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Methods
Data collection

The data for this study were collected from
seasonal bottom-trawl surveys conducted by the
Northeast Fisheries Science Center (NEFSC). The
current study encompassed data collected from Cape
Hatteras, North Carolina, USA, to southwestern Nova
Scotia, Canada between 1973 and 1998 during all
seasons. Over 35 000 stomachs from the nine flatfish
species were included (Table 1). The surveys employ
a stratified random sampling design with strata
defined by depth and latitude. Sample depths ranged
between 8 and 400 m. Sample stations were defined
by 2.5' latitude by 2' longitude rectangular units that
were randomly selected within strata. Between 350
and 400 stations on the continental shelf from Cape
Hatteras, North Carolina to southwestern Nova Scotia
(Fig. 2) were sampled during each seasonal survey of
approximately 4�6 weeks in duration (NEFC, 1988).
At each station, a 36 Yankee (or similar) bottom trawl
was deployed for 30 minutes and towed at a speed of
6.5 km hr-1. Sub-standard tows or those with non-
representative sampling due to gear damage were
excluded from the analyses.  For each tow, catch (in
both mass and numbers) at length (1 cm length-

classes) was recorded for all species. Details of the
survey sampling design, execution, and efficiency are
available in Azarovitz (1981) and NEFC (1988).

In addition to catch data, a subset of species
during each seasonal cruise was examined for age and
food habits data.  The NEFSC has conducted
quantitative food habits sampling in seasonal surveys
since 1973. Fish stomachs were sampled based on fish
size and strata-station quotas irrespective of species
abundance. Prior to 1981, stomach contents were
preserved and returned to the laboratory for
identification of prey. Total stomach content mass and
the mass of each prey were measured to the nearest
0.1 g. Since 1981, stomach contents have been
examined at sea. The total volume of stomach contents
was measured by comparing the stomach bolus to a
calibrated volumetric gauge (to the nearest 0.1 g). The
proportion of stomach contents comprised by each prey
item was then estimated after separating each prey
item from the entire stomach contents and measuring
these with the volumetric gauge (relative to the total
stomach volume).

We converted all stomach content and prey units
into weights. In some cases, prey amounts within the

TABLE 1. Sample size and major metrics of flatfish used in this study.

No. of Mean
tows with No. of weight of Empty Mean
stomachs stomachs stomach Mean length Maximum stomachs body weight
sampled sampled contents (g) (cm) length (cm) (%) (kg)

Atlantic Halibut
Hippoglossus hippoglossus 155 229 21.2 58.3 134 29.7 2.661

American Plaice
Hippoglossoides platessoides 308 1786 1.0 29.9 70 47.8 0.450

Summer Flounder
Paralichthys dentatus 2 077 8 938 2.2 36.1 82 44.4 0.583

Fourspot Flounder
P. oblongus 2 002 10 066 1.1 27.1 49 41.4 0.162

Yellowtail Flounder
 Limanda ferruginea 367 2 015 1.1 30.6 58 32.9 0.327

Winter Flounder
Pseudopleuronectes americanus 568 2 733 2.8 31.2 65 29.3 0.431

Witch Flounder
 Glyptocephalus cynoglossus 279 1 014 0.6 41.7 65 12.8 0.196

Windowpane
Scophthalmus aquosus 2 158 8 990 1.5 25.7 41 38.8 0.211

Gulfstream Flounder
Citharichthys arctifrons 31 219 <0.1 10.3 18 28.3 ND
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same stomachs were measured as both weights and
volumes. Using these samples, a linear regression was
performed to convert volumes to weights and resolve
the differences in prey quantification during the two
periods. The regression was highly significant (r2 =
0.906, p<0.0001), and prey volumes from the 1981�
98 time period were multiplied by 1.1 to convert
volumes to weights based on this analysis (Link and
Almeida, 2000). Further details of the food habits
sampling methodology are available in Link and
Almeida (2000).

