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ABSTRACT: Tubes of the ampharetid polychaete Sabellides sibirica are a prominent yet spatially
variable habitat feature in shallow-water flatfish nurseries around Kodiak, Alaska, USA. Juvenile
flatfish associate with the edges of worm tube regions but seldom use the dense ‘turf-like’ worm
beds that sometimes form on the bottom in the late summer. The present study used a fine-scale
analysis (2 to 3 m) to examine how juvenile flatfish distribution changed with worm tube heterogeneity, i.e. density and patchiness. Using a video sled, 8 transect lines (~250 m each) were repeatedly surveyed from late summer to mid-winter in a worm tube region of Pillar Creek Cove, half of
which were experimentally disturbed using simulated trawl gear. Results indicated that juvenile
flatfish (mainly northern rock sole Lepidopsetta polyxystra) increasingly use patches of bare substrate as worm tube densities increase. However, the simulated trawl disturbance resulted in a
unique kind of patchiness, typified by long, thin exposed regions of bare substrate referred to as
‘combing’. Unlike natural patches, evidence of combing disappeared 2.5 mo after the initial disturbance, whereas natural patches persisted throughout the entire study. Flatfish abundance increased in trawl-disturbed worm tube beds for only a short period (2 d), possibly due to episodic
foraging opportunities rather than physical changes in habitat. These results indicate that worm
tube habitat is provisionally resilient to disturbance, and its heterogeneity (density, patchiness, and
patch type) is an important component of habitat quality for juvenile flatfish in Alaska.
KEY WORDS: Coastal habitats · Benthic recovery · Patchiness · Habitat heterogeneity · Northern
rock sole
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Complex seafloor habitats such as sedimentary
bedforms and emergent epifauna have been linked
to the distribution, growth, and survival of many
demersal fish species. For juvenile fishes, complex
habitats serve an important nursery function by providing refuge from predators (e.g. Gregory & Anderson 1997, Scharf et al. 2006). However, for juvenile

flatfishes, nursery habitats have generally been identified on the basis of sediment type (Gibson 1994,
Stoner et al. 2007), likely because flatfish have the
ability to bury and use adaptive coloration as effective means of reducing predation (Ryer et al. 2008).
As such, flatfish are perceived to be resilient to benthic habitat disturbance resulting from fishing activity or storm events (Kaiser & Ramsay 1997). However,
recent evidence points to the strong role of emergent
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habitat features in shaping juvenile flatfish distributions of Pacific halibut Hippoglossus stenolepsis and
northern rock sole Lepidopsetta polyxystra (Stoner &
Titgen 2003, Ryer et al. 2004) as well as plaice Pleuronectes platessa (Pihl et al. 2005, Rabaut et al. 2007).
However, in subtidal regions, the importance of
emergent habitat on processes in fish nursery areas is
poorly understood, likely because the cost and logistic challenges necessitate the use of remotely operated vehicles (ROVs) and submersibles to assess such
habitat features (Malatesta & Auster 1999, Diaz et al.
2003, Stoner et al. 2007, Ryer et al. 2010). Therefore,
much of our understanding of habitat processes for
flatfish is based on coarser scales (e.g. trawl surveys)
and abiotic factors such as temperature, salinity,
depth, and bottom hardness.
Alaska currently supports some of the largest commercial flatfish fisheries, and many of the target species are highly abundant in subtidal coastal areas
(10 to 30 m) during summer and fall (Norcross &
Mueter 1999, Stoner et al. 2007). In Kodiak, Alaska,
USA, several of these nursery areas have been the
focus of process-based studies of habitat function on
growth and survival in age-0 juvenile rock sole and
halibut (e.g. Hurst et al. 2010, Ryer et al. 2010).
Although there is no structure-forming vegetation in
nursery areas, Stoner et al. (2007) found that worm
tubes (later identified as Sabellides sibirica; C. H. Ryer
et al. unpubl.) were significantly correlated with age0 rock sole distributions within and across nursery
areas. Associations between worm tubes and juvenile fish have also been reported in the Atlantic (Diaz
et al. 2003, Rabaut et al. 2007, 2010). Annual summer
habitat surveys in the Kodiak region indicate that
Sabellides sibirica varies spatially and temporally,
from sparse to often extensive, dense ‘turf’ regions
that completely obscure the bottom sediment. Flatfish are disassociated from dense worm tube habitat,
possibly because it interferes with the burial/settling
capabilities of juvenile flatfish (Stoner et al. 2007,
C. H. Ryer et al. unpubl.). However, flatfish are
highly abundant along the edges of dense worm tube
regions, suggesting that worm tube heterogeneity
may be an important functional component of habitat
quality for these fish. It has been suggested that similar processes are important in the Eastern Atlantic,
where worm tubes Lanice conchilega form patchy
‘reefs’ in nursery areas for Pleuronectes platessa and
sole Solea solea (Rees et al. 2005, Rabaut et al. 2010).
In the present study, we examined worm tube
heterogeneity on flatfish distribution, hypothesizing
that seasonal disturbance, both natural and anthropogenic, would affect the way juvenile flatfish asso-

ciate with worm tube areas. As such, we measured
fish−habitat associations both at finer scales (2 to 3 m)
and later in the year (fall and winter) than other studies from the same region (e.g. Stoner et al. 2007, Ryer
et al. 2010, C. H. Ryer et al. unpubl.). We focused on
3 sub-components in our analysis. First, we examined
how flatfish abundance and worm tube heterogeneity (abundance, extent, and patchiness) changed naturally from August to January, a period of time with
increased storm activity and after the May−August
survey periods used in our earlier studies (Stoner et
al. 2007, Ryer et al. 2010, C. H. Ryer et al. unpubl.).
Second, we examined whether disturbing worm tube
beds early in the season (using a simulated trawl)
affected habitat heterogeneity and overall flatfish
abundance compared to undisturbed transects. Finally, we examined what effect, if any, fine-scale
worm tube heterogeneity had on the flatfish distributions. These results are discussed in the broader context of nursery function for flatfish in the Gulf of
Alaska.

