Abstract.—An analysis of environ-
mental effects on autumn survey
catches of two commercially exploited
squid species, Loligo pealei and Illex
illecebrosus, was conducted. Research
survey data collected during 1967-94
were used to determine the significance
and relative importance of average
depth of tow, time of day, bottom tem-
perature, and surface temperature on
bottom trawl catches of L. pealei, a ner-
itic species, and 1. illecebrosus, an oce-
anic species. We examined habitat as-
sociations of both species by using ran-
domization methods and found that L.
pealei was consistently associated with
all of the environmental factors exam-
ined. In comparison with L. pealei,
catches of I. illecebrosus were much
lower and associations with environ-
mental factors were inconsistent. We
also examined whether environmental
conditions affected catches of juvenile
and adult squid differentially. Depth
had an important effect on the magni-
tude of juvenile and adult L. pealei
catches, with the ratio of juvenile to
adult catches decreasing with depth.
Depth had a similar, but less pro-
nounced, effect on I. illecebrosus
catches. Time of day also affected L.
pealei and I. illecebrosus catches.
Catches of both species were lowest at
night and diel effects were more pro-
nounced for juveniles than for adults.
Bottom and surface temperatures had
a substantial effect on catches of juve-
nile and adult L. pealei but had a vari-
able influence on . illecebrosus catches.
The joint effects of depth stratification,
time of day, and annual squid abun-
dance on survey catches were also ana-
lyzed to determine correction factors for
diel differences in catchability of juve-
nile and adult squid. Significant diel
differences in catchability were de-
tected for juvenile and adult L. pealei
and for juvenile 1. illecebrosus and diel
correction factors were determined for
survey catches of these size categories.
In contrast, significant diel differences
in catchability of adult I. illecebrosus
were not detected.
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An analysis of environmental ef-
fects on survey catches of two com-
mercially exploited squid species,
Loligo pealei and Illex illecebrosus,
was conducted for the continental
shelf of the United States in the
northwest Atlantic. Research sur-
vey data, collected during autumn,
were used to determine the signifi-
cance and relative importance of
average depth of tow, time of day,
bottom temperature, and surface
temperature on bottom trawl catches
of L. pealei, a neritic species, and 1.
illecebrosus, an oceanic species.
Both squids grow rapidly (Brodziak
and Macy, 1996; Dawe and Beck?),
appear to live less than one year
(Hurley et al., 1985; Macy, 1995;
Brodziak and Macy, 1996; Dawe and
Beck?), and undertake seasonal
migrations in response to fluctua-
tions in food availability, water tem-
perature, and spawning (Lange and
Sissenwine, 1983; Rowell et al.,
1985a; O’'Dor and Coelho, 1993).
The rapid growth and short lifespan
of these sympatric species suggest
that environmental conditions were
probably important determinants of
their distribution and abundance on
the continental shelf.

We investigated whether there
was empirical evidence of habitat

associations for both species by ap-
plying the habitat association
method of Perry and Smith (1994).
This randomization method ac-
counted for the stratified random
sampling design of the Northeast
Fisheries Science Center (NEFSC)
survey and tested whether catches
within a year were associated with
depth, time of day, surface tempera-
ture, and bottom temperature.
Within-year associations that were
consistent through time indicated
which environmental conditions af-
fected distribution and also pro-
vided a qualitative indication of
habitat preferences.

We also examined whether envi-
ronmental conditions affected catches
of juvenile and adult squid differ-
entially. Juveniles and adults of
both species tend to differ in their
food habits (Vovk, 1972; Vinogradov
and Noskov, 1979; Macy, 1982;
Maurer and Bowman, 1985) and, as
a result, may use different habitats
for feeding. We compared the effects
of average depth of tow, time of day,

1 Dawe, E.G.,andP.C. Beck. 1992. Popu-
lation structure, growth, and sexual matu-
ration of short-finned squid at Newfound-
land, Canada, based on statolith analy-
sis. ICES Council Meeting, Shellfish
Committee/K, 33 p.
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and surface and bottom tem-
perature on survey catches to

determine whether the habitat
preferences of juveniles and
adults overlap. Potential effects
of different categories of depth,
time of day, and surface tem-
perature and bottom tempera-
ture on mean catch per tow
were tested for juveniles and
adults of both species, and the
potential impacts on the ratio
of juvenile to adult catches were
also examined. These analyses
also suggested whether environ-
mental effects were similar for
these sympatric species, be-
cause the degree of spatial over-
lap between their geographic
distributions is at a maximum
during autumn.

Last, we evaluated the rela-
tive magnitude of diel effects on
juvenile and adult squid catches
in relation to survey design and
fluctuations in annual squid
abundance. Previous bottom
trawl studies have shown that
diel effects on catches of L.
pealei and I. illecebrosus can be 36
important (Roper and Young,

1975; Sissenwine and Bowman,
1978; Lange and Sissenwine,

W/A 27-55

56-110 |
‘j 111-185 1
N >185 7

1983; Arkhipkin and Feduloy,
1986; Shepherd and Forrester?)
because greater catchability oc-
curs during the day. As a result
of diel vertical migrations,
night catches of these two species can be biased low
in relation to day catches. To account for diel effects
on minimum swept-area estimates of L. pealei biom-
ass and stock size, diel correction factors have been
used to adjust nighttime bottom trawl catches to
daytime equivalents (Lange and Sissenwine, 1980;
1983). However, these correction factors were devel-
oped for total numbers of squid and were not size
specific, even though Sissenwine and Bowman (1978)
noted that a sixfold difference between the diel cor-
rection factor for weight and numbers of L. pealei
suggested differential vertical migration by size. In
this study, we applied a general linear model to de-

surveys, 1963-94.

2 Shepherd, G., and J. Forrester. 1987. Diurnal variation in
catchability during bottom trawl surveys off the Northeastern
United States. ICES Council Meeting 1987/B:44 (mimeo), 15 p.

Figure 1

Offshore depth strata for autumn Northeast Fisheries Science Center bottom trawl

termine size-specific diel correction factors for L.
pealei and 1. illecebrosus that accounted for poten-
tial effects of survey design and fluctuations in an-
nual abundance. When diel effects were significant,
correction factors were determined to standardize
nighttime catches to daytime units.

