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Abstract

- Loligo gahi were collected, by Scientific Observers from the Fisheries _
Department of the Falkland Islands Government, from bottom trawl samples caught . -
-around the Falkiand Islands on both commercial and research vessels from January
1994 to November 1995, Samp.les were taken from both seasons of the commercial
fishery in the Falkland Islands (proeecuted south of 51°20’South latitude). In addition,
research samples were taken in January, June and November outside the fishing
seasons, to provide individuals of a greater eize range than would be present in fishery
samples alone. A sub-sample of squid were taken from each sample to provide
statoliths for age determination by statolith increment analysis. Sea-surface .
temperature data were derived for an area encompassing the southerly portion of the
fishing grounds for Loligo gahi to provide an indicator of seasonal temperature
variations for that region. Age data were derived for 486 females and 445 males.
Monfh (or season) of hatch had a strong, significant effect on the length at age _
relationship of Loligo gahi, demonstrated by the large difference in length at age for
squid hatched in the summer and winter. This study provides evidence that increased
temperature during a squid’s early growth period may markedly accelerate growth
giving rise to significant differences in.length at age for adult squid hatched at different

temperatures.

Introduction

The study of growth in cephalopods has been aided by the relatlvely recent
drsoovery of growth lncrements in the statolrths of many specres Considerable
mformatron has been amassed on the valldation of statolith increment periodicity and
the re!ationshlp between squid S|ze and age (Rodhouse and Hatfleld 1990a; Jereb et

al., 1991 Jackson 1994 Jackson et al. 1998) More recent research has enabled

researchers to focus on the use of size at age rnformatlon for the construction of squid



growth models (reviewed in Jackson, 1994), and the identification of individual cohorts.
through the anal}s_is of hatch date distributions (see for example Arkhipkin, 1993; Dawe
and Beck, 1997). | _ . | _

Growth in cephalopods has been shown to be highly. variable. Much of the
variability can be attributed to the plasticity of growth of these organisms, i.e., the -
intrinsic variability (reviewed in Jackson, 1994 ; Boyle and Boletsky, 1996). However,
there is an increasing body of evidence that a large component of the variability is
attributable to abiotic factors. Most studies have examined growth rates in relation to.
the season of year, implying a temperature effect. Forsythe (1993) predicted that even
small differences in temperature .(1—2?0) during the first three months of post-hatching
life could create large differences in the overall adult size of a cephalopod. Broods
hatching later in a given year but coinciding with higher envircnmental temperatures
would be capable of higher growth rates, overtaking earlier broods in size, and,
theoretically, of reaching greater eventual adult sizes. This phenomenon had been
observed previously in /flex argentinus from the southern Patagonian Shelf, and
attributed to temperature (Rodhouse and Hatfield, 1990b). Clearly this hypothesis -
offers an explanation of the poor size at age relationships seen in several cephalopod
populations (Caddy, 1981). That this is not the case for some squid studied, e.g., Ilex
coindetii in NW Spain (Gonzalez et al., 1996), Sthenoteuthis pteropus from the central-
east Atlantic (Arkhipkin and Mikheev, 1992) and Todarodes angofensis in the northern
Benguela upwelling area (Villanueva, 1992), suggests that other abiotic factors, such
as food availability, also play a crucial rble.

Statolith growth increments have been used in the past to determine growth
patterns in Loligo gahi (d'Orbigny) (Hatfield, 1991) and to demonstrate potential biases -
inherent in the measurement of growth of this species from_s:ampl'es taken only from the
commercial fishery for the species (Hatfield and'Rodhouse, 1994a). The length at age
relationship in L. gahi from commercial samples alone is highly variable and much of
this variability can probably be explained by the pattern of migration of the specie_s.
through the area being fished, as the restricted depth range of the fishery tends to



catch squid of a similar size, but not a similar age. Certainly when research samples
from both shallower and deeper than the range of the commercial fishery were included
in the analysis, providing considerably larger and smaller squid than those Caught in
fishery samples; the fit to the growth model was improved {Haffield, 1991). An :
additional explanation for the variability is that growth rates were determined for
combined samples hatched over a number of months and that different broods of squid
hatching at different times would have had different growth rates. Studies have been
carried out on a number of loliginid squid species showing that the temperature at'the '
time of hatching can make a difference to the size at age relationship, in Lofigo forbesi
from the Irish Sea'(Collins et al., 1995), Loligo pealei from the northwest Atlantic - :
(Brodziak and Macy, 1996), Lolliguncula brevis from the Gulf of Mexico (Jackson et al;
1998) and in several Photolofigo species from 'Jépénesé waters (Natsukari et al., 1988)
~and from Australian waters (Jackson and Choat, 1992; Jackson, 1995}. '

