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ABSTRACT: A short review shows that in cold, arctic regions of the North Atlantic positive relation-
ships are generally observed between cod recruitment and water temperatures whilst negative rela-
tionships are observed in warm-temperate regions. According to this relationship, cod recruitment in
the Irish Sea should be negatively related to sea temperature. Using 3 independent sources of long-
term temperature records we test this hypothesis and show a highly significant connection between the
recruitment of cod and temperature signals. We suggest that this relationship should be taken into
account, in addition to spawning stock biomass, in any future attempt at understanding cod recruitment

in this area.
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INTRODUCTION

Year-to-year variability in temperature has been
shown to be linked to changes in fish year-class
strength for a number of species (Mysak et al. 1982,
Murray et al. 1983, Swartzman et al. 1983, Hansen &
Buch 1986, Jacobson & MacCall 1995). Atlantic cod
Gadus morhua is widely distributed in the waters of
the North Atlantic and surrounding seas and occurs in
water temperatures in the range -1 to 12°C. Different
stocks show a variety of relationships between recruit-
ment and temperature variations. Three types of
response have been reported: firstly a positive link to
temperature, this is probably the most widely de-
scribed relationship (Lablaika et al. 1989, Buch et al.
1994, Malmberg & Blindheim 1994, Ottersen et al
1994, Ottersen & Sundby 1995, Ottersen 1996); sec-
ondly, a negative response which has been reported in
a few cases (Martin & Kohler 1965, Dickson et al.
1973); and thirdly an absence of linkage between tem-
perature and recruitment (Serchuk et al. 1993, Hansen
et al. 1994, Heessen & Daan 1994). Ottersen (1996)
summarised these relationships in relation to different
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water masses and showed that positive relationships
are usually found in cold northern waters, negative
relationships in more southerly warm waters and an
absence of relationship occurs at intermediate temper-
atures (Fig. 1).

In the Irish Sea, the maximum intensity of cod
spawning has been reported from early March to April
(Brander 1994), with the highest concentration of eggs
being found in the western Irish Sea, although signifi-
cant numbers have also been recorded in the eastern
Irish Sea (Nichols et al. 1993, Fox et al. 1997). In the
western area, cod larvae hatch in the coastal waters off
the Irish coast but are found in deeper offshore regions
by late spring and early summer (Dickey-Collas et al.
1996). The offshore circulation in this area is charac-
terised by a density-driven gyre which develops dur-
ing the spring and persists throughout the summer
season. The distribution patterns of young cod in this
region are probably linked to the onset of this recur-
rent hydrographic feature (Hill et al. 1994, Dickey-Col-
las et al. 1996, 1997, Hill et al. 1996). The Irish Sea is
towards the southern boundary of the geographical
range of the species, although cod do occur further
south in the Celtic Sea. Based on the concept pre-
sented in Fig. 1 and linking recruitment and water
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Fig. 1. A schematic representation of the nature of the rela-
tionship between temperature changes and recruitment for
different North Atlantic cod stocks. A positive effect (cod
recruitment is favoured during warmer years) is generally
observed in cold waters whereas a negative effect (cod
recruitment is favoured during colder years) is found in warm
waters, drawn from Ottersen (1996). References to each stock
are as follows: 'Elizarov (1963}, deYoung & Rose (1993},
*Taggart et al. (1994), *Hermann (1953), *Buch et al. (1994),
®Izhevskii (1964), "Satersdal & Loeng (1987}, ®Ottersen et al.
(1994), ®Ottersen & Sundby (1995), '"Malmberg (1986),
"Malmberg & Blindheim (1994), '2Astthorsson et al. (1994),
BHansen et al. (1994), Martin & Kohler (1965), **Holzwarth
& Mountain (1992), '“Serchuk et al. (1993), "Dickson et al.
(1973), '®Svendsen et al. (1995)

temperature, we should expect a negative relationship
for the Irish Sea. Appropriate temperature datasets for
the coastal region of the western Irish Sea with which
to examine this relationship have not been collected in
the past. Hence, in the present paper we study this
relationship using available temperature data from 3
different sources: hindcasts from a physical model dri-
ven by local meteorological data, a time-series derived
from coarse long-term datasets (the Comprehensive
Ocean Atmosphere DataSet and the Reynolds SST
dataset) and a local time-series collected by the Port
Erin Marine Laboratory (Isle of Man).