Materials and methods

Survey data

Research survey data were analyzed from NEFSC
autumn bottom trawl surveys conducted during
1967-94 between Cape Hatteras, North Carolina,
and the Gulf of Maine. In general, autumn surveys
were conducted from mid-September through mid-



Brodziak and Hendrickson: Environmental effects on survey catches of Loligo pealei and lllex illecebrosus 11

October and along a similar cruise track each year.
Standardized survey gear, procedures, and the strati-
fied random sampling design are described in
Azarovitz (1981). Offshore survey strata are defined
by four depth zones; ranging between 27 m and 366 m.
Strata numbers 1-30, 33-40, and 61-76 were in-
cluded in our analyses (Fig. 1). Sampling was con-
ducted 24 hours a day. Autumn survey data were used
because only in autumn are both squid species dis-
tributed primarily within the survey sampling area.
Survey data during 1963—66 could not be analyzed
because catches of squid were not separated by spe-
cies during these years.

At each randomly selected survey station, sampling
was performed with a no. 36 Yankee otter trawl
rigged with roller gear. Only standard tows, consist-
ing of 20-30 minutes duration at a vessel speed of
3.5 knots, were included in the analyses. After each
tow, the total weight of L. pealei and I. illecebrosus
was measured to the nearest 0.1 kg, each species was
enumerated, and length-frequency data (mantle
length [ML] measured to the nearest cm) were col-
lected. The following hydrographic and navigational
data were recorded for each station: depth at the start
and end of every tow (m), time of tow (h:m, Eastern
Standard Time), bottom water temperature (°C), and
surface water temperature (°C). Towing depth was
computed as the average of depths recorded at the
start and end of each tow. Surface water tempera-
ture was included in this analysis because the effect
of surface temperature on the vertical distribution
and catchability of these squids was unknown but
was anecdotally important and potentially different
from the effect of bottom temperature during au-
tumn. In general, bottom and surface water tempera-
tures within the survey region vary during autumn
owing to the transition from a stratified water col-
umn, characteristic of summer, to a well-mixed con-
dition typical of winter (Bowman, 1977). In particu-
lar, the relationship between surface and bottom
water temperatures varied on an annual basis dur-
ing the 1967-94 autumn surveys. Surface and bot-
tom temperatures were not significantly correlated
in 8 out of 28 years (29%), and exhibited a positive
correlation ( p=0.43) in 19 out of 28 years (68%) dur-
ing 1967-94.

When an environmental factor was not measured
at a survey station, that station was excluded from
the association test for that factor. Stations with
missing environmental measurements occurred at
random, with the exception of the Georges Bank por-
tion of the autumn 1990 survey when no bottom tem-
perature measurements were made. In total, 7177,
7179, 6105, and 6280 stations were available for the
association tests of squid catch with depth, time of

day, bottom temperature, and surface temperature,
respectively.

Within-year associations

Perry and Smith (1994) developed a nonparametric
test of association between an environmental factor
and the quantity of catch during a stratified random
survey. Their method uses the maximum absolute
difference between the cumulative distribution func-
tion (CDF) of an environmental factor and the catch-
weighted CDF of that environmental factor as a test
statistic in a randomization procedure to evaluate
whether a significant association exists. In particular,
the test algorithm is as follows. First, the empirical
CDF (f) of the environmental factor is computed as

=3 > 1), M

wheret = the value of the environmental factor;

h = an index for the survey strata;

i = anindex for the tow in stratum h;

x.. = the observed value of the environmen-
tal factor from the it" tow in stratum h;

W, = the proportion of the survey area in stra-
tum h;

n,, = the number of tows in stratum h; and

I(x)= an indicator function with I(x)=1, when
x £t, and 1(x)=0, when x > t.

Second, the empirical cumulative distribution of
catch as a function of the environmental factor (g) is

computed as
— ylh
9(t) = WhYin I (Xin)
22 g, O

st = thym

and where y; = the catch from the it tow in stra-
tum h;
¥,, = the mean catch in stratum h; and
Y= the stratified mean catch.

)

where

In Equation 2 above, the quotient y;, /Y, expresses
the relative catch under environmental condition x;,
in comparison with the stratified mean. The maxi-
mum absolute value of the difference between f(t)
and g(t) over all values of the environmental factor
is the observed test statistic (T) where

Z Z Wh |:lylh ySt HI(X n |- 3)

MAX
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To evaluate whether the test statistic is significant,
the observed environmental measurements (x;,, ) are
randomly sampled with replacement and assigned
to observed catches with probability W, /n, under the
hypothesis that the association between catch and
the environmental factor is random. The value of the
test statistic (Ty) is then computed for this random
assignment. The randomization procedure of assign-
ing environmental measurements to catches and of
computing the value of T is repeated a large num-
ber of times to generate a distribution of test statis-
tics for the null hypothesis of random association
between catch and environmental factor. Last, the
observed test statistic T is compared to the distribu-
tion of test statistics T, from the randomization pro-
cedure to evaluate whether the null hypothesis of
random association can be rejected.

We applied this test to L. pealei and 1. illecebrosus
catch, in numbers per tow, using four environmental
factors: average depth of tow, time of tow, bottom
water temperature, and surface water temperature.
A total of 2000 randomizations were performed to
provide an empirical distribution based on 2001 test
statistics, including the original test statistic.

Size-specific environmental effects

Size-specific environmental effects on mean catches
were evaluated separately for each species using tows
that captured both juveniles and adults to ensure
that comparisons were made under the same envi-
ronmental conditions and that the ratio of juvenile
to adult catch was well defined. Catch numbers of
squid were separated into prerecruit (<8 cm ML for
L. pealei and <10 cm ML for 1. illecebrosus) and re-
cruit (>8 cm ML for L. pealei and >10 cm ML for I.
illecebrosus) size categories, where prerecruits and
recruits roughly corresponded to juvenile and adult
squid. In what follows, prerecruit and recruit cat-
egories will sometimes be colloquially referred to as
juveniles and adults, respectively. However, both L.
pealei (Macy, 1980) and I. illecebrosus (Coelho and
O’Dor, 1993) exhibit variability in sex-specific size
at maturity, and for both species, an unmeasured
fraction of smaller individuals within the recruit cat-
egory were juveniles. The effect of depth on mean
catch was evaluated first. Tow depth was categorized
according to the depth zones used to define offshore
strata of the NEFSC bottom trawl surveys: depth
zone | (27-55 m), zone 11 (56-110 m), zone 111 (111—
185 m), and zone 1V (186-366 m). Similarly, time of
tow was categorized into three time zones: zone |
(night: 20:00-23:59 and 00:00 to 3:59), zone Il (dawn
and dusk: 4:00-7:59 and 16:00-19:59), and zone 111
(day: 8:00-15:59). Bottom and surface temperatures