Prey and predator categories
The taxonomic resolution of invertebrate prey is

generally higher in samples collected prior to 1981,
since those stomach contents were identified in the
laboratory. For our analysis, fish and invertebrate prey
were grouped to family or order to account for
differences in taxonomic resolution between the
sampling periods. A few (mainly fish) prey were
retained at the species level. Unidentifiable fish were
an important component of the diets of some flatfish
in this study. This component included both well-
digested fish remains and small fish that were difficult
to identify in both preserved and fresh samples. We
also included a category of well-digested,
unidentifiable prey. While it was assumed that
unidentifiable remains reflect the composition of
identifiable prey in the diet, we have chosen to be
conservative by including it as a separate prey type in
our analyses. There were 35 different prey categories
in our analyses.

The flatfish were divided into length categories
to account for suspected ontogenetic shifts in diet
(Garrison and Link, 2000a). These previous studies
revealed similar length categories at which the diet
shifted among the different flatfish. These length
categories remained consistent across the time
series: <20 cm (small), 20�50 cm (medium), and >50
cm (large). Due to small sample sizes, detailed
analyses were not conducted for Atlantic halibut, witch
flounder or gulfstream flounder and we only present
an overall mean for these species. Summary statistics
for all species are shown in Table 1.

Diet analyses

Means and variances of prey amount (weight) per
stomach were calculated using a weighted, two-stage
cluster design to account for survey sampling design
and included fish with empty stomachs (Link and
Almeida, 2000). Mean stomach contents within a tow
were weighted by the number of fish of that species
in a size category captured in that tow. We assessed

general trends in means and 95% confidence intervals
of relative prey amounts (% of diet by weight) by size
category (small, medium, and large), geographic
region (Fig. 2), season (winter, spring, summer, and
autumn), and time blocks (1973�75, 1976�80, 1981�
85, 1986�90, 1991�95, 1996�98) for each flatfish
species. The five-year time block provided sufficient
resolution of temporal trends while maintaining
adequate sample size.

For each species, a canonical correspondence
analysis (CCA; ter Braak, 1986) was used to assess
the multivariate diet response to the four explanatory
factors above. The explanatory factors were coded to
ordinal variables reflecting size (small to large),
geographic (southern to northern), seasonal (winter
to autumn) and temporal (i.e. time blocks from 1973�
98) groups. The response matrix consisted of the mean
amount of each prey category within each cell of the
crossed factors and was log transformed (ln[x + 1]) to
account for the lognormal distribution of prey weights.
Tows containing <5 fish and cells containing <5 tows
were removed from the analysis to avoid inflation of
variance due to low sample sizes.

CCA is a multivariate equivalent to a multiple,
non-linear regression (ter Braak 1986, 1987). It is a
direct gradient method whereby canonical axes that
are linear combinations of explanatory variables are
correlated to weighted averages of multivariate
response variables (prey amounts) within cells. The
statistical significance of explanatory factors in the
ordination was assessed using permutation tests (ter
Braak, 1986). The results of the CCA are best
understood by examining prey-environment biplots,
the correlation between the canonical axes and
explanatory variables, and the amount of variance in
the prey matrix explained by the canonical axes (ter
Braak, 1986, 1987). CCA is an effective method to
statistically assess the quantitative relationship
between multivariate response and explanatory
variables and is robust to violations of assumptions
(e.g. non-normality, ter Braak, 1986; Palmer, 1993).
The CCA ordination was accomplished using
CANOCO version 4.0. For those species with
insufficient data or insignificant results we do not
present the CCA nor diet analyses across any of the
major factors.

Results

American plaice

This species was unique among the flatfish in this
study in that it  was an echinoderm specialist.
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Echinoderms comprised >70% of the diet, with
ophiuroids representing approximately 45% of the diet
(Fig. 3A). There was no significant change in diet
over the time series, with ophiuroids and other
echinoderms the most dominant prey item, at times
>90% (Fig. 4A).

