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INTRODUCTION

Atlantic cod Gadus morhua L. populations generally
move from coastal to offshore areas in autumn, over-
winter in deep slope waters, and return to more
inshore areas in the spring. Such orderly and extended
(up to 1000 km: Woodhead 1975) seasonal migrations
are now recognized for many of the world’s most
commercially-important cod populations, such as the
Arcto-Norwegian and Barents Sea cod (Harden Jones
1968, Woodhead 1975), West Greenland cod (Harden

Jones 1968, Hovgård & Christensen 1990), Newfound-
land and Labrador cod (Templeman 1979, Lear &
Green 1984), eastern Scotian Shelf cod (McKenzie
1956, Scott 1988), northern Gulf of St. Lawrence cod
(Templeman 1979, Moguedet 1994, Taggart et al.
1995), and southern Gulf of St. Lawrence cod (Jean
1964, Paloheimo & Kohler 1968).

While migratory patterns are well documented, very
little is understood about the underlying triggering
mechanism. Woodhead (1975) suggested that chang-
ing levels of circulating thyroid hormones in the blood-
stream trigger migratory behaviour, since these hor-
mones increase swimming speeds in both laboratory
(Woodhead 1970, Castonguay & Cyr 1998) and field-
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released (Woodhead 1975) cod. Similarly, gonadal
hormones may also trigger migration because of the
common linkage of migration and reproduction, and
because testosterone enhances locomotor activity in
teleosts (Hoar et al. 1952, 1955, Baggerman 1963,
1966). Until the present study, however, the natural
changes in the levels of endocrine hormones had not
been examined in relation to the extensive migrations
of cod.

Our goal was to determine whether thyroid or repro-
ductive hormones were correlated with the seasonal
migrations of southern Gulf of St. Lawrence cod
(Fig. 1). Scientific surveys have identified the western
Gulf as being a major summer ground for the stock
(summarized by Swain 1999). In autumn, however,
southern Gulf cod migrate distances up to 650 km
(Hanson 1996) to overwinter in the Cabot Strait along
the southern edge of the Laurentian Channel (Jean
1964, Paloheimo & Kohler 1968, Halliday & Pinhorn
1982, Campana et al. 1999). In spring, the cod migrate
back into the southern Gulf, thus completing the
annual migration cycle. We monitored on a frequent
basis the circulating levels of testosterone, estradiol-
17β (E2), L-thyroxine (T4), 3,5,3’-triiodo-L-thyronine
(T3), and free (protein-unbound) T3 in relation to the
onset of seasonal migrations.

MATERIALS AND METHODS

We investigated the timing of the autumn migration
of Gadus morhua L. using sentinel survey data. Sen-
tinel surveys consist of periodic sampling excursions
on traditional fishing grounds following a scientific
protocol. Two sentinel seiners carried out trips into the
western Gulf from October to November in 1994, and
from July to October in 1995, 1996 and 1997. During
each trip, about 10 standardized sets were made at
randomly chosen locations within the western Gulf.
We used the precipitous decline in catch rate as an
indicator of the timing of departure of the cod. We also
examined catch rates from sentinel vessel operations
in the eastern Gulf (1996 to 1997) to identify arrival of
fish from the western portion of the stock. Data from
Sinclair & Currie (1994) were used to document spring
migrations.

We collected samples in the Cabot Strait area during
the winter and spring, and in the southern Gulf of St.
Lawrence during the summer and autumn. Winter and
spring samples were collected every second month in
1996 and 1997, whereas summer and autumn samples
were taken on a near-weekly basis between 1994 and
1997. The number of fish collected during each trip
ranged from 7 to 106 (mean = 30) and both sexes were
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Fig. 1. Gadus morhua. Capture locations of cod from 1994 to 1997, and the 2 most likely migration routes (Sinclair & Currie 1994,
G. A. Chouinard unpubl. data) between the southern Gulf of St. Lawrence (summer) and the Cabot Strait (winter) grounds. (Bold
delimitation lines show zones inside which sentinel vessels operated.) Symbols indicate sampling stations in western Gulf
area (s), eastern area (d) and Cabot Strait region (J). s symbols outside western Gulf represent sites visited in August and 

September 1994, prior to the beginning of sentinel surveys
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generally well represented. The mean fork length (FL)
of cod in samples varied from 46 to 60 cm, except for
the August 1994 sample (mean FL = 67 cm).