were grouped into three zones based on the 25th (P,;)
and 75th (P.;) percentiles of the empirical tempera-
ture distribution of each of these two variables. Tem-
perature zone | was P, to P, zone Il was P, to P,
and zone Il was P, to P,,,. Mean catches between
zones were compared after applying a logarithmic
transformation to stabilize the variance of number
per tow. Similarly, mean ratios of juvenile to adult
catches were compared between zones after apply-
ing a logarithmic transformation to the ratio. Mean
log,-transformed catch per tow values of juveniles
and adults and their ratios were tested at the 5%
level of significance by using the GT-2 test which is
appropriate for unplanned comparisons with unequal
sample sizes (Sokal and Rohlf, 1981). Only the ef-
fects of individual environmental factors on juvenile
and adult catches were evaluated in these univariate
tests and the potentially important factors of
interannual changes in abundance or of survey strati-
fication were subsumed into random variation.

Diel correction factors

We analyzed the combined effects of survey design,
time of day, and annual squid abundance to deter-
mine correction factors for diel differences in
catchability of juvenile and adult squid. As in the
evaluation of size-specific environmental effects,
catches (C) from tows that captured both juveniles
and adults were log, -transformed. A general linear
model (Searle, 1987) was applied to estimate the ef-
fects of survey stratum (Fig. 1), time of day category,
and year on log, ,-transformed catches. Time of day
was categorized into three time zones: zone | (night:
20:00-23:59 and 00:00-3:59), zone 11 (dawn and dusk:
4:00-7:59 and 16:00-19:59), and zone 111 (day: 8:00—
15:59) so that the time period effect (T) measured
diel differences in mean catch. The year effect (Y)
provided a measure of the effect of changes in rela-
tive annual abundance on mean catch whereas the
survey stratum effect (S) accounted for the effects of
geographic location and depth. The general linear
model (GLM) was

log Cij = logUg +1ogT; +Iong +log Sy +Eijs 4)

where Cijk = mean catch during the it time period
(T;) in the j™ year (Y; ) within the k™
stratum (S, );

U, = mean catch in a standard reference cell
(where standard time period=day,
year=1994, and survey stratum=1); and
g = an independent and identically distrib-
uted normal random variable with zero

mean and constant variance ¢?.
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Parameters of the GLM model were estimated us-
ing ANOVA for both prerecruit and recruit catches
of each species. The significance of time, year, and
stratum effects were evaluated by using type-I111
sums of squares that do not depend on the order in
which effects are added to the model (Searle, 1987).
Because daytime was the reference time period, the
diel coefficient for the daytime had the value 1. Point
estimates and confidence intervals of time zone I (T))
and Il (T, ) coefficients in relation to the daytime co-
efficient were computed whenever the diel effect was
significant. Given estimates of T and T, , catches (y;,)
made during time zone I or 11l period can be corrected
to daytime catch units by dividing them by the diel
effects coefficientasy; / T and y, / T,,, respectively.
Diel-standardized, stratified mean catches (Y *) can
be expanded by the total number of sampling units
within the survey region (N) to provide minimum
swept-area estimates of juvenile or adult population
size (Ny,*) and variance (N2 Var[ y,,*]) within the
survey region using stratified random sampling es-
timators (Cochran, 1977).

Results

Within-year associations

The neritic squid species exhibited different degrees
of within-year habitat associations than those exhib-
ited by the oceanic species. Results of the random-
ization tests of L. pealei catches with depth, time of
day, bottom temperature, and surface temperature
(Table 1) showed that L. pealei catch was consistently
associated with each of these factors. Associations
were significant (P<0.05) in all years for depth, bot-
tom temperature, and surface temperature. For time
of day, associations were significant in all years ex-
cept 1980 (96%). In contrast, results of the random-
ization tests for I. illecebrosus (Table 2) indicated that
catches of this species were inconsistently associated
with only some of the factors. During the 28 years
analyzed, a total of 15, 13, 7, and 12 associations were
significant for depth, time of day, bottom tempera-
ture, and surface temperature, respectively. All four
factors were significantly associated with 1.
illecebrosus catch during 1983; otherwise, there was
no apparent pattern of annual associations. Overall,
L. pealei exhibited consistent within-year associa-
tions, whereas 1. illecebrosus exhibited variable
within-year associations with the four environmen-
tal factors.

We compared the interquartile range of the catch-
weighted CDF of each factor to the interquartile
range of its unweighted CDF to see how associations

Table 1
Results of univariate randomization test of association
between catches of L. pealei and depth, time of day, bot-
tom temperature, and surface temperature, during the
NEFSC autumn bottom trawl survey, 1967-94. Table en-
tries are the probabilities of random association! between
L. pealei catches and the environmental factor. The sym-
bol “*” denotes probability values of 0.05 = P > 0.01, and
the symbol “**” denotes the probability values of 0.01 > P.
Environmental factor

Average Time Bottom Surface
Year depth of day temperature temperature
1967 0.00**  0.00** 0.00** 0.00**
1968 0.00**  0.00** 0.00** 0.00**
1969 0.00**  0.00** 0.00** 0.00**
1970 0.00**  0.00** 0.00** 0.00**
1971 0.03* 0.00** 0.00** 0.00**
1972 0.00**  0.00** 0.00** 0.00**
1973 0.04* 0.00** 0.00** 0.00**
1974 0.00**  0.00** 0.00** 0.00**
1975 0.00**  0.00** 0.00** 0.00**
1976 0.00**  0.00** 0.00** 0.00**
1977 0.00**  0.00** 0.00** 0.00**
1978 0.00**  0.00** 0.00** 0.00**
1979 0.00**  0.00** 0.00** 0.00**
1980 0.00**  0.07 0.00** 0.00**
1981 0.00**  0.00** 0.00** 0.00**
1982 0.01**  0.00** 0.03* 0.00**
1983 0.01**  0.00** 0.00** 0.00**
1984 0.00**  0.00** 0.00** 0.00**
1985 0.00**  0.00** 0.00** 0.00**
1986 0.01**  0.00** 0.00** 0.00**
1987 0.00**  0.00** 0.00** 0.00**
1988 0.00**  0.02* 0.00** 0.00**
1989 0.00**  0.00** 0.02* 0.00**
1990!  0.00**  0.00** 0.00** 0.00**
1991 0.00**  0.00** 0.00** 0.00**
1992 0.00**  0.00** 0.00** 0.00**
1993 0.02* 0.01** 0.00** 0.00**
1994 0.00**  0.00** 0.00** 0.00**
1 No bottom temperature data were collected on Georges Bank

during 1990.

