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ABSTRACT: We investigated the roles of facultative versus strict niche feeding in the mainte-
nance of trophic consistency in soft-bottom macrobenthic communities in the Strait of Georgia,
British Columbia, Canada. Changes in trophic structure across gradients in depth and percent fine
sediments were examined over a broad regional scale by identifying trophic compartment(s) re-
sponsible for the resulting trophic changes. The use of proportional organic biomass data allows
direct comparison of community trophic structure across diverse hydrographic regime(s), large
ranges in overall biomass and productivity, and highly variable community composition. Cluster
analyses revealed low overall dissimilarity in trophic structure across all substrate and depth
ranges (24 and 28 % divergence, respectively), suggesting an overall economy of trophic function.
Similarity percentage (SIMPER) analyses revealed that low trophic dissimilarity is driven primar-
ily by the remarkably even distribution of the 2 dominant facultative feeding groups in all habitat
types. These facultative groups contained the most ubiquitous and abundant taxa found through-
out the Strait, and likely confer strong resilience in these communities to habitat change. In con-
trast, the small but significant divergences in trophic structure over depth and percent fine sedi-
ment gradients was explained by the distributions of strict niche feeders: (1) macro-omnivores and
herbivores dependent on non-detrital food sources were important in shallow areas (<25 m) with
coarse sediments (<10% fine sediment), contributing to a unique trophic composition in these
areas; and (2) subsurface deposit feeders were the only trophic group to vary significantly in pro-
portional biomass explained by depth and percent fine sediment combined (22 %; positive linear
response to both factors).
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INTRODUCTION

Trophic dynamics within macrobenthic communi-
ties can drive carbon cycling and energy flow (Rhoads
& Young 1970, van Oevelen et al. 2006), contaminant
cycling (Rakocinski et al. 1997), biogeochemical pro-
cesses (Aller & Yingst 1985, Desrosiers et al. 2000) and
patterns of secondary production (Saiz-Salinas &
Ramos 1999) in marine soft-bottom ecosystems world-
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wide. In general, trophic composition is not thought to
vary greatly or predictably across large regional
scales (Gray 1981). This trophic consistency, if perva-
sive in soft-bottom communities, has ramifications for
the relative ability of soft-bottom communities to with-
stand short-term or long-term habitat fluctuations.
Understanding of trophic dynamics within these
communities is limited by knowledge of the feeding
behaviour of many macrobenthic taxa (Pearson
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2001). Most studies of macrobenthic trophic structure
tend to classify benthic fauna in terms of strictly
defined trophic groups only (e.g. Chardy & Clavier
1988, Gaston & Nasci 1988, Ricciardi & Bourget 1999,
Garcia-Arberas & Rallo 2002, Coyle et al. 2007,
Albano & Obenat 2009, Cacabelos et al. 2009, Dol-
beth et al. 2009). Most commonly these trophic
groups are: suspension feeders, deposit feeders (sur-
face and subsurface), carnivores, herbivores and
omnivores. However, many macrobenthic taxa ex-
hibit more than one feeding mode (e.g. Okamura
1990, Brown et al. 2000, Gaudencio & Cabral 2007,
Gray & Elliott 2009). This trophic flexibility has been
proposed as an important feature of benthic marine
communities (Cadée 1984). For instance, many spe-
cies of facultatively carnivorous polychaetes are also
known to deposit feed (e.g. Glyceridae, members of
Lumbrineridae; Fauchald & Jumars 1979). Other taxa
use combinations of suspension and deposit feeding
(e.g. spionid polychaetes [Taghon et al. 1980, Dauer
et al. 1981]; chaetopterid polychaetes [Busby & Plante
2007]; tellinid bivalves [Pohlo 1969, Levinton 1991,
Rossi et al. 2004]; nuculid bivalves [Rhoads 1974];
and thyasirid bivalves [Word 1990]). These faculta-
tively feeding animals are presumably able to vary
their diet with local food availability, thus adding
further resilience to the community in response to
habitat changes. Few trophic studies explicitly con-
sider this facultative feeding behaviour (but see
Gaudencio & Cabral 2007).

The quantitative assessment of facultative versus
strict feeding guilds is crucial to the understanding of
shifts in macrobenthic trophic structure over habitat
gradients, particularly across regions with consider-
able variability in faunal composition, total abundance
and total biomass. In addition, although background
benthic communities may change in composition and
dominance over time in any particular habitat type,
we hypothesize that trophic structure of these com-
munities changes over time only when food supply
changes. When one species declines, another species
fills the gap. Thus we predict trophic consistency with
stable food supply. However, when food supplies
change, how rapidly and efficiently can the communi-
ties adapt? The response may depend largely on facul-
tative feeding, or the ability of endemic species to
switch feeding modes as required. Facultative feeding
may therefore be a crucial factor in explaining why
some taxa are ubiquitous and abundant over broad
coastal regions, and by extrapolation, how variable
and stable the habitat types are in that region.