DATA AND METHOD

Cod recruitment. The estimates of cod recruitment
at age O are from tuned Virtual Population Analysis
(VPA) on catch and research data for ICES area Vlla,
for the period 1968 to 1996. VPA tuning data from the
commercial fisheries were available for the UK fleet. A
total of 7 research vessel surveys with 4 or more years
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Fig. 2. Recruitment of Irish Sea cod plotted against spawning
stock biomass (dots) and associated Ricker fit (line). The
Ricker model is: Rec = SSB-g!0-40¢-0.000084 S58)

of data were available for inclusion in the tuning pro-
cedure, including direct estimates on recruitment (age
0 group). Annual numbers of cod recruits were esti-
mated following the procedure of the ICES Working
Group on the Assessment of Northern Shelf Demersal
Stocks (Anonymous 1997). Fig. 2 shows the stock-
recruitment scatter plot and the associated Ricker fit
(Ricker 1954). It is well documented (e.qg. Myers & Bar-
rowman 1996} that recruitment can be strongly
affected by changes in spawning stock biomass (SSB),
especially when SSB is particularly low. However, for
the stock levels observed during the period of study,
the Ricker fit shows an almost flat relationship
between stock and recruitment. Therefore recruitment
data were considered independently from SSB.

Model hindcast. A hindcast of the sea surface tem-
perature (SST) for the western Irish Sea region (6° to
5°W and 53.5° to 54.5°N) was derived from the physi-
cal model of Prestidge & Taylor (1995). The 1-dimen-
sional stratification model was implemented on a 5 km
grid and forced with hourly meteorological data from
Dublin airport and the resulting SST estimates output
for every 4 h. Due to limitations in the accuracy of SST
estimates during the summer period in stratified areas,
surface temperatures were extracted up to mid-May
only. Data were averaged over weekly periods from
Julian day 42 to 140 for each year from 1966 to 1994.

COADS and Reynolds SST. The Comprehensive
Ocean Atmosphere DataSet (COADS; Woodruff et al.
1987) is a global oceanographic dataset which includes
a statistical summary of SST for each month of each
year using 2° latitude x 2° longitude boxes. The exact
positions of samples collected in the Irish Sea could not
be derived but samples were more abundant in the
eastern and southern parts of the Irish Sea than in the
western Irish Sea. The data for each month of each
year were interpolated by kriging and the resulting
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temperature estimates averaged for the period Janu-
ary to December of each year from 1966 to 1992. The
Reynolds temperature dataset (Reynolds 1988) is a
monthly statistical summary of SST month using 1° lat-
itude x 1° longitude boxes based on similar data as in
COADS with additional estimations from satellite
imagery. Temperature estimates from the Reynolds
dataset were used from January 1981 to December
1996. After checking for bias in the average tempera-
ture estimates for the period 1981 to 1992 when the 2
datasets overlap, the 2 series were merged to produce
a time-series from January 1966 to December 1996.

Port Erin temperature. Data on temperature have
been collected weekly since 1954 off Port Erin Bay at
Cypris station (54°05'30" N, 4°50' 00" W) for 5 depths.
Surface temperatures (0 m) which allowed comparison
with SST derived from the modelled temperature or
COADS were extracted for the period 1966 to 1996. A
value was derived for each month for the period Janu-
ary to December of each year from 1966 to 1996 using
spline interpolation.

Time-series analysis. The 3 temperature time-series
relate to different areas in the Irish Sea and the mod-
elled SST is calculated over a short period of the year.
Therefore, the average absolute temperature values
vary between the series. To correct for these differ-
ences, we derived from each temperature time-series a
series of temperature anomalies calculated as the
departure from the mean value for the period of refer-
ence 1966 to 1994. The comparison of temperature
anomaly and recruitment time-series was then carried
out using correlation analysis. The non-parametric
Spearman's rank correlation coefficient was used for
all comparisons. No significant (p > 0.05) autocorrela-
tion was detected in the series, and hence no correc-
tion was made either on the raw data or on the number
of degrees of freedom when evaluating the signifi-
cance of correlation coefficients.