varied across years. For brevity, the term “midrange”
denotes the “average interquartile range” in what
follows. For depth, this comparison of CDFs showed
whether L. pealei or I. illecebrosus preferred shal-
lower or deeper water in relation to observed depths.
The midranges of depth for L. pealei and I.
illecebrosus catches were 37—75 m and 79-149 m (Fig.
2A), respectively, whereas the midrange of all ob-
served depths was 51-166 m. For L. pealei, the aver-
age of the median catch-weighted depth was 50 m,
about 35 m shallower than the average observed
depth and equal to the P, of the observed depths. In
contrast, the average of the median catch-weighted
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depth for I. illecebrosus was 106 m, roughly 20 m
deeper than the average observed depth. Overall, L.
pealei was consistently associated with shallow
depths (37—75 m), whereas I. illecebrosus was more
common in deeper waters (79-149 m).

The comparison of midranges for time of day indi-
cated whether L. pealei or I. illecebrosus catches were
more prevalent during night or day. We measured
time in relation to a reference time of day (6:00 AM
EST) because this roughly corresponds to first light,
during autumn, when diel effects on the behavior of
squid might be expected to change. This choice did
not affect the results of the habitat association test;

Table 2
Results of univariate randomization test of association
between catches of I. illecebrosus and depth, time of day,
bottom temperature, surface temperature during the
NEFSC autumn bottom trawl survey, 1967-94. Table en-
tries are the probabilities of random association! between
1. illecebrosus catches and the environmental factor. The
symbol “*” denotes probability values of 0.05 =P > 0.01, and
the symbol “**” denotes the probability values of 0.01 = P.
Environmental factor

Average Time Bottom Surface
Year depth of day temperature temperature
1967 0.13 0.01** 0.01** 0.00**
1968 0.03* 0.24 0.05* 0.01**
1969 0.08 0.03* 0.26 0.33
1970 0.16 0.15 0.02* 0.02*
1971 0.01**  0.01** 0.00** 0.08
1972 0.24 0.30 0.12 0.03*
1973 0.04* 0.13 0.71 0.12
1974 0.52 0.03* 0.03* 0.23
1975 0.34 0.00** 0.77 0.00**
1976 0.02* 0.20 0.54 0.30
1977 0.04* 0.44 0.26 0.01**
1978 0.12 0.00** 0.87 0.03*
1979 0.00** 0.15 0.07 0.07
1980 0.01**  0.01** 0.24 0.25
1981 0.61 0.01** 0.51 0.25
1982 0.03* 0.00** 0.09 0.18
1983 0.03* 0.00** 0.01** 0.00**
1984 0.03* 0.47 0.42 0.00**
1985 0.00**  0.00** 0.24 0.12
1986 0.03* 0.51 0.60 0.31
1987 0.39 0.34 0.53 0.04*
1988 0.98 0.12 0.06 0.34
1989 0.69 0.10 0.32 0.58
1990! 0.00**  0.00** 0.27 0.09
1991 0.04* 0.36 0.11 0.48
1992 0.13 0.01** 0.00** 0.00**
1993 0.33 0.24 0.53 0.03*
1994 0.04* 0.18 0.09 0.39
1 No bottom temperature data were collected on Georges Bank

during 1990.

however, median time of day was 18:00 EST, instead
of 12:00 noon EST. The midranges for time of day for
L. pealei and I. illecebrosus catches were 10:00-17:00
EST and 10:00-18:00 EST, respectively (Fig. 2B). In
comparison, the midrange for time of day was 13:00—
1:00 EST. For both L. pealei and I. illecebrosus, the
average median catch-weighted time of day was 14:00
EST, roughly 4 hours earlier than the average me-
dian time of 18:00 EST, and roughly equal to P, of
the overall time distribution. Overall, both L. pealei
and I. illecebrosus exhibited diel catchability because
squid catches were consistently greater during day
than at night.

Potential effects of bottom temperature were also
examined to see whether L. pealei or 1. illecebrosus
preferred warmer or cooler bottom temperatures. The
midranges of bottom temperature for L. pealei and
I. illecebrosus catches were 11-15°C and 9-13°C, re-
spectively, and the midrange for bottom temperature
was 8-13°C (Fig. 2C). For L. pealei, the average of
the median catch-weighted bottom temperature was
13°C, about 3°C warmer than the average of the over-
all bottom temperature distribution. For 1. illece-
brosus, the average of the median catch-weighted
bottom temperature was 11°C, which was nearly
equal to the average of the observed bottom tempera-
ture distribution Although L. pealei was associated
with warmer bottom temperatures, it did not appear
that I. illecebrosus was closely associated with bot-
tom temperature.

Effects of surface temperature were also examined
to see whether L. pealei or I. illecebrosus preferred
warmer or cooler surface temperatures. The mid-
ranges of surface temperature for L. pealei and 1.
illecebrosus catches were 17—-20°C and 13—-20°C (Fig.
2D), respectively, and the midrange for all surface
temperatures was 11-19°C. For L. pealei, the aver-
age of the median catch-weighted surface tempera-
ture was 18°C; about 4°C warmer than the average
overall surface temperature distribution. Similarly,
the median catch-weighted surface temperature of
16°C for 1. illecebrosus was 2°C warmer than this
average. Overall, L. pealei was generally associated
with warmer surface temperatures, whereas 1.
illecebrosus associations were more variable, and this
species was less frequently associated with warmer
surface temperatures.

Size-specific environmental effects

Mean catches of L. pealei prerecruits and recruits
varied across depth zones (Fig. 3A) where combined
sample sizes for depth zones I, 11, 111, and 1V were
1234, 1012, 270, and 99 tows, respectively. Mean
catches of prerecruits peaked in zone | and declined
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with depth, whereas mean catches of recruits
peaked in zone I11. The lowest mean catch of L.
pealei prerecruits and recruits occurred in the
deepest strata, zone IV. There was no signifi-
cant difference between mean catches of
prerecruits in depth zones Il and 111 or recruits
in zones | and Il or zones Il and 111 (Fig. 3A).
The mean ratio of prerecruit to recruit catches
was highest in depth zone | (Fig. 3B) and ex-
hibited a declining trend with depth. However,
the mean ratio was not significantly different
in depth zones 11, 111, and 1V. Overall, catches
of L. pealei prerecruits decreased with depth,
whereas recruit catches peaked at intermedi-
ate depths (111-185 m).