Most samples were captured using mobile gear ves-
sels that carried out 60 min sets. In October and
November 1996, however, 43% of the eastern Gulf
samples were collected using baited longlines. The
soaking time of longlines ranged from 4 to 24 h. No
effects of gear-type on the concentrations of hormones
were found (Mann-Whitney U-test, p < 0.22) when
comparing samples collected with mobile and longline
gear in the same area on the same day. Blood samples
were retrieved within about 20 min after the fish were
boated. The aorta was cut and blood was allowed to
flow directly into 7 ml Vacutainer vials. The vials were
capped and refrigerated for 12 to 24 h. The serum frac-
tion was then transferred into 2.5 ml cryovial tubes and
stored at –72°C until analyzed. Cod were kept on ice
and dissected within 48 h or frozen at –20°C and dis-
sected after having been partially thawed. We deter-
mined the gonadosomatic index (GSI) as 100 ( the wet
weight of the gonads divided by the wet weight of the
carcass (total body weight minus combined weight of
liver, gonads, and stomach) (Schwalme & Chouinard
1999).

We measured T4 and T3 on 1456 samples using a
combined radioimmunoassay (RIA) technique (Omel-
jianuk et al. 1984) and the reagents employed by Cyr
et al. (1998). Details of the procedures are also given in
Comeau et al. (2000). We measured free T3 levels on
638 samples using G-25 Sephadex columns (Eales &
Shostak 1985). In this approach, the free fraction is not
quantified directly, but computed from the radioactiv-
ity measured in the eluted protein-bound fraction.
Because most of the circulating T3 is naturally bound to
plasma proteins, sample dilution is necessary to detect
small variations in the free T3 fraction. For cod, linear-
ity between the percentage of 125I-T3 bound to serum
proteins (eluate) and the dilution of pooled serum sam-
ples was maintained down to a dilution factor of about
1:20 (serum:phosphate buffer). Therefore, all samples
were diluted 1:10, which was well within the linearity
limits of the dilution curve. In the first step of the pro-
cedure, 100 µl (ca 10 000 counts) of 125I-T3 tracer was
pipetted onto G-25 Sephadex columns previously
equilibrated in 0.1 NaOH. Free iodide contamination
(125I–) was removed by introducing 3 ml of phosphate
buffer into the columns. The contamination was mea-
sured and subtracted from the total counts added to the
columns in Step 1. One ml of diluted serum was added
to each column. Shortly after the serum had drained
into the Sephadex, 3 ml of phosphate buffer was pipet-
ted into the columns and the eluate containing the pro-
tein-bound 125I-T3 was counted. Free T3 percentage
values were computed as in Eales & Shostak (1985),

and then converted into concentration values using T3

results from the combined T4-T3 RIA (i.e. total T3) and
the following formula: 

free T3 (ng ml–1)  =  total T3 (ng ml–1) × free T3 (%) × 10–2

Gonadal hormones were measured using commer-
cial Coat-A-Count® RIA kits (Diagnostic Products Cor-
poration, Los Angeles, CA, USA). A total of 1140 sam-
ples (436 males, 704 females) were processed in
duplicate for the measurement of E2 levels. A similar
number of samples (576 males, 548 females) were
analysed, also in duplicate, for testosterone levels.

For all RIA analyses, radioactivity was measured
using a Beckman Gamma 5500 Counting System. The
dilution of cod serum samples yielded hormone levels
close to the predicted values, and the dilution curves of
samples were parallel to the dilution curves of stan-
dards. Intra- and interassay coefficients of variation
were less than 10%.

RESULTS

Because few Gadus morhua samples were collected
during the spring migration period, we decided to pool
the 1996 and 1997 data in order to present the 2 sexes
separately (Fig. 2). In spring, the mean (1996 and 1997)
GSI values were either increasing (females) or had
already reached their maximum values (males) by
March (Fig. 2A). However, despite obvious gonad
development, testosterone levels remained relatively
low in both sexes until June, at which time levels
clearly peaked (Fig. 2B). In contrast, E2 in females
reached and persisted at maximal levels from March to
June (Fig. 2C). Also, the E2/testosterone ratio clearly
surpassed the 1.0 mark in March (Fig. 2D), indicating
that E2 was more concentrated than testosterone. E2

levels in males were extremely low (<0.1 ng ml–1)
throughout the year, and are not shown graphically.
Thyroid hormone levels were either low or declining
when cod migrated into the western Gulf during the
spring of 1996 and 1997.