Understanding how trophic structure may change
in response to extreme habitat change due to factors

such as anthropogenic discharges first requires
understanding changes over natural habitat gradi-
ents. Past studies found that trophic structure in
marine habitats responds to depth gradients (e.g.
Dolbeth et al. 2009, Gaudencio & Cabral 2007, Berg-
mann et al. 2009) and substrate type (i.e. silt and/or
clay content) (e.g. Sanders 1958, Rhoads & Young
1970, Levinton 1972, Rhoads 1974, Pearson & Rosen-
berg 1987, Ricciardi & Bourget 1999, Garcia-Arberas
& Rallo 2002, Levinton & Kelaher 2004). However, it
remains unclear whether these responses are driven
by large-scale changes in the whole community or by
a few dominant feeding groups (e.g. facultative feed-
ers or niche-feeders) or specific taxa. Thus, it is
imperative to not only clarify the factors that shape
trophic function of macrobenthic communities, but
also evaluate the relative importance of facultative
versus niche feeding among communities across
wide variations in habitat. This knowledge will aid in
understanding how facultative feeding allows ben-
thic communities to adapt to rapid as well as gradual
habitat changes.

The regional database for the Strait of Georgia, Sal-
ish Sea, British Columbia, Canada, described in Burd
et al. (2008a, 2009), provides an opportunity to assess
trophic consistency and flexibility of benthic commu-
nities across a hydrographically complex coastal sea
(Hill et al. 2008). In the present study, we address the
following questions: (1) how much and in what spe-
cific trophic compartments does benthic faunal struc-
ture vary over a broad geographic and habitat range,
and (2) what is the relative importance of facultative
versus specific niche feeding in the functioning and
stability of marine benthic communities in the Strait?

MATERIALS AND METHODS
Description of database

The Strait of Georgia database consists of benthic
macrofaunal and related habitat data from areas
not directly under the influence of localized anthro-
pogenic inputs (termed here as ‘background’ loca-
tions; Burd et al. 2008a) (n = 1167 samples; see Fig. 1
for general sampling locations). This database is
updated and maintained at the Institute of Ocean
Sciences, Sidney, British Columbia (Fisheries and
Oceans Canada).

The background biological and associated sedi-
ment data were collected from grab samples taken
during monitoring programs, impact assessments, or
as part of the Strait of Georgia collaborative research
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Fig. 1. General locations (circles and ellipses) of macro-
benthic grab sampling surveys compiled in the Strait of
Georgia database (coastal British Columbia, Canada)

project (involving Metro Vancouver, Fisheries and
Oceans Canada, and Natural Resources Canada);
Johannessen et al. 2008). The database contains sam-
ples compiled from the past 25 yr, although the major-
ity of the samples (941 of 1167) were collected over
the past 10 yr.

All biological samples were collected using a 0.1 m?
grab (Van Veen or Smith-MaclIntyre), screened on
1 mm sieves, initially preserved in 4 to 10 % formalin
and transferred to 70 to 95 % ethanol for processing.
All taxa were identified to species, or to the lowest
possible taxonomic level. Although the same techni-
cians and taxonomists did not process all samples, all
surveys followed strict quality control. A detailed
coding system maintained taxonomic consistency
across studies (Macdonald et al. 2010). All grab sam-
ples have associated data on depth (1 to 678 m) and
percent fine sediments (silt and clay, particles
<65 pm in diameter; 0.1 to 99 %).

We collected species-specific wet mass biomass
estimates exclusively on preserved specimens. Any
biomass shrinkage related to this preservation

method (e.g. Gaston et al. 1996, Wetzel et al. 2005)
should be consistent, and we examine only relative
biomass proportions. Biomass estimates represent
species-specific mean masses for a range of sizes col-
lected concurrently with initial processing of the sam-
ples for the majority of the database. Separate bio-
mass estimates for both ‘adults’ and ‘subadults’ give
more accurate estimates of total biomass. Remaining
biomass estimates are based on mean species masses
from historical reference collections. We converted
wet mass biomass values into organic biomass using
taxon-specific conversions (Brey 2001, B. J. Burd un-
publ. data) to remove the different contributions of
hard parts of various taxa (e.g. shells in bivalves,
endoskeletons of echinoderms).

Trophic categorization

Macdonald et al. (2010) compiled available infor-
mation on the feeding and behaviour of all macroben-
thic taxa in the database, based on an extensive liter-
ature survey. When literature data were unavailable,
information on feeding modes and behaviour was col-
lected via consultation with taxonomic experts (Bio-
logica Environmental Services Ltd, Victoria, BC) and
microscopic examination of feeding structures and
observations of behaviour in the laboratory. When
these avenues were exhausted, taxa were catego-
rized according to the feeding mode(s) of closely re-
lated taxa. The following categorization (see Table 1)
streamlines the detailed information available in
Macdonald et al. (2010) and delineates taxa with
clearly defined, strict niche-feeding regimes and taxa
that are facultative (i.e. known to exhibit more than
one mode of feeding). The categorization is similar to
that of Gaudencio & Cabral (2007).