For 1. illecebrosus, mean catches exhibited
heterogeneity across depth zones (Fig, 3C),
where sample sizes for depth zones I, 11, 111,
and IV were 85, 283, 161, and 81 tows, respec-
tively. Mean catches of recruits increased with
depth and were highest in depth zone 1V,
whereas mean catches of prerecruits were rela-
tively homogeneous across depths but were low-
est in zone Il. For prerecruits, mean catches
were significantly different only between zones
I and Il (Fig. 3C). In contrast, mean catches of
recruits were significantly different between all
depth zones except zones 111 and 1V and zones
Il and I1l. The mean ratio of prerecruit to re-
cruit catches peaked in zone I, whereas the
mean ratios in zones Il, 111, and IV were not
significantly different (Fig. 3B). Overall, catches
of 1. illecebrosus prerecruits peaked in the shal-
lowest depth zone (27-55 m) but were similar
at greater depths. Similar to those of L. pealei,
catches of 1. illecebrosus recruits increased with
depth as the ratio of prerecruit to recruit catch
decreased with depth.

As expected, mean catch of L. pealei prerecruits
and recruits peaked during day and were low-
est at night (Fig. 4A). Sample sizes for time
zones I, 11, and 111 were 518, 968, and 1129 tows,
respectively. For prerecruits, mean catch by
time of day differed significantly for all three
time zones (Fig. 4A), whereas mean catches of
recruits were not significantly different between
those for time zone Il and zone I1l. The mean
ratio of prerecruit to recruit catches peaked
during day and was lowest at night (Fig. 4B),
whereas the mean ratios for all time zones were
significantly different (Fig. 4B). Overall, catches
of both L. pealei prerecruits and recruits in-
creased during day, although the difference be-
tween day and night catches was more pro-
nounced for prerecruits.
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For 1. illecebrosus, the mean catch of
prerecruits was highest during the day,
whereas the mean catch of recruits peaked
during dawn and dusk (Fig. 4C), where
sample sizes for time zones I, 11, and 111
were 86, 211, and 313 tows, respectively.
Mean catches of prerecruits and recruits
were lowest at night. For prerecruits, mean
catches were not significantly different
between time zones I and Il (Fig. 4C). In
contrast, mean catches of recruits were not
significantly different between time zones
Il and Ill. Although the mean ratio of
prerecruit to recruit catches peaked dur-
ing the day (Fig. 4B), mean ratios were sig-
nificantly different between time zones 11
and Ill. Similar to catches of L. pealei,
catches of both size categories of I.
illecebrosus were lowest at night.

Mean catches of L. pealei prerecruits and
recruits differed by bottom temperature
zone (Fig. 5A) where temperature zones I,
I1,and Il were 5.5 to 10.9°C (n=604), 10.9
to 16.1°C (n=1,340), and 16.1 to 28.0°C
(n=272), respectively. Mean catch of
prerecruits increased with bottom tem-
perature and peaked in the warmest zone,
whereas mean catch of recruits was great-
est in zones Il and Ill. In contrast, the
mean catches of both size categories were
lowest in temperature zone |I. Mean
catches of prerecruits were significantly
different between all bottom temperature
zones (Fig. 5A), whereas mean catches of
recruits were not significantly different
between zones Il and I11. The mean ratio
of prerecruit to recruit catch peaked in
zone 111 (Fig. 5B), and the mean ratios were
not significantly different between zones |
and Il. Overall, catches of L. pealei
prerecruits increased with increasing bot-
tom temperature, whereas catches of re-
cruits peaked at intermediate levels (11—
16°C).

Catches of I. illecebrosus prerecruits and
recruits also varied (Fig. 5C) with bottom
temperature, where zones I, I, and 111
were 5.1 to 10.2°C (n=122), 10.2 to 12.9°C
(n=242), and 12.9 to 25.5°C (n=121), re-
spectively. For 1. illecebrosus prerecruits,
mean catches were greatest in tempera-
ture zones | and 11, and the mean catch of
recruits peaked in zone Il. Mean catches
of 1. illecebrosus prerecruits and recruits
were lowest in temperature zones | and 111,
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respectively. For prerecruits, mean catches
were significantly different only between
temperature zones | and Il (Fig. 5C),
whereas mean catches of recruits were sig-
nificantly different only between zones 11
and Ill. The mean ratio of prerecruit to
recruit catches was greatest in tempera-
ture zones Il and 11l (Fig. 5D), however
there was no significant difference be-
tween the three zones. Overall, catches of
I. illecebrosus prerecruits and recruits
were relatively similar over the range of
observed bottom temperatures (5-25°C).

Mean catches of L. pealei prerecruits
and recruits differed with surface tem-
perature (Fig. 6A) where temperature
zones I, Il, and 11l were 7.1 to 14.8°C
(n=615), 14.8 t0 20.9°C (n=1,178), and 20.9
to 28.3°C (n=460), respectively. Mean
catches of prerecruits and recruits peaked
in temperature zone 11, whereas the low-
est mean catch of prerecruits and recruits
occurred in temperature zone I. Mean
catches of both prerecruits and recruits
were significantly different across all sur-
face temperature zones (Fig. 6A). The
mean ratio of prerecruit to recruit catches
peaked in temperature zone Il and the
mean ratios were significantly different
across all surface temperature zones (Fig.
6B). Overall, catches of L. pealei prerecruits
and recruits peaked at intermediate sur-
face temperatures (15-21°C).