' Collection of Loligo gahi samples from both commietcial and research vessels
fishing in Faikland Istands waters in 1994 and 1995 provided the opportunity to collect
sufficient numbers of statoliths to enable the effects of month or season of hatch, and -
therefore temperatre, on growth to be examined for the first time in this species‘and to
see if those effects could be related to the demonstrated variability in the Iength at’ age

/ i

relationship for that spec1es
Materials and methods

Statolith Sampling. - Samples of Loligo gahi were taken from the commercial trawl
fishery in Falkland Islands waters during the 1994 and 1995 fishing seasons (first’
season: February to May; second season: August to October), and from two research
vessels (RV ‘Atlantida’ in January 1994 MV ‘Cordella’ in November 1994, June and
November 1995) to provide samples from outside the restricted depth range,’ '
prescribed fishing area ‘and seasonis of the commercial fishery (see Figure 1 for catch -

sites of sampled squid). Commercial and research véssels deploy fine-meshed c¢od-



end nets (1.0 - 1.5.cm.barmesh) thus ensuring retention of similar size ranges of squid.
These samples \;vere collected through the Falkland Islands Government Fisheries
Department (FIGFD) Observer Programme. Each sample of 150 squid was frozen
aboard the vessel on which it was collected and returned to the U K. for analysis.

Squid were dissected in the laboratory and a number of measurements taken.
Refer to Macy (1982) for the full listing of measurements. These included dorsal
mantle length to the nearest mm (ML), total body mass in'g (BM) and sex. A
representative sample of statoliths was collected from each sample of:squid as follows.
The ML measurements were grouped into five size classes of 30 mm each,
representative of the size range sampled by the commercial and research vessels. Al
statoliths were sampled at random within the five size classes. For each of the first
1994 fishing season samples, statoliths were extracted from 25 females and 25 males;
for each. of the second-1994 fishing season samples, from 20 femaies and 20 males; for
each of the 1995 fishing season samples from a total of 25:females and males

combined.. - .

Statolith Preparation and Increment Counts. - Statoliths were dissected out and stored
in:analytical grade glycerol prior to examination. Terminology and measurement of the -
statoliths was after Clarke (1978). Statolith preparation and examination used the
method described in Arkhipkin (1895). This method grinds the statolith on both sides
and counts growth increments (representing age in days) from the focus to the edge of
the rostrum. Hatching dates were back-calculated.

it has not been possible to validate the one ring per day hypothesis in this
species due to a number of constraints; mainly the inability to capture live adults or .-
juveniles. However, previous age determination work on-this species in relation to
other research into the species’ life cycle from fisheries and research\samples has
provided good evidence that increments are depcsited at the rate of one per day
(Hatfield, 1991; Hatfield and Rodhouse, 1894a, 1894b).

Linear, exponential and logarithmic models were fitted to the ML at age data to -



determine the model of best fit. ‘All transformations are natural logarithms. . Statistical -
procedures were performed using the statistical package MINITAB v.11 (Minitab inc., -
1996). |

Temperature Data. - Temperature data for 1893, 1994 and 1995 were derived from sea
surface temperature (SST) data (Reynolds and Smith, 1994) for the single grid celi-52°
50' S, 59° 50' W. This aréa is to the south of the Falkland Islands, over depths.of ~160
m, in-the vicinity of the main commercial fishery for Loligo:gahi. The SST data are from
the National Oceanic and Atmospheric Administration:(NOAA) operational global SST
analyses. The weekly and monthly data were derived:from the British Antarctic Survey

marine Geographical Information System (Trathan et al., 1993).