Table 1 summarizes trophic categories. Animals
with ‘strict’ feeding regimes, or those that appear to
feed exclusively in one niche are: (1) suspensivores,
feeding exclusively from the water column; (2) sur-
face deposit feeders, collecting and ingesting parti-
cles from the sediment surface; (3) subsurface
deposit feeders, which feed head-down in the sedi-
ments, ingesting particles from below the sediment
surface (often with respiratory appendages on their
posterior end); (4) herbivores, feeding exclusively on
microalgae and macroalgae; (5) planktivorous carni-
vores, feeding on zooplankton; (6) benthic carni-
vores, feeding on meiofauna or macrofauna; and
(7) macro-omnivores, which feed on large particulate
matter in a raptorial fashion and are not known to
have a detrital component to their diet. Rare feeding



132 Mar Ecol Prog Ser 445: 129-140, 2012

Table 1. Trophic classification of macrobenthic taxa in the Strait of Georgia, with examples. Dominant trophic groups are in bold

Surface deposit feeders (SRD) 286 1096

Subsurface deposit feeders (SSD) 137 1062

Herbivores (HE) 41 148
Planktivorous carnivores (PC) 86 701
Benthic carnivores (BC) 333 1047
Macro-omnivores (OM) 42 358
Facultative detritivores (FD) 300 1093
Facultative carnivores (FC) 252 1094

Feeding group ——No. of Proportion of organic Examples of dominant taxa
(abbreviation) Taxa Samples biomass, mean + SE (SD)
Suspensivores (SU) 242 783 0.036 + 0.003 (0.008) Ascidiacea, Porifera, Brachipoda, Bryozoa,

0.103 = 0.001 (0.141)

0.281 £ 0.003 (0.214)

0.005 + 0.001 (0.015)

0.008 + 0.002 (0.046)

0.042 + 0.003 (0.084)

0.025 + 0.005 (0.088)

0.385 = 0.006 (0.204)

0.171 + 0.003 (0.132)

Protothaca staminea, Solen sicarius
(Bivalvia), Megalomma splendida, Myxi-
cola infundibulum (Annelida)

Chirodota albatrossi (Holothuroidea),
Pinnixa occidentalis (Brachyura), Pista wui,
Ampharete acutifrons (Annelida), Lirobit-
tium minutum (Gastropoda)

Molpadia intermedia (Holothuroidea),
Brisaster latifrons (Echinoidea), Travisia
pupa, Maldanidae, Sternaspidae,
Capitellidae (Annelida)

Idoteidae (Isopoda), Strongylocentrotus
spp. (Echinoidea), Littorinidae (Gastro-
poda), Amphthoidae (Amphipoda)

Pachycerianthus fimibriatus, Pennatulidae
(Anthozoa), Bougainvilliidae (Hydroida),
Eusiridae (Amphipoda)

Nemertea, Phyllodoce groenlandica,
Pholoidae, Aphroditidae (Annelida),
Naticidae, Nassariidae (Gastropoda)

Cancridae (Brachyura), Paguridae
(Anomura), Onuphidae (Annelida)

Thyasiridae, Tellindae, Nuculidae,
Yoldiidae (Bivalvia), Ophiuroidea (most),
Spionidae, Chaetopteridae, Oweniidae
(Annelida)

Glyceridae, Goniadidae (Annelida),
Lumbrineridae (Annelida), Cylichnidae
(Gastropoda), Astyris gausapata (Gastro-
poda), Scaphopoda

groups include parasites, lignivores and taxa that
rely on chemosynthetic symbionts. Parasites are in-
cluded with carnivores (either benthic or planktivo-
rous, depending on their host). The remaining feed-
ing groups, which are rare or limited to very specific
habitat conditions unlikely to occur in background
subtidal sediments (lignivores and chemosymbiotic
taxa), contribute little to overall biomass and occur in
only a subset of samples and are thus not included
here. Animals known to occur in facultative associa-
tion with chemosynthetic bacteria (e.g. thyasirid
bivalves; Dufour & Felbeck 2006) are included in
their principal feeding category.

We consider the remaining 2 trophic groups
(Table 1) to be facultative, because they appear to uti-
lize different feeding modes or resources under dif-
ferent conditions. These groups are: (1) facultative
detritivores, which may feed as suspensivores, sur-
face deposit feeders or subsurface deposit feeders;
and (2) facultative carnivores, which feed as preda-

tors or scavengers on macrofauna or meiofauna, but
also deposit feed.