Mean catches of I. illecebrosus prerecruits
and recruits (Fig. 6C) also varied with sur-
face temperature, where temperature
zones I, Il, and 11l were 7.8 to 14.4°C
(n=123), 14.4 to 20.6°C (n=242), and 20.6
to 26.5°C (n=131), respectively. For I.
illecebrosus prerecruits, mean catch
peaked in temperature zone Il but exhib-
ited no trend across zones. In contrast,
mean catch of recruits peaked in tempera-
ture zone 111 and exhibited an increasing
trend with surface temperature. There
were no significant differences in mean
catch of prerecruits, by surface tempera-
ture zone (Fig. 6C), but mean catches of
recruits were significantly different be-
tween temperature zones | and Ill. The
mean ratio of prerecruit to recruit catch
peaked in temperature zone | (Fig. 6D) and
declined with increasing surface tempera-
ture. These mean ratios were significantly
different between zones | and I11. Over-
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all, catches of I. illecebrosus prerecruits
were similar across the range of observed
surface temperatures (8-26°C), whereas
catches of recruits increased with surface
temperature.

Diel correction factors

Diel effects from the GLM analyses were
significant for L. pealei prerecruits and
recruits and for 1. illecebrosus prerecruits
(Table 3). For L. pealei prerecruits, the
time period effect was highly significant
(Fs=280.79, P<0.001), and the year
(F5=6.05, P<0.001) and stratum effects
(Fg=16.23, P<0.001) were also significant.
Estimates of the diel effects coefficients for
L. pealei prerecruits were T, = 0.0873 with
95% Cl 0f[0.0713,0.1068 ] and T,, = 0.4654
with 95%CI of [0.3958, 0.5472 ]. For com-
parison, daytime catch rates of L. pealei
prerecruits were roughly were about 11.5
times higher than time zone | values and
2.1 times higher than time zone 11 values.
Similarly, for L. pealei recruits, the time
period effect was highly significant
(Fs=100.06, P<0.001), and the year
(Fs=9.84, P<0.001) and stratum (Fg=12.45,
P<0.001) effects were also significant. Esti-
mates of the diel effects coefficients for L.
pealei recruits were T, = 0.3420 with 95%
Cl of [0.2939, 0.3979 ] and T,, = 0.8325
with 95%CI of [0.7372, 0.9402 ]. Time zone
11 catch rates of L. pealei recruits were
roughly 2.9 times higher than time zone |
values and about 1.2 times higher than zone
Il values. For I. illecebrosus prerecruits, the
time period effect was significant (Fg=20.23,
P<0.001). The stratum effect was also sig-
nificant (Fg=1.98, P<0.001) but the year
effect was not (Fg=1.48, P=0.057). Diel ef-
fects coefficients were estimated to be T,
= 0.4251 with 95% CI of [0.3158, 0.5724 ]
and T, = 0.6281 with 95%CI of [0.5093,
0.7746 ]. By comparison, time zone Il
catch rates of I. illecebrosus prerecruits
were about 2.4 times higher than zone |
values and roughly 1.6 times higher than
time zone Il values. For I. illecebrosus re-
cruits, the time period effect was not sig-
nificant (F4=2.25, P=0.106), although the
year (Fg=5.41, P<0.001) and stratum
(Fg=3.05, P<0.001) effects were significant.
For both species, diel effects were more pro-
nounced for prerecruits than for recruits.
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Discussion

We found that L. pealei was consistently
associated with all the environmental
factors examined. The habitat associa-
tions of L. pealei with depth, bottom tem-
perature, and surface temperature indi-
cated that these factors were important
determinants of its autumn distribution.
The consistent association of L. pealei
with time of day appeared to be a conse-
guence of the behavioral ecology of the
species as it moves upward in the water
column during the night to avoid preda-
tion or to acquire prey.

In comparison with L. pealei, autumn
survey catches of I. illecebrosus were
much lower and associations with envi-
ronmental factors were inconsistent. For

many of the years examined, 1. illece-
brosus catches were not associated with
depth, temperature, or time of day. Illex
illecebrosus feeds opportunistically in continen-
tal shelf waters from Newfoundland to Cape
Hatteras, during summer and autumn, prior to
undertaking a lengthy offshore migration to
spawning areas south of Cape Hatteras (O’Dor
and Dawe, in press). Therefore, the lack of con-
sistent habitat associations may be partly due
to incomplete survey coverage of 1. illecebrosus
habitat during autumn and a lack of availabil-
ity of this species to the bottom trawl survey
gear. For example, the timing of the offshore
and southward migration of 1. illecebrosus may
precede rather than follow the timing of the
autumn survey in some years. In addition, few
stations are sampled in the autumn habitat of
this species, at the shoreward edge of the con-
vergence zone, and these low sample sizes may
make it difficult to detect habitat associations.
Nevertheless, 1. illecebrosus catches were sig-
nificantly associated with depth, time of day,
and surface temperature in approximately half
of the years examined. Depth and surface tem-
perature may be determinants of preferred
habitat of I. lllecebrosus; however the impor-
tance of these factors varied between years. The
significant association of I. illecebrosus catches
with daylight indicated that the species under-
takes vertical migrations similar to those of L. pealei,
but with less regularity as might be expected of an
ommastrephid (Roper and Young, 1975).

Depth had an important effect on the magnitude
of juvenile and adult L. pealei catches. This associa-
tion with depth corroborated previous studies.

0.00 -
D
-0.25 |
=
o
o]
o
= -0.50 -
(o]
<)
-
-0.75 A
-1.00 . . :
<102 10.2-12.9 >12.9
Bottom temperature (C)
Figure 5 (continued)
Table 3
Analysis of variance tables for general linear model results to
estimate diel correction factors for L. pealei and I. illecebrosus

prerecruits and recruits, where df is degrees of freedom, SS is
type-I11 sums of squares, MS is mean square, Fg is the F-statis-

tic, and P is the probability value.

Source of variation df SS MS Fg P
L. pealei prerecruits
Year 27 104.824 3.882 6.05 <0.001
Stratum 50 520.624 10.413 16.23 <0.001
Time of day 2 360.353 180.176 280.79 <0.001
L. pealei recruits
Year 27 96.171 3.562 9.84 <0.001
Stratum 50 225.257 4505 12.45 <0.001
Time of day 2 72.439 36.220 100.06 <0.001
1. illecebrosus prerecruits
Year 27 9.761 0.362 1.48 0.057
Stratum 50 24.114 0.482 1.98 <0.001
Time of day 2 9.866 4933 20.23 <0.001
1. illecebrosus recruits
Year 27 41.351 1.532 5.41 <0.001
Stratum 50 43.274 0.865 3.05 <0.001
Time of day 2 1.275 0.637 2.25 0.106