Seasonal growth. - ML at age data were grouped by month of hatch, and by season of
hatch to compare and contrast.growth rates at different temperatures. The seasons
were grouped as follows: spring - October, November and December; summer - -
January, February and March; autumn - April, May and June; winter - July, August and
September. These groupings meant generally that the three warmest months (January,
February and March) and the three coldest months (July, August-and September) were
grouped together,iencompassing:the two peaks of hatch seen in the back-calculated -
hatch data. . - '

Results

Mantle Length at Age. - The ML:at age plots for all data combined are:shown in Figure -
2. Linear, exponential and logarithmic curves were fitted to the data for females and ~
males separately and the results are shown in Table 1. Each regression was ’
significant but there was poor correlation for each model for each sex.  Examination of

the residuals showed the linear model to be least preferable to describe growth.  As the

pattern of residuals was essentially the same for the exponential and logarithmic



models and the difference between the adjusted r? was only 1% for females and 2% for
males the'expon-énti-al model was selected. Other:growth studies on Lofigo gahi have
described growth by this model and for consistency the modelis retained in this study.

The age range for females was 123 - 366 days, and for males was 132 - 339
days. The range of ML examined was 64 - 244 mm for females and 55 - 300 mm for
males. |

There is clearly- much variation in length at age when all data are combined in
the model. To assess potential sources of variability the data were grouped by month
of hatch and re-examined. Analysis of covariance (ANCOVA) was performed to test for

differences in growth of squid grouped in this way.

Hatchdate distribution. - The back-caiculated distributions of hatchdates for female and
male Lofigo gahi:are shown in Figure 3(a). - The same distribution broken down by
season of catch for females:and males separately is shown in Figure 3(b}. There were
two peaks ‘of hatch per year during the period 1993:to 1995, a major peak in July and - -
August with-a smaller peak in January and February. - Squid caught in season 1 had a
hatchdate distribution ranging from Aprii to December with the peak in August (1994
capture) and July (1995 capture); those caught.in season 2 had a hatchdate
distribution ranging from October to- June with the peak in January and February (for
both 1994 and 1995 capture). '

Sea Surface Temperature (SST) Data. - The mean monthly SST distribution and the
calculated temperature anomalies (relative to the average monthly temperatures, or
climatology data, for the period November 1981 to July 19897) for each month in the
years 1993 - 1995 are shown in Figures 4 (a) and (b) respectively. Highest
temperatures were observed in- January, February and March, lowest temperatures in
August and September. The anomaly data show that within the three year period 1993
was the warmest year overall, the summer and early autumn-of 1894 were colder than

average as were the winter and spring of 1995.



Temperature effects -To assess the potential effect of temperature on growth the: .
relationship betv;eenmean ML at capture and date of hatch was examined and. : - - i
compared. to the weekly SST data for the same period. Figure 5 shows the mean ML i
data:for squid Caught in 1994 only, as there were more age data available from*'thaf
year,” There is a clear trend with équid- caught at:a smaller size tending to be those - .-
hatched at cooler temperatures. '

.. To-examine this relatio.nship in greater detail the length at age data were first
examined to look for variations in growth rate with the data grouped by month of hatch. .
Table 2 shows the initial design of the ANCOVA: to test for homogeneity of slopes. In
the femaies there was significant interaction between month and age overali (p<0.001) .
suggesting that the slopes for length at age in each month were not homogeneous, but
when each month.was examined separately the interactions between factor (month):
and covariate (age) were only significant for the months of February, April and May. -
(p<0.05). In all other months for females the hypothesis of homogeneity of slopes was
accepted and further analysis performed. In males, however, the interactions between
the factors {(month) and covariate (age) were not significant (p>0.001) so the slopes for
length-at age were assumed: to be homogeneous for each month of hatch. The final
design of the ANCOVA is shown in Table 3. In both females and males the month of -
hatch :significantly influenced the length at age relationship (p<0.001). Figure6a .- .-
shows the adjusted mean ML for females (at age 202 days) and males (at age 213 - -
days) for each month of hatch for which data are available, with mean monthly SST
data plotted on the same graph. - The relationship of mean ML per month of hatch
resembles closely the trends:in-mean monthly SST, with the squid hatched in the -
summer, .i.e., at higher tempeératures, being significantly larger than squid of the same ..
age but hatched in the winter months.