Multivariate analyses

Over the entire Strait of Georgia, because body
sizes of organisms in each trophic group vary greatly,
mean size of organisms generally increases with
depth and total abundance, and biomass of macro-
benthos declines with depth (Burd et al. 2008a), it is
most appropriate to use proportional organic biomass
data for assessments of trophic structure. This strat-
egy standardizes trophic structure comparisons over
many different faunal communities and habitat types.

For the purposes of simplicity in analysis and inter-
pretation, we condensed depth and substrate type
into categorical ranges. We categorized percentage
of fine sediments (fines) as: (1) 0-10% (N = 58),
(2) 11-20% (N = 31), (3) 21-30% (N = 1020),
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(4) 31-50% (N = 250), (5) 51-85% (N = 294) and
(6) 86—100% (N =433); and depth as (1) 1-10 m (N =
75), (2) 11-25 m (N = 66), (3) 26-50 m (N = 134),
(4) 51-99 m (N = 650), (5) 100-200 m (N = 63) and
(6) >201 m (N = 180). We used multivariate analyses
to evaluate the following null hypotheses:

H,,: Macrobenthic trophic structure is similar
among depth categories;

H,y,: Macrobenthic trophic structure is similar
across sediment categories.

We compared trophic structure by comparing pair-
wise Bray-Curtis (Bray & Curtis 1957) dissimilarities
of the proportional trophic composition of all depth or
sediment categories. For ease of interpretation, we
ran analyses separately for depth and sediment com-
position to test for significant variations in trophic
structure. We grouped clusters from the matrix of
pair-wise similarities using an agglomerative, hierar-
chical sorting procedure (unweighted pair group
mean average sort) (Sneath & Sokal 1973). Using the
replicate sample data for each category, a statistical
bootstrap method called SIGTREE (Nemec & Brink-
hurst 1988) generated multiple simulations to test the
generalized null hypotheses (Hy; and Hy,) at each
cluster linkage that 2 categories (depth or fines) were
homogeneous (not significantly different). The me-
thod is non-parametric, and makes no assumptions
about the underlying distribution of the multivariate
data. The method examines the relative variability
within and between station groups independently for
each linkage, to determine whether a cluster group-
ing is statistically valid at a pre-determined probabil-
ity level (alpha) of p < 0.01 (for 6 sample categories in
each analysis, overall potential type I error or alpha =
0.06 for each analysis).

In order to clarify which trophic groups drive these
similarity patterns, we used similarity percentage
(SIMPER) analysis in PRIMER (Clarke & Warwick
2001). SIMPER analyses (Clarke & Gorley 2006)
assess which trophic groups dominate in each depth
or sediment category through pairwise comparisons
of the percentage contributions of each trophic group
to the overall Bray-Curtis similarity in those habitat
categories. A 2-way SIMPER analysis assessed depth
and sediment category simultaneously, although this
procedure does not account for the interaction
between them.

We expect that depth and sediment category are
likely not independent habitat factors. Therefore, we
assessed the contribution of individual trophic
groups to observed patterns in trophic structure
using multiple linear regressions (Wessa 2011). For
each trophic group, we analyzed the variability in

Sediment % fines

proportional biomass using a 2-factor (depth and per-
cent fine sediment) multiple regression to determine
the variance of a given trophic group explained by
both depth and percent fine sediment. Given that
regressions are based on continuous data, we used
the original depths and percent fines values from
the database. This strategy has the added benefit of
examining whether the arbitrary categorization of
depths and percent fines in the SIGTREE and SIM-
PER analyses affected resulting cluster patterns.

RESULTS

Most of the Strait of Georgia samples were col-
lected from depths <250 m (Fig. 2), which reflects the
general depth range for most of the main basin
except the deeper surrounding fjords. Depth ranges
used for each category were not equal, partly to
allow reasonable samples sizes for each depth cate-
gory, and partly because habitat types and drivers
were relatively homogeneous below 200 m in the
Strait (Burd et al. 2008a, b). Substrate percent fines
ranged from O to 100% at depths <100 m, and the
coarsest sediments rarely occurred below this depth.

Four trophic groups dominated proportional bio-
mass (Table 1): facultative detritivores, facultative
carnivores, surface deposit feeders and subsurface
deposit feeders. These groups alone contributed
>10% of mean organic biomass across all samples.
The remaining trophic groups each encompassed
an average of <5% of mean organic biomass across
all samples.

100

160 260 360 460 560 660 760
Depth (m)
Fig. 2. Distribution of grab samples in the Strait of Georgia

background database across depth and percent fines (silt
and clay) gradients
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Because Bray-Curtis similarities are J T
sensitive to high dominance (see

Table 1), all analyses were repeated
using different data transformations *
(e.g. log, fourth-root and arcsin) to
decrease the influence of the domi-

1 (0-10%)

6 (86-100%)

5 (51-85%)

nant trophic groups, or to stabilize
variability related to the use of propor-
tional biomass data. However, none of
the data transformations noticeably
affected results. Therefore, the follow- L .

