annual variations in polychaete community, megafauna

and environmental factors

At both stations, changes in the megafauna and polychaete
communities were synchronous even though the polychaete
density shifts were not as great in magnitude as for the
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megafauna (Ruhl and Smith, 2004; Ruhl et al., 2008; Billet
et al., 2010). Several polychaete community features were
positively and significantly correlated with S. globosa (not a
dominant species) at Sta. M and A. rosea and other megafauna
descriptors at PAP. Positive correlations between megafauna
and polychaete community features indicate a lack of sub-
stantial compensatory effect. However, it does not preclude
ecological interactions because several processes may be
interrelated between megafauna and macrofauna over time.
Holothurians have been shown to ingest the bulk of phytode-
tritus pulses, at least at PAP during the ‘Amperima Event’, and
may have more direct access to the more liable food fraction
(Bett et al., 2001) changing the amount and/or nature of food
available for polychaetes. There is also some evidence that
benthic megafauna may facilitate macrofauna density via

bioturbation leading to oxygenation of sediments and mixing
of organic matter to deeper depths (Thistle et al., 2008). At
PAP, the positive correlation in polychaete community varia-
tions with total echinoderm density and total surface deposit
feeder holothurian density provides limited evidence that
facilitation processes could be important for polychaetes,
particularly for polychaete surface feeders (Table 3).

In addition to ecological interactions, megafauna and macrofauna
may have been influenced by the same environmental forcing
variables. At Sta. M, S. globosa was positively and significantly
correlated with a 14-month lagged NOI and an 8-month lagged
POC flux (Ruhl and Smith, 2004). At PAP, POC flux quantity/quality
has been proposed as a likely driver of inter-annual variations in A.

rosea density (Billett et al., 2001, 2010; Iken et al., 2001; FitzGeorge-
Balfour et al., 2010). Even if a satisfactory mechanistic understanding
of pelagic–benthic coupling has not been reached yet (Lampitt et al.,
2010b; Smythe-Wright et al., 2010), climate is likely to influence POC
flux. Positive NAO have been associated with increased primary
production and POC flux (Ruhl and Smith, 2004; Smith et al., 2009)
and therefore will have effects on benthic communities. However,
polychaete community descriptors did not show correlations with
POC flux or climate indexes at the family level at either Sta. M or PAP.

The lack of correlation between polychaete community descrip-
tors and POC flux, NOI or NAO does not rule out environmental
factors as drivers of inter-annual variations. Synchronous variations
between megafauna and polychaete density variation give some
support to this hypothesis. Several reasons may account for the lack
of direct correlation between environmental factors and polychaete
community features: (1) small-scale spatial heterogeneity may
introduce unexplained variation in time-series. Heterogeneity in
space is likely to be as small as centimetre-scale for polychaetes
(Jumars, 1975). However, any spatial patterns in the analysed
samples were less important than time in explaining variation;
(2) some important forcing variables may have not been accounted
for; (3) the temporal extent of sampling may be critical to infer
mechanisms underlying patterns in time. Chalcraft et al. (2004)
highlighted that extending the temporal extent of time series
observations increases the likelihood of including extreme and
episodic data that often drive ecological patterns. With a larger data
set including 1989 and 1990 polychaete density data, Ruhl et al.
(2008) found a positive significant correlation between Annelida
density, mostly dominated by polychaetes, and 9-month lagged NOI.
Herein, in the current study, we did not have family level data for
1989 and 1990, perhaps leading to the 9-month correlation between
polychaete density and NOI not being significant; (4) gaps in the
time-series may prevent identification of correlations with the
present method. While there is tantalising evidence to suggest
non-random processes as drivers of inter-annual variations of
polychaete communities, the factors behind these processes remain
evasive likely because of numerous interactions between all poten-
tial forcing variables.
4.3. Inter-annual variations in polychaete community in terms of