.- The'length at age data grouped by hatch month were combined into season of:
hatch and ANCOVA performed on these seasonal data. . The range of ML examined for
squid-grouped by season.for females was - spring: 75 - 163 mm; summer: 99 - 191 mm;
autumn: 64 - 244 winter: 75 - 202 mm and for males was - spring: 73 - 243 mm; - . .-



summer: 95 - 271.mm; autumn; 55 - 275 mm,; winter: 74 - 300 mm. The combining of
these data allow;d a statistically more rigorous ANCOVA to be performed than was
possible with the monthly hatch data.- Larger sample sizes were produced, with a
greater spread of age data.. Thus data for each season could be compared within the -
'same age range, which was not possible in the analyses of month of hatch. The
restricted -age range for females was 150- 278 days (actual ranges - spring:123 - 278;
summer; 150 - 294: autumn; 148 - 366; winter: 137 - 289) and for males 154 - 288 days
(actual ranges - spring: 132~ 342; summer: 150 - 288; autumn: 154 - 339; winter: 140 -
300). Table 4 shows the initial design of the ANCOVA to test for homogeneity of
slopes. In fen'iales and maies the interactions between the factors (season)and-
covariate (age) were not significant (p>0.001) so the slopes for length at agé were
assumed to be homogeneous for each season of hatch. The final design of the
ANCOVA is shown in Table 5. In both females and males the season of hatch
significantly. influenced the length at age relationship (p<0.001). Figure 6b shows the
adjusted mean ML for females (at age 204 days) and males (at age 213 days) for each
season of hatch for the restricted age range, with mean monthly SST data plotted on
the same graph. The relationship-of mean ML per season of hatch resembles closely
the trends in mean monthly SST grouped by season, showing the same trend as the
data when grouped by month of hatch.

Discussion

This study enabled one of the potential sources of variability in the length at age
relationship-to be examined in Loligo gahi: The low correlations in the length at age
data in this. study using increment counts from the statolith rostrum are comparable to
data obtained from counts from the statolith dome (Hatfield, 1991, Hatfield and -
Rodhouse, 1994a). This variability is as a result of the high degree of plasticity in
individual growth rates-and seems to be an inherent feature in the analysis of squid
growth (Caddy, 1991; Jackson, 1994; Boyle and Boletsky, 1998). Age data enabled
hatch dates for the population to be calculated for the years 1994 and 1995 from both



commercial and research.samples which in turn enabled a detailed analysis of growth-
rates grouped .b;/ month and season of hatch to be performed. .

The_seasohal component of growth was. clearly quite marked in Loligo gahi in the
relationship between mean ML at capture and date of hatch from data for 1994 and -
from the ANCOVA resuits. Squid hatched in the summer months showed a significantly
larger length at age than those hatched in winter.: The length: at age relationship:was
lower for squid hatched in the spring than in the autumn-even though the spring -
hatched squid likely encountered increasing water temperatures and autumn hatched
squid likely encountered decreasing temperatures. However, in autumn the average -
water temperature was higher than in the spring so these squid exhibited faster early
growth rates in the warmer waters. Thus there is a clear seasonal component to the -
growth of L. gahi in Falkland Islands waters.. .- - |