MATERIALS AND METHODS
Study site
Field work was conducted in the coastal water
embayment of Pillar Creek Cove (57° 49’ N,
152° 25’ W), Kodiak Island, Alaska, USA (Fig. 1). This
cove is considered to be a summer nursery area for
age-0 rock sole and Pacific halibut, and has been the
focal area for habitat and growth studies for these
species (Hurst & Abookire 2006, Ryer et al. 2007,
2010, Stoner et al. 2007). The study region is approximately 30 ha, and has a gently sloping sandy bottom
with 0.6 km between 5 and 30 m mean low low water
(MLLW) depth contours. Summer salinities and water
temperature range from 30 to 32 and 6 to 11°C,
respectively.

Towed camera assessment
Video surveys of age-0 flatfish and worm tubes
were conducted using a towed camera sled (Spencer
et al. 2005). Briefly, the sled was towed by a 9 m vessel at an average speed of 60 cm s−1 along the bottom.
The camera sled was equipped with a lightweight
tickler chain that ran along the surface of the benthos, causing flatfish to flush from the bottom. Fish
were enumerated and worm tube habitats were classified via playback of video acquired from a camera
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each transect from August 30, 2008, to March 20,
2009 (see Table 1 for dates and survey effort). However, the video records after January were excluded
from the analysis due to poor visibility. Each survey
was completed in 2.5 to 3.0 h, and data (recorded
video, GPS; Table 2) were sent back to the Hatfield
Marine Science Center (Newport, OR) for video analysis and post-processing (see Spencer et al. 2005).

Experimental disturbance

Fig. 1. Pillar Creek Cove, Kodiak Island, Alaska, USA. Eight
250 m transects repeatedly sampled by camera sled, late
August 2008 to January 2009, are indicated (black line).
Actual boat tracks using September 2008 sampling data as
an example are also shown (gray line)

After the initial August 30 survey of the 8 transects with the camera sled, 4 of the 8 transects
(hereafter referred to as ‘disturbed lines’) were subjected to a series of simulated trawl footrope incorporating heavy chain (1.25 cm link thickness) and
trawl doors from September 5 to 7 (Fig. 1). The disturbed lines were initially exposed to two 250 m
passes with a trawl footrope incorporating 12 cm
rubber discs, and again 2 d later with 2 passes of a
heavy chain with the trawl doors. The disturbance
was designed to mimic the bottom contact characteristics of flatfish trawls typically utilized in the
nearshore flatfish fishery in Kodiak. Video observations of the impact revealed strong evidence of
footrope gear contacting and affecting habitat on
the disturbed lines. Four hours following the last
simulated trawl disturbance, all sites were surveyed
using a small 2 m beam trawl and the camera sled
(i.e. day 0 post-disturbance in Table 1). The beam
trawl was used primarily to identify flatfish species
present around the time of the disturbance, but
despite having relatively low mass, it was only used
once during the experiment to minimize potential
effects of repeated disturbance.

set at an angle of 35° below horizontal. Repeated sled
deployment along the same transect line indicated
that the tickler chain was not noticeably affecting the
benthos or dislodging worm tubes. With typical summer/fall water clarity around Kodiak, a viewer was
able to quantify habitat and fish ~3.2 m ahead of the
sled during video playback. Earlier work in the area
using an identical sled indicated that > 95% of the
age-0 flatfish were northern rock
sole, with the remaining species
Table 1. Timing and survey effort used to measure flatfish densities and worm
tube (Sabellides sibirica) characteristics. Time period refers to the days before
being Pacific halibut and English sole
or after the disturbance. YOY: young-of-the-year
(Stoner et al. 2007, Ryer et al. 2010).
Spatial data and dynamic tow speeds
Survey date
Time
Gear
No. of
Mean YOY Mean
were collected by concurrently re(yyyy/mm/dd) period
used
video
flatfish
worm
corded GPS positions aboard the
(d)
intervals
density
tube
vessel.
analyzed (fish m−2)
index
The camera sled was deployed
2008/08/30
−9
Camera sled
999
0.14
3.3
along 8 transects that ran across
2008/09/08
0
Camera
sled
and
778
0.13
3.0
depth strata perpendicular to the
beam
trawl
shoreline at Pillar Creek Cove
2008/09/10
2
Camera sled
770
0.10
3.0
(Fig. 1). Each transect was ~250 m
2008/09/14
6
Camera sled
734
0.10
2.8
long and spanned a depth range of
2008/10/16
38
Camera sled
713
0.09
2.9
10 to 30 m (MLLW) to cover the extent
2008/11/17
70
Camera sled
690
0.11
2.6
of the worm tube bed. Camera sled
2009/01/27
141
Camera sled
791
0.07
1.6
surveys were performed 9 times over
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Table 2. Data sources and variables used to characterize habitat and fish densities
Variable