4 (31-50%)

3 (21-30%)

2 (11-20%)

0.30 0.25

1 1 1 1
0.20 0.15 0.10 0.05 0.00

ing results are all based on propor- :
tional biomass of trophic groups, with- b
out transformations.

Overall trophic similarity was high
across all depth and sediment cate-
gories. The maximum Bray-Curtis dis- *
similarity for trophic structure based

6 >200m

5 (100-200m)

4 (51-99m)

3 (26-50m)

on proportional biomass was <0.3 for
all depth and percent fine sediment

2 (11-25m)

categories (0.24 for depth and 0.28
for percent fine sediment; Fig. 3a,b, —

1 (0-10m)

T I 1 PR

respectively). However, trophic struc- 025
ture varied significantly over sedi-
ment and depth gradients.

The cluster groupings for percent
fines categories (Fig. 3a) show a clear
gradient in trophic structure. Signifi-
cantly distinct groupings at p < 0.01
include: (1) 0-10% fines, (2) 11-20
and 21-30% fines, (3) 31-50% fines, (4) 51-85%
fines and (5) 86—-100 % fines.

The most dissimilar trophic structure occurred in
coarse sediments (<10 % fines; Fig. 3a). Samples from
categories of >50% fines were similar in trophic
structure, despite considerable variation in depth
(0-678 m; Fig. 2). Samples with 11-50% fines were
also similar in trophic structure, but limited to a
narrower and shallower depth range.

The cluster groupings for depth categories (Fig. 3b)
show a clear gradient in trophic structure with depth,
with significantly different depth categories. The
most dissimilar trophic structure occurred at depths
<25 m (Fig. 3b), in spite of a wide range in fine
sediments (Fig. 2). Samples >200 m (Category 6)
formed the next most dissimilar grouping, and had
more consistently fine sediments than the shallower
groupings.

The 2-way SIMPER analysis (Table 2) shows that
the 4 dominant trophic groups (facultative detriti-
vores, facultative carnivores, surface deposit feeders
and subsurface deposit feeders) tended to drive tro-
phic similarity within habitat categories. However,

0.20 0.15

010 005 00
Distance (1 - similarity)

Fig. 3. Results from SIGTREE analyses showing trophic structure based on
proportional organic biomass (kJ) across (a) percent fine sediment and (b)
depth categories (indicated by numerals; see Table 2). Asterisks indicate re-
jection of the null hypothesis (at oo = 0.01) that the 2 groups being linked are

homogeneous

other groups were important in some depth or fine
sediment categories. For instance, macro-omnivores
were important contributors to the trophic structure
in sediments with 11-20% fines from 11 to 25 m
depth. Suspensivores were most important at depths
<10 m and in sediments with <50% fines. Benthic
carnivores contributed weakly, but consistently, to
trophic structure throughout all depth and sediment
ranges.

Multiple regression analyses show that variability
in proportional organic biomass of most trophic
groups was not driven by depth or substrate type
(Table 3), with 2 exceptions: significant variability in
herbivore proportional biomass was related to depth;
in addition, biomass variability in subsurface deposit
feeders was related to both depth and percent fines.
The individual responses of dominant trophic groups
to depth and sediment are described below.

Facultative detritivores (Fig. 4a) were fairly evenly
distributed across sediment and depth categories,
with a slight decrease in mean proportional biomass
below depths of 100 m. This trophic group contri-
buted significantly to overall trophic consistency
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Table 2. Two-way SIMPER analysis for categories of depth and percent fine sediment (fines). Percentages are the contribution
of trophic groups to Bray-Curtis similarity. See Table 1 for trophic group abbreviations. Additional minor contributing trophic
groups are not shown. N-values are the number of samples assigned to the indicated habitat categories