This study supports Forsythe’s (1993) hypothesis in which, using growth models
based on the laboratory growth of Loligo forbesi, it was proposed that even a slight -
increase in temperature during a-squid's early rapid -growth phase (first 100 days) could
greatly accelerate growth and significantly red uce the time required to reach adult
sizes. He described growth in twe phases, the exponential phase, corresponding to the
time.in which squid growth would be-most affected by temperature (the early, rapid-
growth phase), followed byllogarithmic growth for the rest of the life cycle where higher
temperatures may produce higher growth rates but the increases would be far less
dramatic. Squid in this study are clearly beyend the first rapid phase of growth.
Growth in this study has been described using an exponential model, nonetheless the
Iogarithmic model gave as_‘gqod a fit ta the data. The growth rates for adult squid:in.. -
this study were not significan;tly different from-each other over the age range analysed: -
However, the length for a given age was greater for squid hatched in warmer. '
temperatures. Clearly then the growth rates in the early, exponential phase of growth: -
must have differed, giving rise to.a significant length difference between summerand : :
winter hatched squid of 26 mm at.age 204 days for females and 31 mm at age 21 3 days
for males. The temperatures used in this study, taken:from the National Oceanic and .
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Atmospheric Administration (NOAA) operational global SST analyses, may not reflect
the actual temperatures experienced by hatching Loligo gahiin Falkland Islands
waters. Temperature data taken by the Fisheries Department of the Falkland Islands -
Government.(FIGFD) at about 2 m water depth'in 1995 show a greater seascnal
variation than that provided:by the SST data, for 1993 -1995, in this study. The SST
average annual range is approximately 5.5 - 9.5° Celsius. The shallow temperature
recorder data vary from approximately 1.5 - 13° Celsius (Conor Nolan, FIGFD, pers.
comr.). The'spawning grounds for this species are still unknown but they are
pfesumed to be in inshore Falkland islands waters (Hatfield et al., 1990). Similarly,
little information'is available on either the distribution andfor abundance of L. gahi
juveniles in Falkland Islands waters, or the water structure therein. Two research -
surveys-in the austral'spring of 1991 and 1992 gave different resuits (Hatfield and
Rodhouse: 1994b). In 1991, where the near-bottom water temperatures measured by |
acoustic net monitor at 30 m, 65 m and 100 m-differed significantly, with cooler o
temperatures below 30 m, most juvenile squid (presumed to be 2-3 months old) were
caught at 30 m depth. In 1992 where there was no significant temperature difference
with water depth {100'm depth not sampled) more juvenile squid were caught at 65 m
than at 30 m depth. The SST data used in this study show very similar values of water
temperature for October and November 1991 and 1992 to those temperatures at which
most squid were caught (i.e:, mean near-bottom temperature measured by acoustic net
monitor). Thus even though the SST data are for an area of water depth of ~160m
water:depth they may be indicative of the general temperature conditions in which-
juvenile squid can be found, at least in the austral spring. a

A further model (Grist and des Clers, in press) extended Forsythe's (1993)
model to the more general situation in which seawater temperature variation is
sinusoidal and squid eggs may hatch continuously throughout the year, which is the
case for Loligo gahi (see Figure 3).' The model gave similar results to that of Forsythe
(1993) and showed that seasonally fluctuating temperatures couid directly affect the

size distribution of squid over the year with younger individuals having the potentiél to
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surpass the size of Qlder individuals as in this study on L. gahi. The model also
predicted that th; population would rapidly separate to. produce a low number of tightly
synchronised c'ohorts each year. Two peaks of hatch are seen in this study of age data
which would suggest two cohorts per year. However, other data have suggested that
the population frequently may _com.prise up to three cohorts per year (Hatfield :and
Rodhouse, 1294b; Hatfield, 1996). _

~ In Ioliginid squid generally, there seems: to be a strong seasonal component.to -
growth a‘lthough most studies have combined data for squid hatched in the warmer vs.
the colder season. - However for loliginid squid in both temperate and tropical waters, -
the pronounced effect is similar (in Lofigo forbesi from the Irish Sea (Collins et al;,
1995), Loligo pealei from the n.or_:thwest,AtIanti‘c (Brodziak and:Macy, 1996),
Lofliguncula brevis from the Gulf of Mexico (Jackson et al., 1998) and in several .
Photololigo speciés from Japanese waters (Natsukari et al., 1988) and from Australian. :
waters (Jackson and Choat; 1992; Jackson, 1995).