Source of
information

Description

Range of
values

Depth (m)

Depth-sounder Water depth (m) recorded each 5 s and rounded to nearest
10−31
25 cm depth bin
Position
GPS
Latitude-longitude recorded each 5 s
Age-0 flatfish density
Video record
Number of age-0 flatfish recorded each 5 s interval
0−2.46
divided by the transect distance surveyed
visual (fish m–2)
Age-0 flatfish density
Beam trawl
Number of age-0 flatfish collected in trawl divided by
12−80
collected (fish 200 m–2)
total swept area
Worm tube
Video record
Worm tubes (height >2 cm) created by S. sibirica, scored 0−5 (1: patchy,
0−5
density
low-density presence; and 5: dense, total coverage of the bottom)
Worm tube
Video record
Areas of bare substrate in worm tube regions, scored 0−2
0−2
patchiness
(1: patches 0.01−0.04 m2; and 2: patches 0.05−0.15 m2)
Worm tube
Video record
Worm tube regions marked by parallel, bare channels resulting
0−1
combing
from towed gear, scored 0−1 (1: >50% of the visual area affected)

Video processing and analysis
Both polychaete worm tube characteristics and density of age-0 flatfish
were scored by the same observer during video playback (Table 2). Data were
scored at 5 s intervals, typically representing 2.0 to 2.5 m distance along the
bottom. Polychaete abundance was
scored on a 6-point scale (0 to 5, with 0
representing worm absence, and 5 representing a contiguous ‘worm turf’;
Stoner et al. 2007, our Fig. 2). Two additional variables, patchiness and combing, were recorded to describe the
degree and nature of how worm tubes
covered the bottom (Fig. 2). Patchiness
(scale of 0 to 2) described the degree to
which worm tubes were interspersed
with areas of exposed benthos, the
result of either natural or anthropogenic
disturbance. A patchiness score of 1 indicated patches of 0.01 to 0.04 m2, and 2
indicated patches of 0.05 to 0.15 m2. A
priori, we expected worm tube patchiness to be more common at lowest
worm tube densities, since they are
patchy by definition from prior studies
(Stoner et al. 2007, C. H. Ryer et al. unpubl). However, patchiness and worm
tube density were independent at the
finer scale of our analysis, i.e. 2.0 to
2.5 m2 transect intervals. The worm
tube characteristic combing (scale of 0
to 1) described the presence of grooves
of exposed substrate amidst worm tubes

Fig. 2. Sabellides sibirica. Still frames from camera sled video of worm tubes
depicting various indices of habitat heterogeneity in the field of view: worm
tube abundance (WT; scored 0 to 5), patchiness (P; scored 0 to 2), and combing (C; scored 0 to 1). (a) WT = 0, P = 0, C = 0; (b) WT = 2, P = 1, C = 0; (c) WT =
5, P = 0, C = 0; (d) WT = 5, P = 1, C = 0; (e) WT = 3, P = 0, C = 2; and (f) WT =
4, P = 2, C = 0. Note that pictures are examples only. For analytical purposes,
habitat characteristics and fish abundance are scored directly from video over
a 5 s interval from the tickler chain to ~3.2 m ahead of the sled during playback. 44°F ≈ 6.7°C
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(shown in Fig. 2), and was considered a unique type
of worm tube disturbance resulting from towed gear.
Worm tube regions were only considered combed
(i.e. scored 1) when > 50% of the visual area was
affected. Combing was scored for all transect lines
(control and treatment) since all regions in Pillar
Creek Cove were potentially exposed to some prior
anthropogenic disturbance. Fish counts were changed to densities by dividing the number of fish
counted over the area surveyed in each time period.
Intervals were excluded when the tickler chain was
not in close contact with the bottom or the view was
obscured by low visibility (< 30 cm) and/or algae.
These protocols resulted in a total of 4798 transect
segments (intervals) available for analysis following
video processing. Segments were binned into 1 m
depth intervals and averaged prior to analysis.

Statistical analysis
We assumed that all counts of fish from each segment were independent for the purposes of the analysis. An examination of frequency histograms on fish
density and worm tube indices indicated that data
conformed to a Poisson distribution, necessitating the
use of a generalized linear model with a logit data
link (GLZM; SPSS 10.0). For GLZM analysis, worm
tube data were multiplied by 2, incremented by 1 to
remove zeros, then rounded to generate integer values. This resulted in an approximate doubling of the
integer value range. Our analysis was broken up into
a series of components based on the GLZM (Components 1 to 3) to examine natural seasonality, disturbance, and worm tube–flatfish links separately. The
first series of analyses (Component 1) was restricted
to just the control sites to characterize the natural
changes in worm tube characteristics and fish density from August to January. Separate models were
run on worm abundance and patchiness using depth,
sampling period, and transect line as independent
variables. Combing was considered too rare in the
control sites to be considered relevant for similar
analyses in this model construct. A second series of
analyses (Component 2) was used to determine if
there was a relative change in worm tube habitat and
fish densities as a result of the disturbance. Separate
GLZMs were run for worm tube indices (density,
patchiness, combing) and fish density. Independent
variables in each model included sampling period,
treatment (control or disturbed line), transect line
(nested within the treatment term of the model), and
depth (as a covariate). Data were further analyzed by
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sampling period if there was significant interaction to
determine the duration of the measured effect.
The final analysis (Component 3) focused on examining the links between worm tube characteristics
and flatfish densities. Data were analyzed using the
expanded worm indices as independent variables
(density, patchiness, and combing, but with a subset
of pooled data based on results from the above models). Specifically, data were excluded from the model
in sampling periods where flatfish abundance significantly deviated from prior sampling periods, naturally and independent of habitat changes (e.g. emigration out of the nursery region; Component 1), or by
way of the trawl disturbance (Component 2). Data
were also excluded where worm tubes were entirely
absent, as both patchiness and combing are dependent on the presence of some worm tubes. The first
model excluded combing as an independent variable
since it was relatively rare in the control transect lines.
However, a second model, which used only the posttrawl treatment lines, examined worm tube abundance,
patchiness, and combing in a full-factorial GLZM.