Size and season were the significant factors
determining the diet, and generally corresponded to
the first (r = -0.694, p<0.001) and second (r = 0.481,

p<0.001) CCA axes respectively (Fig. 5). The first
and second CCA axes explained 56.0% and 29.2%,
respectively, of the total explainable dietary variation,
which was 11.7% (p<0.001). The most important shift
in diet across size was from mysids, other crustaceans,
small shrimps, other worms and polychaetes eaten by
small American plaice to ophiuroids, other echino-
derms and sea mice eaten by larger A. plaice (Fig. 5,
6A). The most important dietary shift across season
was from echinoderms and other invertebrates in the

Fig. 3. Diet composition (% weight (g)) of flatfish species in this study. WDP = well digested prey. (A) American plaice, (B)
Summer flounder, (C) Fourspot flounder; (D) Yellowtail flounder, (E) Winter flounder, (F) Windowpane, (G) Atlantic
halibut, (H) Witch flounder, (I) Gulfstream flounder.

C. Fourspot Flounder
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B.  Summer Flounder
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A.  American Plaice
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F. Windowpane
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E.  Winter Flounder
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D.  Yellowtail Flounder
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Fig. 3. (Continued). Diet composition (% weight (g)) of
flatfish species in this study. WDP = well digested
prey. (A) American plaice, (B) Summer flounder, (C)
Fourspot flounder; (D) Yellowtail flounder, (E)
Winter flounder, (F) Windowpane, (G) Atlantic
halibut, (H) Witch flounder, (I) Gulfstream flounder.

spring to bivalves, pandalids and polychaetes in the
summer to ophiuroids, and fish eggs in the autumn
(Fig. 5, 6B).

Summer flounder
This species primarily ate fish and cephalopods

(Fig. 3B). Loligo squid, unclassified cephalopods,

sand lance, herrings, anchovies and unidentified or
other fish comprised >80% of the diet. There have
been significant shifts in diet across the time series,
with sand lance, unclassified cephalopods and Illex
squids more common in the diet in the 1970s than
more recently (Fig. 4B). Loligo squid, unidentified
fish and herrings have become significantly more
prominent in the diet in the 1990s.

Size and year block were the major factors
determining the diet (Fig. 7). Size and five year block
corresponded to the first (r = -0.666, p<0.001) and
second (r = -0.470, p<0.001) axes, respectively. The
first two axes explained 80.6% of the total explainable
dietary variation (8.7%, p<0.001). Major changes in
diet across the year blocks were from sand lance, Illex
and other worms in earlier periods of the time series
to anthozoans, Loligo and pandalid shrimp in more
recent years (Fig. 4B, 7). Major ontogenetic shifts in
diet were from anchovies, mysids, Crangon and
similar shrimps, to fish and squids at larger sizes (Fig.
7, 8A).

Fourspot flounder
This species had one of the broadest diets of all

the flatfish studied, with an assortment of fish, squids
and benthic and pelagic invertebrates comprising the
diet (Fig 3C). There were significant changes in diet
across the time series, with more octopods, sand lance,
pandalids and amphipods in the 1970s compared to
more gadids, silver hake and other crustaceans in the
1980s (Fig. 4C). Squids and other fish comprised a
higher component of the diet in more recent years.

Size and year block were the major factors
determining the diet, and generally corresponded to
the first (r = 0.734, p<0.001) and second (r = -0.466,
p<0.001) CCA axes, respectively (Fig. 9). The CCA
ordination accounted for 8.0% (p<0.001) of the total
variation in fourspot flounder diets, with the first two
axes accounting for 80.5% of this variation. Major
changes in diet across the 5-year blocks were from
octopods, other worms, sea mice and amphipods, to
ophiuroids, herrings, fish larvae, Illex and Loligo in
more recent years (Fig. 4C, 9). Major ontogenetic
shifts in diet were similar to summer flounder; shrimps
and benthic invertebrates dominated the diet of
smaller fourspot flounder, whereas larger fourspot
flounder, ate primarily fish and squids (Fig. 8B, 9).

Yellowtail flounder
This species ate primarily polychaetes and

gammarid amphipods (Fig. 3D). Unclassified

I. Gulfstream Flounder
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H.  Witch Flounder
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G.  Atlantic Halibut

0

5

10

15

20

25

S
an

dl
an

ce

C
ep

ha
lo
po

ds

H
er

rin
gs

C
ra

bs

G
ad

id
s

Ill
ex

S
ilv

er
 H

ak
e

O
th

er
 C

ru
st
.