Depth Percent fines
Depth Depth Overall Trophic Contribution to Sediment Percent Overall Trophic Contribution to
category range (m) similarity group within-group category  fines  similarity group within-group
(N) (%) % similarity (N) (%) % similarity
(cumulative) (cumulative)
1 0-10 (75) 59.1 FD 58 1 0-10 (58) 55.5 FD 62.3
SSD 18.5 (76.5) FC 17.0 (79.3)
FC 13.5 (90.0) SSD 7 5 (86.8)
SRD 8(94.8) BC 2 (92.0)
BC 3.4 (98.2) SRD 4 7 (96.7)
SU 1.6 (99.8) SU 0(99.7)
2 11-25 (66)  57.7 FD 53.3 2 11-20 (31) 54.6 FD 49
FC 13.2 (66.5) oM 16.0 (65.1)
OM 12.0 (78.5) FC 14.6 (79.7)
SRD 10.6 (89.1) SSD 3 (89.0)
SSD 7.0 (96.1) SRD 5.5 (94.5)
BC 3.1 (99.2) BC 4.2 (98.7)
SU 1.3 (100.0)
3 26-50 (134) 76.1 FD 46.9 3 21-30 (102) 63.9 FD 46.2
SSD 27.2 (74.1) FC 15.9 (62.0)
FC 19.1 (93.1) SRD 14.4 (76.4)
SRD 4.8 (97.9) SSD 14.3 (90.7)
BC 1.5 (99.4) SU 5.6 (96.3)
BC 3.1 (99.4)
4 51-100 (650) 73.5 FD 43.5 4 31-50 (250) 71.7 FD 52.3
SSD 31.1 (74.6) FC 19.4 (71.7)
FC 16.5 (90.9) SSD 17.0 (88.7)
SRD 5.5 (96.6) SRD 4.5 (93.3)
BC 2.0 (98.6) SU 2.9 (96.2)
SU 1.1 (99.7) BC 2 7 (98.9)
PC 7 (99.6)
5 101-200 (63) 60.8 SSD 38.5 5 51-85(294) 71.8 SSD 39.9
FD 29.2 (67.7) FD 38.7 (78.6)
FC 20.7 (88.4) FC 14.1 (92.7)
SRD 6.9 (95.3) SRD 4.4 (97.1)
BC 2.7 (98.0) BC 2.5 (99.6)
SU 1.3 (99.3)
6 >201 (180) 457 SSD 36.8 6 86-100 (433) 67.3 FD 38.6
FD 25.7 (62.5) SSD 35.3 (73.9)
SRD 19.1 (81.6) FC 16.0 (89.9)
FC 16.0 (97.6) SRD 8.4 (98.3)
BC 2.3 (99.9) BC 1.5 (99.8)

across depth and sediment gradients (Table 2), al-
though their importance diminished in deep samples
with fine sediments, where subsurface deposit feed-
ers begin to dominate (Table 2).

Facultative carnivores contributed between 13 and
19% to trophic similarity across all depth and sedi-
ment categories (Table 2) and varied little among cat-
egories (Fig. 4B), suggesting that their distributions
were not influenced by these habitat variables, as
echoed in regression analyses (Table 3).

Only subsurface deposit feeders responded signifi-
cantly to both depth (R? = 0.12; Table 3) and substrate
type (R? = 0.15). Analysis of these variables together
in a multiple regression improved the fit of this model
(R? = 0.22; Table 2). The proportional biomass of this
feeding group increased at >50% fines and >100 m
depth (Fig. 4C).

Surface deposit feeders did not respond in a linear
fashion to depth or substrate type (Table 3), but did
contribute significantly to trophic similarity in some
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Table 3. Response of trophic group proportional biomass to depth and percent

fine sediment (fines). Multiple and single regressions were linear. Trophic

groups in bold show evidence of a response in their proportional biomass to
depth, percent fine sediment, or both

Trophic group Multiple Single regression
regression Depth  Percent fines
R2 p R? p R2 p
Facultative detritivores 003 O 002 O 003 O
Facultative carnivores 0.00 04 0.00 0.89 0.00 0.30
Subsurface deposit feeders 022 0 012 0 015 0
Surface deposit feeders 006 O 006 O 002 O
Suspensivores 007 O 005 O 005 O
Macro-omnivores 0.08 0 0.08 0 0.02 0.04
Benthic carnivores 0.02 0.01 0.00 0.49 0.02 0
Planktivorous carnivores 0.03 0 0.02 0.01 0.00 0.85
Herbivores 021 0 020 0 0.09 o0
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Fig. 4. Proportional organic biomass (kJ) of the 4 dominant trophic groups in

the Strait of Georgia, British Columbia, across depth categories (left column)

and percent fine sediment (fines) categories (right column): (a) facultative

detritivores, (b) facultative carnivores, (c) subsurface deposit feeders and (d)

surface deposit feeders. Means + SD. See Table 2 for sample sizes, percent
fine sediment and depth categories

samples (Table 2), though their pro-
portional contribution to total biomass
was highest in samples with coarse
sands (11-30% fines) from deep loca-
tions (>200 m; Fig. 4d).

Macro-omnivores appeared to have
relatively narrow habitat require-
ments, accounting for 16 % of overall
similarity in fines Category 2 (11-20 %
fine sediments) and 12% of trophic
similarity in depth Category 2 (11-
25 m) (Table 2). This result was ex-
pected given that this group feeds pri-
marily on large detrital debris that
likely derives from macroalgae or sea-
grass within this depth range or from
up-shore areas. Because of this nar-
row habitat requirement, they do not
show a linear response to either depth
or percent fines.

Benthic carnivores were evenly dis-
tributed across all habitats, contri-
buting 1.5-5% of trophic similarity
across all depth and sediment cate-
gories (Table 2). This pattern sug-
gests that although this trophic group
contributed little to total biomass, it
is an important and ubiquitous group
in all Strait of Georgia subtidal sedi-
ments.