RESULTS
Model 1: seasonal changes in worm tubes
and flatfish
Worm tube characteristics changed naturally over
the course of the season. Worm tube abundance
decreased throughout the season, but disproportionately faster at shallower depths, as indicated by the
significant interaction between sampling period and
depth (GLZM: χ2[65] = 90.84, p = 0.019). For example,
the 17 to 20 m depth region was a transitional region
to the worm tube bed in late August (mean = 1.5 ±
0.11 worm tube density), whereas the same depth
region was relatively devoid of worm tubes in January (mean = 0.1 ± 0.01 worm tube density; Fig. 3). Not
surprisingly, worm tube patchiness was also depthdependent, given that worm tubes were absent in the
shallowest regions of the line transects. Patchiness
notably increased from late August to early September, then remained constant until it decreased in January as worm tubes became less abundant (GLZM:
χ2[6] = 15.43, p = 0.017; Fig. 3).

Model 2: trawl effects on worm tubes and flatfish
Neither worm tube abundance or patchiness
changed significantly as the result of the simulated
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Fig. 3. Sabellides sibirica. Natural seasonal changes in worm tube abundance and patchiness indices by depth (see Fig. 2 legend for index values).
Data are based on averages of index values ± 1 SE at 25 cm depth bin for
individual transects at control sites only (trawl disturbance transects not
included)

χ2[1]

trawl (GLZM — abundance:
= 0.27, p = 0.609;
patchiness: χ2[1] = 0.13, p = 0.812). However, a significant interaction was detected between sampling
period and line treatment for both worm tube combing and habitat impact indices (GLZM — combing:
χ2[6] = 12.27, p = 0.041; habitat impact: χ2[6] = 13.253,
p = 0.039). The model also showed a significant interaction between treatment and sampling period for

flatfish abundance (GLZM: χ2[6] =
282.98, p < 0.001). These interactions
indicate that the trawl had some measureable effect on these response
variables, but did not remain constant
over the duration of the experimental period. Therefore, further analyses
of these response variables (combing,
habitat impact, and fish density) were
conducted for each sampling period to
determine when there was a significant
effect of disturbance. These results
were compared with the same model
runs for worm tube abundance and
patchiness for comparative purposes,
and are shown in Table 3. As expected,
there were no significant differences in
any of the response variables between
trawled and control lines prior to the
deployment of the simulated trawl
(Time period −9; August 30, 2008).
However, there was a significant
increase in worm tube combing immediately following the disturbance (Time
period 0; September 8, 2008), which
lasted through October 16, 2008 (Time
period 38; Table 3, Fig. 4). This was
coupled with an increase in flatfish
density following the disturbance
(Time period 0) in the disturbed transect lines, but was no longer evident in
subsequent sampling times (Time periods 2 to 6 [Time period 7 was not analyzed due to poor visibility]; Table 3,
Fig. 4). The analysis of beam trawl data
following the disturbance (Time period
0) also detected a significant 2- to 4fold increase in the abundance of flatfish in the disturbed transects
(ANOVA: F1, 6 = 11.22; p = 0.015). Of all
the age-0 flatfish sampled, > 95% were
identified as northern rock sole.

Model 3: worm tube effects on
flatfish abundance
The model of patchiness and worm tube abundance indicated a significant interaction between
worm abundance and patchiness in the analysis of
flatfish density using the combined control and treatment line data (GLZM: χ2[29] = 329.38, p < 0.001). Flatfish density initially increased with the presence of
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Table 3. Generalized linear model with a logit data link
(GLZM) analyzing the effects of a simulated trawl disturbance on worm tube (Sabellides sibirica) characteristics (see
Table 2) and age-0 flatfish density. Time period refers to the
days before or after the disturbance. df = 1 for all parameters
Time
period