Table 1. Spearman's rank correlation coefficients between the
time-series of temperature derived from the model of
Prestidge & Taylor (1995), the COADS and Reynolds dataset
and Port Erin survey, and cod recruitment from ICES VPA.
(**Indicates a probability of type 1 error of 1%)

Modelled COADS/ Cypris
temperature  Reynolds station
temperature temperature
COADS/Reynolds  0.64*" -
temperature n=28
Cypris station 0.70"" 0.64"* -
temperature n=28 n=231
Cod recruitment ~0.66"" -0.64°" -0.63""
n =26 n =29 n=29
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Fig. 3. Time-series of cod recruitment (plain line) in the Irish
Sea derived from virtual population analysis (VPA), anom-
alies in sea surface temperature {from mid-February to mid-
May) in the western Irish Sea estimated from the model of
Prestidge & Taylor (1995) (e), anomalies in mean annual sea
surface temperature in the Irish Sea from the COADS and
Reynolds SST datasets (o) and anomalies in mean annual sea
surface temperature at Port Erin Cypris station (a)

RESULTS

Fig. 3 shows the year-to-year changes in cod recruit-
ment and anomalies in sea surface temperature (SST)
derived from the model, COADS dataset and Port Erin
Cypris station data. The 3 SST time series show similar
profiles which are characterised by a period of average
temperatures during 1971 to 1977, 2 minima in 1979
and 1986 and an increase in temperature in 1989-90,
1992 and 1995. There is a high degree of similarity
between all 3 temperature series as shown by the
significant correlation coefficients between them
(Table 1). The cod recruitment time series shows high
variability with values ranging from 1.8 to 18 x 10°
recruits yr''. The changes in recruitment are opposite
to those in the temperature signal with years of nega-
tive temperature anomaly generally matching years of
high recruitment (e.g. 1979 and 1986) and vice-versa
(e.g. 1981-82, 1988-89, 1994). The correlation between
temperature and cod recruitment is significant regard-
less of which temperature time-series is used (Table 1).
The highest correlation is found with temperature out-
put from the physical model. This is the only tempera-
ture estimate for the western Irish Sea area alone,
where cod eggs and larvae are found in high abun-
dance. The negative correlations between changes in
temperature and cod recruitment are made clear in
Fig. 4. This relationship is consistent with results from
published studies if they are interpreted as in Fig 1.

DISCUSSION

There are many possible mechanisms which might
lead to a link between cod recruitment and tempera-
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Fig. 4. Number of cod recruits plotted against modelled SST
(@), COADS/Reynolds SST (o), and Port Erin Cypris station
SST (a)

ture. Off Newfoundland, deYoung & Rose (1993} ob-
served that changes in temperature were associated
with latitudinal displacement of the cod stock between
favourable and less favourable spawning sites. Ellert-
sen et al. (1989) and Nakken (1994) observed that the
timing of spawning of Arctic cod is fixed while the
spawning of Calanus finmarchicus (the main prey for
cod larvae) can vary by up to 6 wk between a cold and
a warm year, inducing mismatches in extremely cold
or warm years. Conversely, Hutchings & Myers (1994)
showed that off Newfoundland the spawning time of
cod not only varies between regions, but also between
years. The differences in peak spawning times were
up to 90 d and these variations were partially attrib-
uted to year-to-year fluctuations in temperature (-1.7
to —0.9°C). It was suggested that low winter tempera-
tures have a negative influence on gonad development
and delay the onset of spawning in this stock, Similar
conclusions were drawn by Kjesbu (1994) who
reported that a 1°C drop in temperature during vitello-
genesis would delay spawning by about 8 to 10 d (from
results at 9°C). Increased temperatures have also been
reported to affect the degree and timing of oocyte mat-
uration and ovulation in the warmwater Pacific cod
(Tyler 1995) as well as egg viability and fertility in
other species (Howell & Scott 1989, Flett et al. 1996). In
the present study, the range of temperatures between
the coolest and warmest years was around 3°C. This
range should be sufficient to induce similar effects to
those reported above. The mechanism linking temper-
ature and cod recruitment in the Irish Sea could there-
fore be due to direct effects on the reproductive biol-
ogy of fish, effects on the physiology of eggs and/or
larvae, influence of temperature upon food production
or a combination of the three. It is not currently possi-
ble to define a mechanism for the link between tem-

perature and cod recruitment in the Irish Sea, and the
observed relationship needs to be supported by inde-
pendent analyses and observations. However, this pre-
viously unreported connection is so strong that it
should be considered, in addition to SSB, in any future
attempts at understanding cod recruitment in the Irish
Sea.
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