Temperature is clearly an important variable in the life history of Lofigo gahiin-
Falkland Islands waters. The temperature experienced by a hatchling squid in-the. -
early life cycle not only affects the rate at which its adult size is reached but may. - -
predict the size of a squid entering the fishery as a function of sea-water temperature
approximately six months previously, and may uitimately determine the number of-

- cohorts produced within the population each year (Grist and des Clers, in press)..-The -
essential information required for.a complete understanding of its effect on the life cycle
of L. gahi is a solid understanding of the movements of the.L. gahi population over.the -

course of a year and the annual temperature patterns in these areas.
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Table 1. Loligo gahi. Intercepts (A) and slopes (b) +SD for the relationship mantle length (ML) at age to find the model
which best describes the data. Linear model: ML = A + b age; exponential model: InML = A + b age; logarithmic model:
InML = A + b Inage.

A b | r2(adj) N b
linear model
females N 31.4 N 0.447 037 . . 486 0.000
males 273 0.508 o038 a5 0.000
exponential model | . o
females 403 0.00371 0.39 486 0.000
males 391 000432 041 445 0.000
logarithmic model
females 0.735 0764 .. . 040 . 486 0000
males -0.253 0.951 0.43 486 0.000




Table 2. Loligo gahi. Preliminary design of ANCOVA, for testing homogeneity of slopes. In each case age is the
covariate, the dependent variable is mantle length. Month is the factor (1-12).

Females : Males
df F p df F p
- age 1,486 117.89 0.000 1,445 0.45 0.502
month 11,486 4.59 0.000 11,445 1.58 0.102
month x age 11,486 3.15  0.000 11,445 1.46 0.146

Table 3. Loligo gahi. Final design of ANCOVA. In each case age is the covariate and mantle Iehgth the dependent
variable. Month is the factor (1-12). For females months 2, 4 and 5 were excluded as the slopes in these months were
not homogeneous. All months were tested in the case of the males.

Females | Malés
o df F p df F p
age 1.,393__ 327.77 0.000 1,445 325.21 | 0.000

month 8393 1802  0.000 11,455  12.75 10.000




Table 4. Loligo gahi. Preliminary désign of ANCOVA, for testing homogeneity of slopes. In each case age is the
covariate, the dependent variable is mantle length. Tested on the data set restricted to the ages 150 - 244 in females
and 154 - 288 in males.: Season is the factor (1-4), where season 1 is spring, 2 is summer, 3 is autumn and 4 is winter.

Females Maies

df o F P df " F p ;
age 1,431 11974 0.000 1, 441 194.34 0.000
season 3, 431 9.58  0.000 3, 441 2.80 0.040
season x age 3, 431 478 0.003 3, 441 1.24 0.294

Table 5. Loligo gahi. Final design of ANCOVA. In each case age is the covariate, the dependent variable is mantle
length. Tested on the same restricted data set as in Table 4.

Females ‘Males | )

df F p df O
age 1, 431 177.00 0.000 1, 441 © 308.71 - 0.000
season 3,43 51.90 0.000

3, 441 4417 0.000
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Figure 1. Loligo gahi. Catch sites for specimens collected in Falkland Islands: 'i'rvaters
from both commercial and research vessels during 1994 and 1995. Circles represent
commercral catches, squares represent research vessel catches.
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Figure 2. Lofigo gahi. Reiatlonsmp between the number of daily growth :ncrements in the
statolith (age) and mantle length. :
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Figure 3. Lofigo gahi. (a) Hatch date distributions calculated from known
age and date of capture; (b) distributions shown for each season of capture.
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Figure 4. Loligo gahi. (a) Sea surface temperature (SST) distribution derived for the
single grid cell 52° 50'S,. 53 50'W for the years. 1993 - 1995; (b) SST anomaly data for -

the years 1993 - 1995, relative to the mean monthly SST data for the period November . -
1981 - July 1997.
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Figure 5. Loligo gahi. Relatlonshlp between the dorsal mantle length (ML) at
capture, hatchdate, and weekly SST data for sqmd caught in 1994. ML values
are the mean values calculated for each hatchdate. SST values show the
water temperatures at the time of hatching of those squid, and demonstrate the
effects of temperature on growth.
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Figure 6. Loligo gahi. Relationship between adjusted mean mantle length derived from

"(b) seasonal data
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ANCOVA and mean monthly sea surface temperature (SST) data plotted for data

(a) grouped by month of hatch and (b) by season of hatch (see text for exact seasonal

groupings).