χ2

p

−9
0
2
6
38
70
141

1.41
0.80
0.08
0.01
0.78
0.02
0.19

0.235
0.375
0.780
0.944
0.377
0.878
0.660

Worm tube
patchiness

−9
0
2
6
38
70
141

0.01
0.01
0.04
0.05
0.63
0.14
1.30

0.945
0.930
0.848
0.827
0.428
0.704
0.255

Worm tube
combing

−9
0
2
6
38
70
141

0.01
5.07
8.02
7.91
4.34
0.00
0.00

0.950
0.024
0.005
0.005
0.037
1.000
1.000

Flatfish
density

−9
0
2
6
38
70
141

0.03
16.37
0.17
2.76
1.48
2.19
0.07

0.866
< 0.001
0.680
0.096
0.224
0.139
0.797

Parameter

Worm tube
abundance

low worm tube abundance, but steadily declined as
worm tube abundance increased. At the same time,
flatfish were more likely to be associated with
patches as worm tube abundance increased. In the
analysis including combing, this resulted in a significant 3-way interaction (GLZM: χ2[10] = 105.69, p <
0.001). Combing appeared to attract flatfish with
increasing worm tube abundance (at worm tube
level 4; see Fig. 2, Table 2), but to a lesser degree
than open patches. Combing was also not observed
in the highest density worm tube habitat (level 5),
and was consequently not examined statistically in
the model.
A finer-scale analysis of worm tube heterogeneity,
using the original scored data at 2 to 3 m2 transect
resolution, illustrated the differences in the worm
abundance × heterogeneity interaction on flatfish
density across the various scores of habitat heterogeneity (uniform, patch 1, patch 2, combs; Fig. 5). No
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form of worm tube heterogeneity had an effect on
flatfish distribution at low worm tube densities. However, as worm tube abundance increased, the relative density of flatfish increased in regions with bare
patches, albeit more so in regions with large patches
than small and combed patches (Fig. 5).

DISCUSSION
Polychaete worm tubes remained a prominent habitat feature throughout the duration of the present
study, and it was clear that their distribution, density,
and heterogeneity were important aspects of habitat
quality for age-0 juvenile flatfish. The link between
worm tubes and juvenile flatfish in Pillar Creek Cove
was first detected by Stoner et al. (2007) using general additive models (GAMs) examining a broad
suite of habitat variables in coastal flatfish nurseries
in Kodiak at relatively coarser scales (20 to 30 m transect intervals). Using an expanded multi-year dataset
and a finer-scale analysis (~7 to 10 m transect intervals), C. H. Ryer et al. (unpubl.) found that juvenile
flatfish strongly associated with the edges of worm
tube beds, which in turn controlled the annual centralized depth distribution of the population. At the
scale of the present study (~2 to 3 m transect intervals), we showed that juvenile flatfish can use highdensity worm tube areas, provided that patches of
bare sediment are present. At lower worm tube densities, these patches were not preferentially used,
likely because juvenile flatfish were able to settle on
bottom sediment without the presence of completely
bare regions. However, heterogeneity was more
important with increasing worm tube abundance,
especially in the large patches where flatfish density
was 2 to 4 times higher than other dense worm
regions. These results further support the idea that
associations between juvenile flatfish and worm
tubes are conditional and scale-dependent (Diaz et
al. 2003, Rabaut et al. 2010).
Functionally, polychaete worm tube heterogeneity
may be analogous to better-studied seagrass systems. Seagrass beds in temperate regions also cycle
through an annual growth and dieback period that
can result in a variety of complex structural arrangements, ranging from sparse patches to dense meadows (Orth et al. 1984). While seagrass is generally
considered a refuge and food habitat for juvenile fish
(e.g. Levin et al. 1997, Linehan et al. 2001), high stem
densities can impede foraging efficiency (Stoner
1982) and anti-predator behavior such as schooling
and predator awareness (Laurel & Brown 2006).
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near the bottom, thereby eliminating
the need to hide in dense worm tube
regions where the flatfish’s burial capability and escape behavior are reduced
(Ryer et al. 2004, C. H. Ryer unpubl.
data). In addition, worm tubes and seagrass are similar in that they tend to be
more productive than neighboring bare
regions (Orth et al. 1984, Levin et al.
1997, Rabaut et al. 2007, Van Hoey et
al. 2008, C. H. Ryer & S. C. Jewett unpubl. data). One notable difference is
that juvenile rock sole can directly consume worm tubes (B. Knoth unpubl.
data), whereas the trophic links between fish and seagrass habitat are
indirect (Copeman et al. 2009).
Prior to the present study, our understanding of worm tube habitat was
based on annual summer sampling
(May to August) in Pillar Creek Cove
and adjacent embayments. These surveys demonstrated that worm tubes are
routinely found in Pillar Creek Cove,
but their extent is highly variable yearto-year (Stoner et al. 2007, C. H. Ryer et
al. unpubl.). The majority of worm
tubes in May are assumed to be newly
recruited because they were smaller
(1 to 2 cm) than worm tubes observed
in August (~8 cm; C. H. Ryer et al.
unpbul., the present study). However,
the occasional presence of long worm
Fig. 4. Changes in (a) worm tube (Sabellides sibirica) abundance, (b) patchitubes in May suggests that overwinterness, (c) combing, and (d) flatfish density. Data are plotted separately for
ing can occur, possibly depending on
trawled (n = 4) and non-trawled (n = 4) transect lines. Trawl disturbance was
conducted from September 5 to 7, 2008
the wave energy experienced from
winter to early spring. We observed
Juvenile fish may therefore spend the majority of
some evidence of natural cycling and senescence of
time in edge and open patch areas (Laurel et al. 2003,
worm tubes beginning in January when the shoreGorman et al. 2009), restricting movement into seaward edge of the worm tube zone was deeper and
grass to times when predation risk is significantly
overall worm tube density was less. The shallower
elevated (Laurel & Brown 2006). Therefore, the
regions of the study area (12 to 18 m) were always
broad-scale relationship between fish abundance
devoid of worm tubes, likely due to increased instaand seagrass biomass is often parabolic in nature,
bility and resuspension of substrates at these depths
with intermediate levels being more utilized com(Ryer et al. 2010). However, we noted that sand
pared to bare areas or extensive meadows (Fonseca
waves occasionally extended deeper than 30 m, sug& Bell 1998, Wells 2002, Thistle et al. 2010). Similar
gesting that worm tube beds are also subject to sigrelationships were found in the present study, but
nificant amounts of wave energy and may play a role
they may be restricted to small flatfish, because
in sediment retention. Interestingly, patchiness did
worm tubes are much shorter than seagrass stems
not increase in late fall or early winter despite the
and habitat-edge associations are restricted to 2 dicorresponding reductions in density and extent of
mensions. At these smaller scales, worm tubes can
worm tubes. It is possible that patchiness is deterstill conceal age-0 flatfish from cruising predators
mined during the larval recruitment period or by
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Fig. 5. Average flatfish density (±1 SE) by worm tube (Sabellides sibirica) abundance in uniform worm tube habitat
and patchy worm tube habitat (small, large, and combed
patches of bare substrate). Data are based on 8 video transects (~250 m each, sampled at ~2 to 3 m2 transect intervals)
sampled multiple times (n = 7). Four transect lines were
exposed to a simulated trawl disturbance from September
5 to 7, 2008