O
ct
op

od
s

P
an

da
lid

s

U
ni
d

. F
is
h

W
D
P



J. Northw. Atl. Fish. Sci., Vol. 30, 20028

. F
is
h

C.  Fourspot Flounder

0

5

10

15

20

25

30

35

S
an

dl
an

ce

A
m

ph
ip
od

s

C
ep

ha
lo
po

ds

C
ra

bs

C
ra

ng
on

O
th

er
 F

is
h

G
ad

id
s

Ill
ex

Lo
lig

o

S
ilv

er
 H

ak
e

M
ys

id
s

O
th

er
 C

ru
st
.

O
ct
op

od
s

C
us

k
 e

el
s

P
an

da
lid

s

P
ol
yc

ha
et

es

U
ni
d

A.  American Plaice

0

10

20

30

40

50

60

70

80

90

100

C
or

al
s,
 A

ne
m

.

S
ea

 M
ou

se

B
iv
al
ve

s

C
ra

bs

E
ch

in
od

er
m

s

Fis
h 

eg
gs

O
th

er
 C

ru
st
.

B
rit

tle
 S

ta
rs

P
an

da
lid

s

P
ol
yc

ha
et

es

W
D
P

75

80

85

90

95

00

D
ie

t 
C

o
m

p
o
s
it
io

n
 (

%
)

B.  Summer Flounder
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Fig. 4. Diet composition of flatfish species across the time series, presented in
5-year blocks. (A) American plaice, (B) Summer flounder, (C) Fourspot
flounder, (D) Yellowtail flounder, (E) Winter flounder, (F) Windowpane.
Labels for each time block are identified by the end year (e.g. 73�75=75,
76�80=80, etc.).
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Fig. 4. (Continued). Diet composition of flatfish species across the time series,
presented in 5-year blocks. (A) American plaice, (B) Summer flounder,
(C) Fourspot flounder, (D) Yellowtail flounder, (E) Winter flounder,
(F) Windowpane. Labels for each time block are identified by the end
year (e.g. 73�75=75, 76�80=80, etc.).
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Fig. 5. Canonical correspondence analysis biplot for American plaice. The
arrows indicate significant explanatory factors, with the arrowheads
indicating positive values of the variable. A small angle between a
variable arrow and a CCA axis indicates a high correlation between
the axis and the variable. Data points indicate CCA scores of individual
prey items in ordination space.

amphipods and well-digested prey (WDP) also
comprised approximately 10% of the diet. There was
no significant shift in the diet of this species across
the time series (Fig. 4D). The slight shift from
gammarids to amphipods and back to gammarids from
the 1970s, 1980s and 1990s, respectively, was noted,
but did not represent a shift in diet but rather a
difference in taxonomic level of identification between
family and class.

Although we executed a CCA ordination for this
species, it did not explain a significant amount of the
dietary variation; the axes had very low correlations
with any of the four major factors, and did not provide
any further insight into the feeding ecology of this
flounder.

Winter flounder

This species exhibited a diet similar to yellowtail
flounder. Stomach contents consisted primarily of
polychaetes, WDP and gammarids (Fig. 3E). Winter
flounder was unique among the flatfish in that 13.7%
of the diet was comprised by anthozoans. There was
no significant change in diet across the time series

(Fig. 4E), including moderate changes in proportion
of the diet between cnidarians and polychaetes.
Although we executed a CCA ordination for this
species, similar to yellowtail flounder, it was not
significant.

Windowpane
Similar to fourspot flounder, this species exhibited

a broad diet (Fig. 3F). The major portion of the diet
was comprised of shrimps (i.e., mysids, Crangon,
pandalids) and benthic invertebrates.  Fish were an
important but secondary component of the diet. Like
yellowtail and winter flounder, this species showed
no significant change in diet across the time series
(Fig. 4F), although there were small differences in
the proportion of sand lance and mysids during the
1970s and early-1980s. Although we executed a CCA
ordination for this species, similar to yellowtail and
winter flounder, it was not significant.

Atlantic halibut
Only 229 stomachs were examined for this

species, primarily from the Gulf of Maine. This small
sample size precluded more detailed analysis of  the
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