From 1994 to 1997, there was a prominent rise in
sentinel catch rates in the western Gulf in early Octo-
ber, followed by sharp declines to null values in late
October (Fig. 3A). The timing of the autumn peaks
ranged from October 2 to 13 (mean = October 8), and
thus was relatively constant from year to year (SE = 2
d). Major peaks and steep declines in catch rates were
also detected in the eastern Gulf (Fig. 3B). In this area,
the peaks occurred in late October (mean = October
22, SE = 1 d), indicating the arrival of fish from the
western Gulf.

Testosterone levels usually remained low in males as
they departed the western Gulf in 1995, 1996 and 1997
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(Fig. 4A). E2 levels in females were also generally low
at this time (Fig. 4B), and no consistent pattern
emerged from the free T3 series (Fig. 4C). However,
serum T4 levels peaked about 15 d before the maxi-
mum catch rates were recorded (Fig. 5). The mean
timing of the T4 peaks between 1994 and 1997 was
September 23 (autumn equinox) with very little inter-
annual variability (SE = 1 d). Consequently, we
decided to group the thyroid data into 3 periods: sum-
mer residency, near-autumn equinox, and autumn

migration. Mean levels of thyroid hormones near the
autumn equinox were significantly higher (2 to 3 ng
ml–1) than those during the summer residency period
(T4, Fig. 6A) and 4 to 5 ng ml–1 (T3, Fig. 6B). In percent-
age terms, the mean equinoxial increases were 173%
(T4) and 26% (T3). A comparatively small number of
samples collected near the equinox in 1995 (16 com-
pared to 29–37 fish in other years) might have been
responsible for the lack of statistical significance in
that year.

While the levels of both thyroid hormones increased
near the autumn equinox, T4 showed greater year-to-
year variability than T3: the equinoxial T4 means dif-
fered between the investigation years (p < 0.001,
Krustal-Wallis test) whereas the equinoxial T3 means
did not differ (p < 0.21, Krustal-Wallis test). Also, for
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Fig. 2. Gadus morhua. Seasonal changes in the gonadoso-
matic index (GSI), testosterone, estradiol-17β, and estradiol-
17β/testosterone ratio in male (d) and female (h) cod. Results
from 1996 and 1997 were pooled to increase sample sizes.
Data points represent monthly means (±SE). SM horizontal
bar indicates the approximate timing and duration of the
spring migration as inferred from Sinclair & Currie (1994) and 

July sentinel data

Fig. 3. Gadus morhua. Changes in catch rates of cod during
sentinel expeditions in 1996. In each graph, d and h symbols
represent different survey vessels. In the western Gulf (A),
data points are means (±SE) of 6 to 8 tows, except for June
where only 3 tows were carried out during a separate
research expedition. In the eastern Gulf (B), data points are 

catches per 1000 hooks (longline)

A

B
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any given year, the T4 levels recorded near the autumn
equinox were highly variable from one individual to
another, with the sample coefficient of variation (CV)
ranging from 80 to 146%. In comparison, the sample
CV for T3 ranged from 26 to 34%. After the equinox, as
cod quickly moved out of the western Gulf (Autumn
Migration I in Fig. 6A,B), the mean T4 levels fell
sharply but the mean T3 levels remained elevated.

In the eastern Gulf, the concentrations of thyroid
hormones also increased near the autumn equinox
(Fig. 6C, D). At this time, both T4 and T3 means were
similar to those recorded in the western Gulf (p > 0.05,
Mann-Whitney 2-sample test applied to 1996 and 1997
series separately). Also, as in the case of the western
Gulf, the variation between individuals during the
equinoxial period was greater for T4 (CV = 124 to

135%) than for T3 (CV = 40 to 49%). The levels of thy-
roid hormones remained elevated after the equinox
(Autumn Migration II in Fig. 6C, D), as western Gulf
cod transited through the eastern Gulf.

DISCUSSION

A key assumption of this study is that the measured
hormone levels in Gadus morhua were not signifi-
cantly distorted by capture stress. It appears that cap-
ture stress has a minimal effect on the circulating lev-
els of both T4 and T3 (see Comeau et al. 2000). Capture
stress, however, is known to reduce the levels of
gonadal hormones in various fishes (Pickering et al.
1987, Pankhurst & Dedual 1994, Jardine et al. 1996,
Clearwater & Pankhurst 1997, Morehead 1998). Yet we
note that testosterone levels in field-collected cod (this
study) were generally higher than those reported for
laboratory-held cod (Cyr et al. 1998). For cod, it may be
that confinement stress (e.g., Pickering et al. 1987, Jar-
dine et al. 1996, Clearwater & Pankhurst 1997, More-
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Fig. 4. Gadus morhua. Summer and autumn testosterone
(males), estradiol-17β (females), and free T3 (both sexes) lev-
els in western Gulf cod in 1995 (h), 1996 (d), and 1997 (s).
Data points represent expedition means (±SE). Data from
1994 have been omitted because of low sample sizes. #: mean
date (October 8, Day 281) when sentinel catch rates peaked 