subsequent natural disturbance in late winter and
early spring.
Multiple studies have demonstrated the negative
effects of fisheries-related trawling on biodiversity,
species richness, and fish abundance (e.g. Auster et
al. 1996, Kaiser & Spencer 1996, Stainsbury et al.
1997, Freese et al. 1999), and arguably, these studies
have largely shaped our impressions of habitat disturbance in soft-bottomed marine systems. However,
the majority of such studies have been conducted in
low-energy, offshore shelf regions or in sensitive
habitats with low recovery rates, e.g. deepwater
coral regions (Auster & Langton 1999). It is clear that
coastal worm tube habitat can recover from brief
instances of trawl disturbance, which in the present
study was ~2.5 mo after the initial disturbance. Rapid
recovery and resilience to anthropogenic disturbance has also been shown for Lanice conchilega
worm tubes in intertidal regions (Rabaut et al. 2008).
Nearshore worm tubes may have evolved increased
resiliency to disturbance from routine seasonal exposure to wind-driven wave energy and the worms’
ability to quickly retreat into their tubes (Bergman &
Hup 1992). However, it is important to note that the
disturbance in the trawled transects was characterized by narrow patches of exposed substrate (combs)
rather than patches that occur naturally. Habitat
recovery rates are ultimately determined by the
magnitude and type of disturbance and the mechanism(s) of habitat recolonization (seasonality, repro-

201

ductive strategy, dispersal; Dernie et al. 2003). The
life history of Sabellides sibirica is poorly understood,
but preliminary lab experiments indicate that 10 to
15% of ‘unrooted’ worm tubes reattach to the substrate within 48 h of being dislodged (C. H. Ryer &
B. J. Laurel unpubl. data). Another ampharetid polychaete worm tube, Asabellides oculata, produces
‘crawl-away’ larvae with very limited dispersal
potential (R. Diaz pers. comm.). Such limited dispersal mechanisms would facilitate self-recruitment and
recolonization by S. sibirica in regions undergoing
natural seasonality and moderate disturbance, possibly explaining why the presence of worm tubes is
more consistently found in some embayments than
others (Stoner et al. 2007). However, without a consistent supply of outside sources of worm tube larvae,
large-scale disturbances (e.g. near-complete worm
tube elimination) could potentially affect an embayment for many years. Therefore, the worm tube
recovery rates measured in the present study should
be considered highly provisional.
The effects of the disturbance on the remaining
benthic community were not measured, but the rapid
increase in juvenile flatfish following the disturbance
suggests that there was likely a brief increase in prey
items for these fish. Trawl-disturbed benthos can
rapidly lead to a change in benthic invertebrate populations, often characterized by small organisms with
opportunistic life histories (Levinton 1982). These
short-term changes, along with exposing benthic
prey (Ramsay & Kaiser 1998), likely lead to increased
foraging and scavenging behavior for fish species
following trawl disturbance (Kaiser & Spencer 1994,
Carlson et al. 1997). Juvenile flatfish returned to predisturbance densities 2 d after the disturbance, suggesting that infaunal prey species were momentarily
brought to the surface. Interestingly, in an earlier
field study, age-0 juvenile rock sole decreased in
abundance following habitat enhancement (shell
debris), likely because the enhancement attracted
older conspecifics (age 1+), which are considered
predators (Ryer et al. 2007). Larger flatfish were not
commonly observed in the present study, but it is
possible that age-0 flatfish were able to use the worm
tubes as refuge while increasing their foraging
opportunities.
In conclusion, ampharetid polychaete tubes remained a prominent habitat feature throughout the
study, and it is clear that the heterogeneity of worm
tube habitat is an important component of habitat
quality for age-0 juvenile flatfish. Juvenile flatfish
appear to seek open sediment patches in worm tube
beds only at high worm tube densities. However, this
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pattern was restricted to large, naturally occurring
patches, as the increased patchiness resulting from
the simulated trawl (combing) and small patches did
not attract juvenile flatfish in the same manner. The
notable increase in flatfish following the trawl was
not linked to the areas of disturbance, but rather to
the transect region as a whole, possibly due to
increased foraging opportunities resulting from the
disturbed benthos. These qualitative components of
worm tube habitat should be considered alongside
large-scale effects of worm tubes (e.g. interannual
abundance, depth distribution; C. H. Ryer et al. unpubl.) on distribution and abundance patterns of
juvenile flatfish in coastal nurseries.