Serchuk and Rathjen (1974) examined the distribu-
tion and relative abundance of L. pealei and found
that the highest catches were at depths less than
100 m during autumn. Vovk (1978) reported that the
primary depth range of L. pealei was 50-100 m dur-
ing September—November, and Lange and Sissen-
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cruit catches, (C) mean catch of I. illecebrosus, and (D) mean ratio of I.
illecebrosus prerecruit to recruit catches by surface temperature for posi-
tive catches of prerecruits and recruits.

wine (1983) reported relatively high
catches at shallow (27-55 m) and also
intermediate depths (111-185 m). In this
study, however, depth affected catches of
juvenile and adult L. pealei differently.
Most shallow-water catches comprised
juveniles, and this finding indicated that
nearshore waters of the continental shelf
constitute a preferred habitat of L. pealei
juveniles during autumn. Catches of ju-
veniles also decreased at greater depths.
In contrast, catches of L. pealei adults
peaked at depths near the edge of the
continental shelf. We detected a bathy-
metric pattern of larger L. pealei with
increasing depth. This pattern was also
reported by Vovk (1978) on the basis of
distant water fleet catches of L. pealei and
is similar to the ontogenetic descent re-
ported for some other loliginids (L. gahi,
Hatfield et al., 1990; L. vulgaris reynaudii,
Augustyn et al., 1992).

In comparison with L. pealei, the effect
of depth on I. illecebrosus was similar but
less pronounced. This difference was
probably due to the fact that I. illece-
brosus utilize a wider range of depths
than do L. pealei as they feed in shallow
nearshore areas and undertake long dis-
tance migrations in continental slope
waters (O’ Dor and Dawe, in press). None-
theless, the empirical patterns of I.
illecebrosus catches in relation to depth
in our study area were consistent with
those from different areas. In particular,
Whitaker (1980) reported that 1. illece-
brosus catches were relatively low at
depths less than 56 m and peaked at
depths between 186 and 366 m in waters
south of Cape Hatteras, whereas Grinkov
and Rikhter® reported that I. illecebrosus
catches peaked at depths of 100-150 m
along the edge of the continental shelf off
Nova Scotia. In our study, much of the 1.
illecebrosus catch occurred at depths of
roughly 80-150 m. As with L. pealei, we
found that depth affected the catch of I.
illecebrosus juveniles and adults differ-

3 Grinkov, Y. A., and V. A. Rikhter. 1981. Some
data on distribution of groundfish and short-
finned squid along the oceanic slopes of the
Scotian Shelf in spring, 1979. Northwest Atlan-
tic Fisheries Organization (NAFO) SCR Doc. 81/
V1/63, ser. no. N347, 13 p.
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ently. Catches of juveniles decreased at

greater depths, and there was a bathy- 0.00
metric pattern of larger 1. illecebrosus

with increasing depth. Although catches

of adults increased with depth, in con- -0.25 4
trast with L. pealei, catches of I. illece-

brosus adults peaked at depths of 186—
366 m. This depth range corresponds to
the convergence zone between continen-
tal shelf and slope waters and intersects
the shelf edge at roughly 150-200 m
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catch data were consistent with this ob-
servation, as Lange, Ingham, and Price*
reported, noting that the highest catch
rates recorded by domestic observers in
the distant-water 1. illecebrosus fishery
were generally located within several
miles of the shelf-slope front, at the
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shoreward edge of the convergence zone,
between continental shelf and slope wa-
ter. Overall, these observations suggested
that the shelf-slope convergence zone is an impor-
tant habitat for adult I. illecebrosus during autumn.

Our analyses also demonstrated the importance
of diel effects on L. pealei catches. This generally
corroborated previous observations. Summers (1968)
observed that L. pealei migrated vertically and that
squid could be observed near the surface at night.
Summers (1969) and Lange and Sissenwine (1983)
observed that survey catches of L. pealei during the
day were consistently higher than catches at night.
Serchuk and Rathjen (1974) observed that 90% of L.
pealei survey catches occurred during daylight, and
Sissenwine and Bowman (1978) found that L. pealei
catches were significantly higher during day. In our
study, significant differences in diel effects were de-
tected for both juveniles and adults. Catches of L.
pealei juveniles and adults increased with increas-
ing light availability although the diel effects were
more pronounced for juveniles. In particular, time
zone | and Il catches of juveniles were 92% and 54%
below mean catch during the day, whereas zone | and
Il catches of adults were 66% and 17% lower. The
fact that the diel effect was more pronounced for ju-
venile L. pealei may be related to differences in feed-
ing behavior between juveniles and adults. L. pealei
hatchlings must feed near the surface until their ten-
tacles develop and they can capture larger prey

4 Lange, A. M. T., M. C. Ingham, and C. A. Price. 1984. Distri-
bution of maturing lllex illecebrosus relative to the shelf-slope
water front of the northeastern United States. NAFO SCR Doc.
84/1X/109, Ser. No. N906, 18 p.

(Vecchione, 1981) whereas adults are primarily de-
mersal and commonly rest on the bottom (Hanlon et
al., 1983). Small juveniles feed primarily on crusta-
ceans and gradually shift to a more diverse diet of
crustaceans, fish, and squid as they grow and can
capture larger and more energetically valuable prey
(Vovk, 1972; Macy, 1982; Vovk, 1985; Anderson and
Griswold, 1988). As a result, juveniles need to un-
dertake vertical migrations at night more frequently
to capture a sufficient amount of suitable prey.

The fact that I. illecebrosus catches were moder-
ately associated with time of day was consistent with
Sissenwine and Bowman (1978) and Shepherd and
Forrester? who found that time of day had an impor-
tant effect on catches of I. illecebrosus. Diel vertical
migrations may be related to I. illecebrosus feeding
activity. Vinogradov and Noskov (1979) found that
the feeding intensity of this species is greatest at
night and lowest during the day. Similar to catches
of L. pealei, catches of I. illecebrosus were higher
during day, and diel effects were more important for
juveniles than adults. In particular, catches of juve-
niles at night and those at dawn and dusk were 37%
and 57% below mean catch during the day. Guided
by a review of the NEFSC domestic sea sampling
program database, fishermen targeting I. illecebrosus
take advantage of the behavior of this species by fish-
ing only between dawn and dusk, when the squid
are available to commercial bottom trawl gear.
Schools of I. illecebrosus are not targeted at night
because they are too dispersed near the surface of
the water column. Instead schools of I. illecebrosus
are targeted beginning at dawn, when they can be
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consistently seen on sonar returning to the seabed.®
In contrast, the ratios of juvenile to adult catches of
I. illecebrosus were considerably lower than those for
L. pealei. In part, this difference in ratios between
species may reflect the importance of cannibalism
for larger 1. illecebrosus adults during autumn (O’'Dor
and Dawe, in press). Although diel effects on I.
illecebrosus juvenile catches were similar to L. pealei,
they were less consistent.