Suspensivores contributed between
1 and 6 % of trophic similarity in sedi-
ments with substantial sand content
(<50% fines) in some depths up to
200 m (Table 2). However, the lack of
a significant response to either depth
or percent fine sediment (Table 3)
indicates that the proportional bio-
mass of this group was unaffected by
gradations in substrate type or depth
within this habitat range.

Herbivores, which are typically found
within the photic zone, are expected
to respond to depth (Table 3), but
were such a minor component of
the food web that they did not affect
trophic structure (Table 2).

Planktivorous carnivores did not
contribute notably to overall bio-
mass, influence trophic structure
across depth and percent fine sedi-
ment categories, or vary significantly
with either habitat factor.
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DISCUSSION

The potential for large-scale changes in benthic
marine communities associated with climate change
coupled with anthropogenic stressors creates an
imperative to characterize existing background con-
ditions and drivers. In the present study, we exam-
ined the relative importance of facultative feeding
and the role this plays in maintaining trophic consis-
tency across a broad geographic region. This study
will provide a baseline for future assessments of ben-
thic structural integrity under changing local and
global habitat conditions.

Trophic structure in the Strait of Georgia sediments
varies little over a wide range of depths (0-678 m)
and substrate types (0.1-100% fines). Current re-
gimes (Hill et al. 2008) and organic flux and quality
conditions (Burd et al. 2008a) also vary considerably.
Because we based our analyses on proportional
organic biomass, trophic function also tends to be
stable throughout a remarkable spectrum of total
organic biomass, total production (B. J. Burd et al.
unpubl. data) and taxonomic diversity (Burd et al.
2008a,b, 2009, Macdonald et al. 2010) in macro-
benthic communities.

Gaston & Nasci (1988) also found trophic structure
to be resilient to natural shifts in abundance and bio-
mass of dominant species and taxa. In the Strait of
Georgia, such changes can be profound. For exam-
ple, some of the most ubiquitous and dominant taxa
in the Strait are small, facultative, detritivorous bi-
valves such as Axinopsida serricata, Macoma carlot-
tensis and Acila castrensis. These and all other
bivalves decline precipitously below 120 m and
largely disappear below 200 m (Burd et al. 2008a;
possible reasons for this decline are discussed
therein). Despite the loss of this major taxonomic
group in deep locations, trophic structure remains
consistent, suggesting that other taxa fill the feeding
niches vacated by these dominant bivalves.

An important question arises: how do benthic com-
munities maintain consistent trophic structure and
function in the face of continually shifting habitat
conditions and sometimes dramatic population
shifts? Clearly, facultative feeding is a crucial compo-
nent of trophic stability of marine benthos. The most
ubiquitous and typically dominant taxa in the Strait
are facultative feeders, and the proportional biomass
of the 2 major facultative feeding groups (detritivores
and carnivores) varies little over the range of depths
and substrate types examined in the present study. It
is the ubiquity of these facultatively feeding taxa that
drives trophic consistency throughout the Strait.

The dominance of taxa exhibiting facultative feed-
ing noted in the Strait of Georgia benthos makes it
difficult to discern the subtleties of trophic function in
different habitats, given that we do not know which
feeding mode a given facultative taxon may use
under a specific set of habitat conditions. Nor do we
know whether these facultative taxa exhibit broad-
scale biases towards a particular feeding mode over
broad geographic areas, or switch their feeding
mode continuously based on a response to small-
scale local conditions (e.g. current, rate of food input;
Dauer et al. 1981, Taghon et al. 1980). Understanding
these subtleties is beyond the scope of the present
study, but does point out the importance of studying
feeding behaviour in these ubiquitous taxa.

Mallela & Harrod (2008) suggested that stable iso-
tope studies may reveal geographic variation in the
food source(s) of facultative taxa. Studies of within-
species isotopic variation in widespread and ubiqui-
tous taxa in the Strait of Georgia may clarify the spa-
tio-temporal scales of trophic function over different
habitat types. We suggest that such studies are cru-
cial for understanding organic carbon cycling in
marine sediments, which store large amounts of the
earth's carbon.

Although the dominant facultative feeders are re-
sponsible for the overall trophic consistency in the
Strait of Georgia, many strict niche-feeding organ-
isms respond to gradients in both depth and sub-
strate type (Fig. 3), resulting in subtle trophic varia-
tion. In particular, trophic structure is significantly
distinct in the coarse, shallow sediments (<10 % fines
and <25 m) (see also Kennish et al. 2004). In these
samples, macro-omnivores, herbivores and benthic
carnivores make up a greater proportion of biomass
than in deeper, coarser sediments. Therefore, despite
the fact that facultative feeders dominate in shallow,
coarse sediments, trophic composition varies more
than in the other subtidal habitats. Chardy & Clavier
(1988), Garcia-Arberas & Rallo (2002) and Dolbeth et
al. (2009) agree that the proportion of feeding types is
more balanced in coarse sands. This phenomenon is
often attributed to the higher diversity of microhabi-
tats in coarse sediments (Carrasco & Carbajal 1998,
Muniz & Pires 1999). In addition, herbivores and
macro-omnivores both likely rely on the greater
availability of algal food sources in the photic zone.