➤

➤
➤

➤
➤

Acknowledgements. This project was supported by North
Pacific Research Board grant # R0710. We thank R. Gregory
for reviewing earlier drafts of this manuscript. Thanks also
to S. Haines, E. Munk and S. Jewett for providing assistance
in the field. Boat charters were provided by Tim Tripp
aboard the FV ’Miss O’. This manuscript is NPRB publication #367.
LITERATURE CITED

➤

➤
➤

➤

➤
➤
➤
➤

➤

➤

Auster PJ, Langton RW (1999) The effects of fishing on fish
habitat. Am Fish Soc Symp 22:150−187
Auster PJ, Malatesta RJ, Langton RW, Watling L and others
(1996) The impacts of mobile fishing gear on seafloor
habitats in the Gulf of Maine (Northwest Atlantic): implications for conservation of fish populations. Rev Fish Sci
4:185−202
Bergman M, Hup M (1992) Direct effects of beam trawling
on macrofauna in a sandy sediment in the Southern
North Sea. ICES J Mar Sci 49:5−11
Carlson JK, Randall TA, Mroczka ME (1997) Feeding habits
of winter flounder (Pleuronectes americanus) in a habitat
exposed to anthropogenic disturbance. J Northwest Atl
Fish Sci 21:65−73
Copeman LA, Parrish CC, Gregory RS, Jamieson RE, Wells
J, Whiticar MJ (2009) Fatty acid biomarkers in coldwater
eelgrass meadows: elevated terrestrial input to the food
web of age-0 Atlantic cod Gadus morhua. Mar Ecol Prog
Ser 386:237−251
Dernie KM, Kaiser MJ, Warwick RM (2003) Recovery rates
of benthic communities following physical disturbance.
J Anim Ecol 72:1043−1056
Diaz RJ, Cutter GR Jr, Able KW (2003) The importance of
physical and biogenic structure to juvenile fishes on the
shallow inner continental shelf. Estuaries 26:12−20
Fonseca MS, Bell SS (1998) Influence of physical setting on
seagrass landscapes near Beaufort, North Carolina, USA.
Mar Ecol Prog Ser 171:109−121
Freese L, Auster PJ, Heifetz J, Wing BL (1999) Effects of
trawling on seafloor habitat and associated invertebrate
taxa in the Gulf of Alaska. Mar Ecol Prog Ser 182:
119−126
Gibson RN (1994) Impact of habitat quality and quantity on
the recruitment of juvenile flatfishes. Neth J Sea Res 32:
191−206
Gorman AM, Gregory RS, Schneider DC (2009) Eelgrass

➤

➤

➤

➤
➤
➤
➤

➤

➤

➤

➤

➤

patch size and proximity to the patch edge affect predation risk of recently settled age 0 cod (Gadus). J Exp Mar
Biol Ecol 371:1−9
Gregory RS, Anderson JT (1997) Substrate selection and use
of protective cover by juvenile Atlantic cod Gadus
morhua in inshore waters of Newfoundland. Mar Ecol
Prog Ser 146:9−20
Hurst TP, Abookire AA (2006) Temporal and spatial variation in potential and realized growth rates of age-0 year
rock sole. J Fish Biol 68:905−919
Hurst TP, Abookire AA, Knoth B (2010) Quantifying thermal
effects on contemporary growth variability to predict
responses to climate change in northern rock sole (Lepidopsetta polyxystra). Can J Fish Aquat Sci 67:97−107
Kaiser MJ, Ramsay K (1997) Opportunistic feeding by dabs
within areas of trawl disturbance: possible implications
for increased survival. Mar Ecol Prog Ser 152:307−310
Kaiser MJ, Spencer BE (1994) Fish scavenging behavior in
recently trawled areas. Mar Ecol Prog Ser 112:41−49
Kaiser MJ, Spencer BE (1996) Behavioural responses of
scavengers to beam trawl disturbance. In: Greenstreet
SPR, Tasker ML (eds) Aquatic predators and their prey.
Blackwell Scientific, Oxford, p 117−123
Laurel BJ, Brown JA (2006) Influence of cruising and
ambush predators on 3-dimensional habitat use in age 0
juvenile Atlantic cod Gadus morhua. J Exp Mar Biol Ecol
329:34−46
Laurel BJ, Gregory RS, Brown JA (2003) Predator distribution and habitat patch area determine predation rates on
Age-0 juvenile cod Gadus spp. Mar Ecol Prog Ser 251:
245−254
Levin P, Petrik R, Malone J (1997) Interactive effects of habitat selection, food supply and predation on recruitment
of an estuarine fish. Oecologia 112:55−63
Levinton JS (1982) Marine ecology. Prentice-Hall, Englewood Cliffs, NJ
Linehan JE, Gregory RS, Schneider DC (2001) Predation risk
of age-0 cod (Gadus) relative to depth and substrate in
coastal waters. J Exp Mar Biol Ecol 263:25−44
Malatesta RJ, Auster PJ (1999) The importance of habitat
features in low-relief continental shelf environments.
Oceanol Acta 22:623−626
Norcross BL, Mueter FJ (1999) The use of an ROV in the
study of juvenile flatfish. Fish Res 39:241−251
Orth RJ, Heck KL Jr, van Montfrans J (1984) Faunal communities in seagrass beds: a review of the influence of plant
structure and prey characteristics on predator–prey relationships. Estuaries 7:339−350
Pihl L, Modin J, Wennhage H (2005) Relating plaice (Pleuronectes platessa) recruitment to deteriorating habitat
quality: effects of macroalgal blooms in coastal nursery
grounds. Can J Fish Aquat Sci 62:1184−1193
Rabaut M, Guilini K, Van Hoey G, Vincx M, Degraer S
(2007) A bio-engineered soft-bottom environment: the
impact of Lanice conchilega on benthic species-specific
densities and community structure. Estuar Coast Shelf
Sci 75:525−536
Rabaut M, Braeckman U, Hendrickx F, Vincx M, Degraer S
(2008) Experimental beam-trawling in Lanice conchilega
reefs: impact on the associated fauna. Fish Res 90:
209−216
Rabaut M, Van de Moortel L, Vincx M, Degraer S (2010) Biogenic reefs as structuring factor in Pleuronectes platessa
(Plaice) nursery. J Sea Res 64:102−106
Ramsay K, Kaiser MJ (1998) Demersal fishing disturbance