before declining to null values

Fig. 5. Summer and autumn T4 levels in western Gulf cod in
1994 (J) and 1995 (h) (A), and in 1996 (d) and 1997 (s) (B).
Data points represent expedition means (±SE). #: mean date
(October 8, Day 281) when the sentinel catch rates peaked
before declining to null values. September 23 corresponds to 

Day 266
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head 1998, Haddy & Pankhurst 1999) has a greater
impact on gonadal hormones than capture stress. Also,
gonadal hormones in our study co-varied with the GSI
in a manner consistent with other reports involving
marine demersal fishes (Campbell et al. 1976, Wing-
field & Grimm 1977, Johnson et al. 1991, Harmin et al.
1995, Cyr et al. 1998). Therefore, we suggest that the
hormone profiles in this study reflect natural changes.

We found that testosterone cycling in cod was not
related to the onset of seasonal migrations. Circulating
testosterone levels remained low in both males and
females as they departed from the western Gulf in
autumn. It appears that testosterone cycling in cod is
more closely associated with the latter phases of gonad
development, and most probably with spermiation as
in the case of various other fishes (Liley & Stacey 1983),
than with migratory behaviour. Our observations con-
cur with analyses of Barents Sea cod-testis tissue that
showed little histological signs of secretory activity at
the beginning of a spawning migration (Woodhead &

Woodhead 1965, Woodhead 1975). Thus, it
seems unlikely that male androgens, or
testosterone at least, are implicated in the
mechanism cueing the seasonal migrations
of cod.

Unlike testosterone, E2 increased to
maximal levels in March, and remained
elevated until June when the spring migra-
tion was for the most part completed.
Although this profile raises the possibility
that E2 was concerned with migratory
behaviour, it remains unclear as to how
exactly the hormone could have cued
migration. Unlike androgenic steroids, E2

has no documented influence on swim-
ming activity. One synthetic oestrogen,
stilboestrol, increased swimming speeds in
goldfish, but its effects were always less
pronounced than the effects of treatments
with male sex hormones (Hoar et al. 1955).
We found E2 levels negligible in the male,
which implies that males do not undergo
endocrinological changes favouring migra-
tion, but rather that they follow females on
their migratory journey. In addition, the
annual rise in E2 levels might not be syn-
chronized with spring migratory behaviour
in other cod populations. For example,
unlike southern Gulf of St. Lawrence cod,
Barents Sea cod and northern cod under-
take their spring migrations as recently
spent fish (Lear & Green 1984, Rose 1993,
Wroblewski et al. 1995, Ponomarenko
1996). While endocrine hormones were not
reported for these populations, E2 in exter-

nally fertilizing teleosts usually reaches maximal con-
centrations during late ovarian development, declines
substantially at the time of spawning, and remains low
for a considerable amount of time after spawning (Fos-
tier et al. 1983, Liley & Stacey 1983, Methven et al.
1992, Harmin et al. 1995, this study). It seems reason-
able to assume that E2 levels are very low in (spent)
Barents Sea cod and northern cod when they engage
in spring migration; consequently, a functional link
between E2 and migratory behaviour is very doubtful
for cod.

In autumn, T4 levels in western Gulf cod invariably
peaked close to the autumn equinox (September 23,
1994 to 1997), with the mean timing of the T4 peaks
being September 23 (SE = 1 d). Equinoxial T4 surges
were also detected in fish from the eastern Gulf, sug-
gesting that the thyroidal event was widespread.
These results imply relative daylight/night-time hours
as a key signal for enhancing thyroid function in
autumn. Woodhead & Woodhead (1965) reached a
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Fig. 6. Mean (±SE) T4 and T3 levels during the summer residency, equinox-
ial, and migration periods in 1995 (grey bars), 1996 (open bars), and 1997
(black bars). Data from 1994 have been omitted because of low sample
sizes. Summer Residency: measurements between June and the cruise
closest to the autumn equinox; Autumn Equinox: cruise closest (within 7 d)
to the autumn equinox; Autumn Migration I: start of the migration in the
western Gulf; Autumn Migration II: period when cod transited through the
eastern Gulf. #: significant (p < 0.01, Mann-Whitney 2-sample test) differ-
ence between 2 consecutive periods; +: significance level between 0.05 and 

0.10 (Mann-Whitney 2-sample test)
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similar conclusion for Barents Sea cod based on thyroid
follicular cell height.