Suspensivores are also typically considered to be
important in shallow, coarse sediments. However, we
found few strict suspensivores (e.g. Porifera, Ascidi-
acea) in subtidal sediments, although they tend to be
important on hard substrates (e.g. Ricciardi & Bour-
get 1999, Gili & Coma 1998). Most of the remaining
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subtidal taxa that suspension feed in the Strait of
Georgia tend to deposit feed as well, thus allowing a
greater depth and substrate distribution than strict
suspensivores.

The third most dominant trophic group, the subsur-
face deposit feeders, are the only major trophic group
(with >10% total organic biomass) whose propor-
tional biomass shows a clear, positive linear response
to both depth and percent fines (Fig. 3, Table 3).
However, these habitat variables explained only a
modest amount of variability in proportional biomass
of this trophic group (22 %). Although we cannot eas-
ily separate the effects of depth and substrate type
(see Snelgrove & Butman 1994), it is clear subsurface
deposit feeders responded consistently and signifi-
cantly to physical characteristics of the habitat.

Thereareafew possiblereasonsforthe dominance of
subsurface deposit feeders in deep samples with fine
sediments. For instance, the large burrowing echino-
derms Molpadia intermedia and Brisaster latifrons are
slow-growing and long-lived, withlow metabolicrates.
Thus they may be resilient to temporal patchiness of
food in deep locations. Additionally, large subsurface
depositfeedersmayberestricted tofine sediments char-
acteristic of deep locations. These sediments are likely
more cohesivethanshallow, coarsersediments because
of their high percentage fine grain (particularly clay)
content (Sakamaki & Nishimura 2007). The cohesion
of fine sediments may be necessary for these animals
to maintain the integrity of their burrows during
feedingandirrigation. Capitellid worms and burrowing
holothurians may also tolerate low sediment oxygen
conditions common in deep areas because their respi-
ratory appendages often protrude above the sedi-
ments in which they are feeding. In fact, previous work
correlated the abundance of surface and subsurface
deposit feeders negatively with bottom water oxygen
content (Garcia-Arberas & Rallo 2002).

The tolerance of sub-surface deposit feeders to
more extreme habitat conditions helps to explain
why capitellids in particular often proliferate under
conditions of elevated carbon loading, where sedi-
ment oxygen conditions may be low and other spe-
cies are less able to compete (e.g. Pearson & Rosen-
berg 1978, Weston 1990, Gaston et al. 1998, Mucha &
Costa 1999). However, not all subsurface deposit
feeders perform similar functions in the environment.
The large size range in this group of animals sug-
gests high variation in their potential for bioirrigation
and bioturbation of sediments. Therefore, although
trophic structure tends to remain consistent over
many habitat types, the size structure of communi-
ties, sediment mixing, and geochemistry may not.

This study encompasses habitats that vary widely
in depth and sediment type, but also organic flux,
quality of the organic material and current regime
(Burd et al. 2008a, b, Hill et al. 2008). Although our
analysis ignores seasonality and temporal variability,
the consistency of trophic structure is striking consid-
ering the extent of habitat types represented (e.g.
coarse, shallow sediments to deep, fine muds). More-
over, we expect that the spatial variation in commu-
nity composition over the broad range of habitat
types in this region greatly outweighs temporal varia-
tion for a given location in which habitat remains con-
stant. The variation in trophic structure that does
exist is explained almost entirely by the distribution
of particular trophic groups that occupy specific feed-
ing niches and are, therefore, more responsive to
changes in habitat than facultative feeders.

CONCLUSIONS

The database upon which this study is based is the
first of its kind on the west coast of Canada. We used
this database to assess quantitatively the contribu-
tion of strict niche feeders versus facultative feeders
to overall trophic structure across a broad range of
water depths and sediment types in the Strait of
Georgia. In this coastal inland sea, facultative feeders
dominate biomass in all sediment habitats, and make
up a remarkably consistent proportion of the total or-
ganic biomass in communities, regardless of habitat
type. The most abundant and ubiquitous taxa in the
Strait belong to these facultative feeding groups. The
ability of these dominant facultative feeders to switch
feeding modes explains the resilience and stability of
trophic function in macrobenthic sediment communi-
ties over a wide range of habitat types and depths in
the Strait of Georgia, and likely has implications for
stability of trophic function in areas of anthropogenic
discharges and other stressors. Trophic structure
does not generally vary >30% among all habitats,
and what variation exists is explained by 2 factors:
(1) the distinct nature of shallow, sandy fauna, and
(2) significant gradient responses of subsurface
deposit feeders to depth and substrate type below
25 m depth.
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