We found that bottom temperature had a signifi-
cant effect on catches of L. pealei juveniles and adults.
This generally corroborated prior studies. In particu-
lar, Summers (1969) observed that large catches of
L. pealei during winter were restricted to bottom tem-
peratures of 8°C or higher. This lower temperature
limitation was supported by Serchuk and Rathjen
(1974) and Vovk (1978) who reported that the major-
ity of L. pealei catches during autumn occurred at
bottom temperatures of roughly 9-14°C. Similarly,
in our study, much of the L. pealei catch occurred at
11-15°C. However, catches of L. pealei juveniles were
highest when bottom temperatures exceeded 16°C,
whereas catches of adults were highest when bot-
tom temperatures were 11-16°C. Our results sug-
gest that L. pealei juveniles generally prefer warmer
bottom temperatures than do adults that appear to
prefer intermediate bottom temperatures. This dif-
ference in temperature preference might be expected
if minor differences in temperature have a substan-
tial impact upon growth rates of young squid
(Forsythe, 1993).

In contrast to bottom temperature, catches of L.
pealei juveniles and adults had a similar pattern with
respect to surface temperature. The highest catches
of both L. pealei juveniles and adults occurred at tem-
peratures of 15-21°C, whereas catches were lowest
for temperatures below 15°C. Although L. pealei
catches might be expected to increase with warmer
water temperatures, adult catches peaked at inter-
mediate bottom and surface temperatures and then
declined at higher temperatures. This decline sug-
gested that the higher temperature ranges observed
in the survey were not optimal for L. pealei adults.
Overall, the strong association of L. pealei with wa-
ter temperature suggested that annual variation in
patterns of ocean temperature affects the distribu-
tion and influences growth and survival of this ner-

itic species.
In comparison to L. pealei, the less frequent asso-
ciations of I. illecebrosus catches with bottom and

surface temperatures suggested that temperature
has a variable influence on the distribution of I.

5 Goodwin, G. 1997. Captain of F/V Relentless and F/V Per-
sistence. Davisville, Rhode Island, 02882. Personal commun.

illecebrosus from Cape Hatteras to the Gulf of Maine.
Other studies generally supported the notion that I.
illecebrosus are distributed over a broad range of tem-
peratures. In particular, Whitaker (1980) reported
that I. illecebrosus catches occurred over a wide range
of bottom temperatures of 7-27°C, but that roughly
80% of the catch was taken in 8-10°C waters.
Murawksi (1993) examined the mean latitudinal oc-
currence of 1. illecebrosus in relation to bottom and
surface temperatures during autumn NEFSC bot-
tom trawl surveys but found no statistically signifi-
cant relationship. Rowell et al. (1985b) reported that
I. illecebrosus appear to prefer bottom temperatures
in excess of 6°C during summer on the Scotian Shelf,
but that temperature did not appear to be a limiting
factor. In the present study, much of the I. illecebrosus
catch occurred at bottom temperatures of 9-13°C and
surface temperatures of 13—-20°C. In comparison to
L. pealei, I. illecebrosus appeared to prefer cooler
bottom temperatures and surface temperatures.
However, in contrast with L. pealei, bottom tempera-
ture had a similar affect on catches of juvenile and
adult 1. illecebrosus. Surface temperature affected
catches of juveniles and adults differently and, in
particular, adult I. illecebrosus catches increased with
surface temperature. Overall, 1. illecebrosus catches
occurred over a broader range of water temperatures
in comparison with L. pealei, as might be expected
of an oceanic species with a range that extends from
temperate to boreal waters.

Because the bottom trawl gear used on the NEFSC
autumn survey only fishes 3.2 m above the seabed,
diel differences in squid catches are expected when
squid migrate vertically to acquire prey or to avoid
predators. Significant differences were detected be-
tween catches by time of day for both juvenile and
adult L. pealei. As a consequence, it was inferred that
diel correction factors were appropriate for survey
catches of this neritic species. In contrast, diel ef-
fects on survey catches of adult I. illecebrosus were
not significant and diel correction factors were not
developed for this oceanic species. The diel catcha-
bility of L. pealei presents some challenges for the
analysis and interpretation of bottom trawl survey
data to estimate squid population totals. On one
hand, diel correction factors developed in this study
can be applied to time zone | and 1l catches to pro-
vide a stratified mean catch per tow adjusted to day-
light units. Resampling techniques, such as mirror-
match bootstrapping, could be applied to estimate
its variance (Smith, 1997) under appropriate distri-
butional assumptions. In this case, all survey data
could be used at the expense of additional computa-
tional cost and potential bias induced by applying
the diel correction factors to all survey strata. On
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the other hand, squid population size and its vari-
ance could be calculated on the basis of only day-
light tows in the standard manner. In this case,
roughly 1/3 of the available survey data would be
used owing to the exclusion of time zone | and 11 tows.
As a result, some survey strata would be under-
sampled and precision would be lower. In general,
the trade-off between bias due to diel correction and
loss of precision due to use of only daylight tows
warrants further study.

Differences between L. pealei and I. illecebrosus
catches by depth suggest that the stratification of
the NEFSC bottom trawl survey, which was designed
to sample groundfish populations, is appropriate for
both species. Differences in L. pealei and I.
illecebrosus catches by temperature imply that pre-
ferred temperature ranges likely exist for both spe-
cies within the survey region. However, temperature
would not be a useful stratification variable for analy-
sis of squid catches because temperature strata are
dynamic and would fluctuate each year and because
such a variable would lead to overstratification given
the current depth and geographic stratification of the
NEFSC survey. Regardless of how temperature af-
fects survey catches of squids, the growth, recruit-
ment, and abundance of L. pealei and I. illecebrosus
can be expected to vary with ocean temperature re-
gime (e.g. Dawe and Warren, 1993; Brodziak and
Macy, 1996) because both are ecological opportun-
ists with high, intrinsic population growth rates.
Understanding how environmental factors, such as
temperature, influence the productivity and distri-
bution of squid stocks remains an important topic
for fisheries research and management.
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