Laurel et al.: Disturbance effects on worm tubes and flatfish

➤

➤

➤

➤
➤

➤

increases predation risk in whelks (Buccinum undatum
L.). J Sea Res 39:299−304
Rees EIS, Bergmann M, Hinz H, Galanidi M, Shucksmith R,
Kaiser MJ (2005) An enriched Chaetopterus tube mat
biotope in the eastern English Channel. J Mar Biol Assoc
UK 84:323–326
Ryer CH, Stoner AW, Titgen RH (2004) Behavioral mechanisms underlying the refuge value of benthic habitat
structure for two flatfishes with differing anti-predator
strategies. Mar Ecol Prog Ser 268:231−243
Ryer CH, Stoner AW, Spencer ML, Abookire AA (2007) Presence of larger flatfish modifies habitat preference by
Age-0 northern rock sole Lepidopsetta polyxystra. Mar
Ecol Prog Ser 342:227−238
Ryer CH, Lemke JL, Boersma K, Levas S (2008) Adaptive
coloration, behavior and predation vulnerability in three
juvenile north Pacific flatfishes. J Exp Mar Biol Ecol 359:
62−66
Ryer CH, Laurel BJ, Stoner AW (2010) Testing the shallow
water refuge hypothesis in flatfish nurseries. Mar Ecol
Prog Ser 415:275−282
Scharf FS, Manderson JP, Fabrizio MC (2006) The effects of
seafloor habitat complexity on survival of juvenile fishes:
species-specific interactions with structural refuge. J Exp
Mar Biol Ecol 335:167−176
Spencer ML, Stoner AW, Ryer CH, Munk JE (2005) A towed
camera sled for estimating abundance of juvenile flatfishes and habitat characteristics: comparison with beam
Editorial responsibility: Hans Heinrich Janssen,
Oldendorf/Luhe, Germany

➤
➤
➤

➤

➤

203

trawls and divers. Estuar Coast Shelf Sci 64:497−503
Stainsbury KJ, Campbell RA, Lindholm R, Whitelaw AW
(1997) Experimental management of an Australian multispecies fishery: examining the possibility of trawlinduced species modification. Am Fish Soc Symp 20:
107−112
Stoner AW (1982) The influence of benthic macrophytes on
the foraging behavior of pinfish, Lagodon rhomboides
(Linnaeus). J Exp Mar Biol Ecol 58:271−284
Stoner AW, Titgen R (2003) Biological structures and bottom
type influence habitat choices made by Alaska flatfishes.
J Exp Mar Biol Ecol 292:43−59
Stoner AW, Spencer ML, Ryer CH (2007) Flatfish-habitat
associations in Alaska nursery grounds: use of continuous video records for multi-scale spatial analysis. J Sea
Res 57:137−150
Thistle ME, Schneider DC, Gregory RS, Wells NJ (2010)
Fractal measures of habitat structure: maximum densities of juvenile cod occur at intermediate eelgrass complexity. Mar Ecol Prog Ser 405:39−56
Van Hoey G, Guilini K, Rabaut M, Vincx M, Degraer S
(2008) Ecological implications of the presence of the
tube-building polychaete Lanice conchilega on softbottom benthic ecosystems. Mar Biol 154:1009−1019
Wells NJ (2002) Scaling eelgrass complexity in Newman
Sound, Newfoundland, and applications to fish ecology.
MSc thesis, Memorial University of Newfoundland,
St. John’s
Submitted: March 16, 2012; Accepted: July 9, 2012
Proofs received from author(s): September 28, 2012