abyssal system functioning

Although POC flux did not directly correlate with density,
evenness, RADF, RADG at both Sta. M and PAP, several lines of
evidence suggest that POC flux played a role in polychaete
community temporal variations for the following reasons:
(1) higher density and major changes in RAD composition
occurred during higher POC flux as seen for megafauna (Ruhl
and Smith, 2004; Ruhl et al., 2008; Billett et al., 2010); (2) POC
flux seems to influence at least mean polychaete density at each
station. Station M had a higher mean annual POC flux and
polychaete density compared to PAP: 1.9 g C m�2 y�1 at Sta. M
in 1990–1996 and 1.3 g C m�2 y�1 at PAP in 1989–1999 (Baldwin
et al., 1998; Smith et al., 2001; Lampitt et al., 2001). At an inter-
annual scale, POC flux may drive less family structure and
composition variations than density variations, because there
was no statistical difference in family accumulation rate at the
two localities despite the difference in organic matter input. One
critical difference that may occur is the connection to and size of
regional family and species pools. The mechanisms of family
turnover may be different in the two areas and may be linked to
factors other than POC flux (Shurin, 2007); (3) while POC flux may
be an important factor for abyssal systems, it may not be the best
surrogate of polychaete energy supply (Drazen et al., 2008). For
example, there may be a threshold in POC flux quality/quantity to
impact polychaete community structure that may be different for
surface and sub-surface deposit feeders (Iken et al., 2001);
(4) little is known about food web flows in deep-sea systems
(Witte et al., 2003; Brandt, 2008; Soetaert and Van Oevelen,
2009). Because stable isotope analysis remains difficult to per-
form on abyssal polychaetes (Witte, pers. comm.), the food
compounds polychaetes rely on, in particular for their reproduc-
tive biochemistry, are unknown in contrast to megafauna, such as
holothurians (e.g., Wigham et al., 2003; FitzGeorge-Balfour et al.,
2010). Stable isotopes and fatty acid studies conducted in deep-
sea systems have confirmed that polychaetes responded to a fresh
input of food (Levin et al., 1999; Witte et al., 2003; Sweetman and
Witte, 2008). However, these experiments often exclude a portion
of the food web such as megafauna (Witte et al., 2003) or give
ambiguous results with stable isotope signatures suggesting that
deposit feeders may switch mode in completely unexpected or
unseen/unobserved way (e.g., Opheliidae, Sweetman and Witte,
2008). Overall, the lack of knowledge in abyssal infaunal poly-
chaete natural history, particularly regarding reproduction, dis-
persal and recruitment restricts our understanding of the
mechanisms that shape polychaete communities in time.

Whatever processes underpin polychaete community inter-annual
variations, changes in density and functional group dominance has
consequences on abyssal system functioning. Infaunal polychaetes
influence not only sediment biogeochemistry (Cosson et al., 1997;
Olsgaard et al., 2003), but also interact with infaunal meiofauna,
protists and bacteria via competition, predation and facilitation
mechanisms (Smith, 1994; Levin and Edesa, 1997; Witte et al.,
2003; Van Nugteren et al., 2009). In this context, a shift from surface
deposit feeder to sub-surface deposit feeder dominance or vice-versa,
as seen at both localities between 1991 and 1999, may have
important consequences, in particular for carbon processes. For
example, Sweetman and Witte (2008) have suggested that the
dominance of Cirratulidae at PAP and Paraonidae at Sta. M could
explain the difference in carbon processing rates measured at the
stations. Surface deposit feeders such as Cirratulidae may have access
to fresher food increasing carbon degradation rates. In fact, this study
suggests that not only Cirratulidae, but also surface deposit feeders in
general were relatively more abundant at PAP than Sta. M. This
observation points to faster bioturbation rates at Sta. M than PAP,
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taking nutrients away from the surface down to the subsurface more
quickly. Sta. M may be more suitable for sub-surface rather than
surface deposit feeder polychaetes. Overall a clearer characterisation
of the relationship between POC flux, megafauna, macrofauna and
carbon process rates would help understanding of carbon cycle
processes, particularly over longer time scales (Ruhl, 2007).
5. Conclusion

Abyssal infaunal polychaetes showed inter-annual variation in
density, family number, family composition, and functional group
rank abundance distributions at Sta. M and PAP and in family richness
at PAP. In particular, in 1998, both stations had increases in
polychaete density with a shift in the dominance of the most
abundant family and functional group ranks. Changes occurred in
synchronicity with other taxa, in particular to some holothurian
species during periods of greater POC flux. These results suggest a
common driver for change. There is, at present, no reason to believe
that observed intra- and inter-annual changes in polychaetes would
not extend to longer period changes that are expected with climate
change related to global warming. However, factors behind these
processes remain elusive likely due to numerous biological and
environmental interactions. Future work to better constrain factors
driving changes and carbon processing by polychaetes at abyssal
seafloor will include: (1) the addition of new time points at each
station; (2) analysis of small-spatial scale heterogeneity at each
station; (3) analyses of body size distribution of the same samples
over time to investigate possible reproduction and/or recruitment
events and biomass variation; (4) species-level analysis of the same
samples as family level results are the combination of numerous
species responses, which can obscure patterns, and (5) the develop-
ment of experimental approaches in situ on the seafloor.
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