Our data also show a post-equinoxial decrease of T4

levels in western Gulf cod. It seems unlikely that the
lowering of T4 was caused by reduced T4 release from
the thyroid, as the thyroid function in cod increases
through the autumn (Woodhead 1959, Comeau et al.
2000). Alternatively, it is possible that the post-
equinoxial lowering of T4 was brought about by differ-
ential migration rates. More precisely, high T4 individ-
uals might have moved out of the Gulf faster than their
low T4 counterparts, leading us to sample an increased
proportion of low T4 individuals in the western Gulf as
the autumn migration progressed eastward. We base
this interpretation on previous work showing that T4

increased swimming speeds in laboratory cod (Wood-
head 1970, Castonguay & Cyr 1998) and ground
speeds in wild cod (Woodhead 1975). In the open-sea
experiment, cod implanted subdermally with a T4 pel-
let reached the overwintering area significantly faster
than the control individuals (Woodhead 1975). The
peaks in sentinel catch rates in early October (mean =
October 8, 1994 to 1997), and the subsequent declines
to null values within days, are consistent with the
idea that migratory restlessness is initiated close to the
equinox. It is likely that the peak catch rates reflected
a migration well under way, and not the onset of
migratory behaviour per se. The reason is that adult
cod were probably dispersed throughout the summer
feeding area when they sensed the appropriate cue(s)
to start migrating, and that a certain amount of time
was required before they could join and form large
aggregations (see Rose 1993) that ultimately influ-
enced catch data. In brief, the post-equinoxial lower-
ing of T4 may be viewed as an endocrine signature
marking the onset of migration (September 23).

Woodhead (1959, 1975) suggested that enhanced
thyroid status might motivate Barents Sea cod to turn
and swim against the prevailing Norwegian current.
For southern Gulf of St. Lawrence cod, however, thy-
roid hormone levels during the upstream migration
(spring) were either equal or lower than those re-
corded during the downstream migration (autumn).
We also found no evidence that cod migrations were
cued to a specific thyroid activity level. As cod initiated
migration in the western Gulf, T4 levels were highly
variable amongst individuals, with sample CVs rang-
ing from 80 to 146%. It could be that individuals have
different behavioural thresholds to T4. This however
seems unlikely, as the mean T4 levels at the onset of
migration (equinox) differed significantly across years,
suggesting that the mean endocrinological threshold
for reactivity would somehow vary from one year to the
next. Nevertheless, our data showed that migratory
behaviour was triggered after the mean concentration

of circulating T4 had reached 2 to 3 ng ml–1 above the
summer residency baseline. High T4 secretion at the
autumn equinox may ensure migratory readiness by
enhancing both sensory physiology (Hoar et al. 1955)
and motor capacity (Woodhead 1970, Castonguay &
Cyr 1998). The equinoxial T4 event coupled to the
year-to-year consistency in migration timing identifies
photoperiod as a likely external cue.

Mean T3 levels increased by 4 to 5 ng ml–1 at the
onset of migration (equinox) and remained elevated
throughout the migration. T3 might have facilitated the
autumn migration by having a generalized excitatory
effect upon metabolism because it binds to (putative)
nuclear receptor sites with greater affinity than T4

(Eales & Brown 1993, Cyr & Eales 1996). However, free
T3, which is the form that can potentially interact with
nuclear receptor sites, showed no recurring pattern in
relation to migration. It is possible that the lack of free
T3 pattern was attributable to the hormone being
metabolised as quickly as it was being released from
plasma binding proteins.

In summary, major endocrine changes occurred in
the Atlantic cod as it migrated seasonally. Serum E2

levels in females peaked in early spring and declined
only after the cod had reached its spawning grounds.
In contrast, the course of thyroid hormones was con-
current with the autumn migration, with T4 and T3 lev-
els increasing shortly before the onset of the autumn
migration was apparent from catch-rate data. We sug-
gest that the changes in E2 levels were functionally
tied with egg development and not with spring migra-
tory behaviour, and that thyroid hormones exerted
physiological effects favouring the onset of the autumn
migration. The year-to-year consistency in the timing
of migration pointed to photoperiod as a likely external
trigger. The indications of possible links between pho-
toperiod, thyroid hormones, and migratory behaviour
should be followed up by experimental studies.
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