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ABSTRACT: A growth model for pandalid shrimps accounting for seasonal variations in growth is pre-
sented based on successive additions of sigmoid functions along a basic von Bertalanffy growth (VBG)
equation. Results obtained with this new model are compared with results from the VBG equation and
from a VBG model modified by the addition of a sine function. Results show that growth of Pandalus
borealis (Krayer) from Gullmarsfjorden on the Swedish west coast is best described by the seasonal
models. Of the 2 seasonal models, the new model gave a slightly better fit. Seasonal variations in
growth are discussed in relation to the reproductive cycle of P. borealis. Differences in growth pattern
between sexes were also found in a 4 yr series of data from the fjord. The main difference was that male
growth declined earlier in the year (late summer—autumn) than female growth which declined later
(autumn-winter) and for a longer period. Differences in growth rate between sexes are also discussed.
Since Gullmarsfjorden contained 4 different periodically isolated P. borealis populations during the
study period (1984 to 1987), the relationship between growth rate and mean ambient temperature
could be investigated in the temperature interval of 4 to 6 °C. No correlation between these 2 factors
was found. Results also indicated that recurring immigrations of adult shrimp during late winter-early
spring from the Skagerrak population did not significantly affect growth-rate estimates. Finally, sizes
by age of P. borealis in the fjord did not differ significantly from reported sizes by age in other boreal

populations.

INTRODUCTION

Growth of the pandalid shrimp Pandalus borealis
(Krgyer) has attracted extensive interest because of
its abundance and commercial importance in the north
Atlantic and north Pacific Oceans {Shumway et al.
1985). The species has also attracted special interest
because of its protandric life cycle and has been used
to seek ultimate causes as to why selection maintains
protandric reproduction among animals (e.g. Charnov
1979, 1982).

Growth i1s not easily studied in pandalid shrimps
since structures indicating seasonal growth are absent
in crustaceans. Furthermore, as in all other crusta-
ceans, growth of individuals is discontinuous due to
moulting. Several approaches have been used to
determine the age of crustaceans of defined sizes
including tagging (e.g. Skuladéttir 1985), lipofuscin
assay (Ettershank 1984) and the use of chemical body
composition and energy content (Hopkins et al. 1989).

Despite these efforts the most used method of de-
termining growth in seasonally reproducing pandalid
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shrimps still involves the identification and tracing in
time of modes (cohorts) in length-frequency distribu-
tions which are generated by the seasonal reproduction.
Within these cohorts (year classes) the asynchrony in
moulting between individual shrimps is assumed to
generate cohorts where carapace lengths are normally
distributed. Generally the basic von Bertalanffy growth
(VBG) equation (von Bertalanffy 1938, Beverton & Holt
1957) is then fitted by a variety of methods to the mean
lengths of these cohorts in relation to their age.
Although the VBG equation has often been used
by shrimp biologists to approximate average cohort
growth in carapace length (Fréchette & Parsons 1983)
the equation in its original form does not take seasonal
variations in growth rate into account. Therefore, the
need to develop a growth model specifically for pan-
dalids has been advocated (North Atlantic Fisheries
Organisation, NAFO, ‘Working Group on Progress in
Age Determination of Pandalus’, Reykjavik, Iceland
1989). Such a model should incorporate seasonal
variations in growth (Bergstrém 1989, Parsons 1989).
Such variations in growth of pandalid shrimps are
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apparent in older studies (e.g Berkeley 1930, Ras-
mussen 1953, Haynes & Wigley 1969, Shumway et al.
1985), but not until recently have attempts to use
growth models incorporating seasonal variations in
growth been made in pandalids. In a recent study by
Hopkins & Nielssen (1990), growth of P. borealis in
Balsfjord (northern Norway) was found to be better
described by a VBG function modified for seasonal
oscillations in growth compared with the original VBG
function.

This paper presents a revised model for pandalid
shrimps incorporating seasonal variations in growth by
the successive addition of sigmoid functions along a
basic VBG equation. The work with this model was
also motivated by the inability of both the basic VBG
and already published VBG equations modified for
seasonal growth (Pauly & Gaschutz 1978) to describe
sigmoid growth. Results obtained with this model are
compared with results from the basic VBG and from a
VBG model modified by the addition of a sine function
developed by Pauly & Gaschutz (1978). The models are
applied to new data obtained from a stock of Pandalus
borealis in Gullmarsijorden on the Swedish west coast
(Bergstrom 1991a, b).

The traditionally used VBG equation is often applied
to samples where males and females are pooled.
This practice may not take into account differences
in growth between the 2 sexual stages. Indications of
such differences in Pandalus borealis were mentioned
(Rasmussen 1953, Allen 1959) and observed in a
preliminary study by Bergstrom (1989). This paper
also discusses sex-differentiated growth in P. borealis
based on 4 yr (1984 to 1987) of empirical data contain-
ing 7 identifiable year classes (1980 to 1986) from the
fjord. Growth curve parameters have been estimated
both for pooled samples (containing both males and
females) and for the individual sexual stages.

Most studies on growth of Pandalus borealis have
been carried out in populations in the open sea or in
fjords with no effective sill where the definition of a
stock or population may be more related to fishing
activity than to ecological factors. In Gullmarsfjorden
periodical isolates (shrimp demes) of the Skagerrak
population are trapped during deep-water stagnation
periods (Bergstrom 1991a). Using this phenomenon
this paper also discusses the effect of yearly immigra-
tions of post-larval shrimp into these demes on growth
estimation.

Finally, sizes by age predicted with mean growth
models for male and female Pandalus borealis in
Gullmarsfjorden are compared with published sizes
by age from other populations in order to evaluate if
the growth pattern observed in Gullmarsfjorden may
represent growth patterns common among shrimp
populations found in other localities at boreal latitudes.

MATERIALS AND METHODS

Study area. In the shallow-silled Gullmarsfjorden
(Fig. 1) a small stock of Pandalus borealis is found.
Gullmarfjorden has a maximum depth of 120 m. The
deep basin is separated from the deeper parts of the
Skagerrak by a sill with an effective depth of approxi-
mately 50 m (Fig. 1}). The water-body in the fjord is
normally stratified in 3 layers (Lindahl & Hernroth
1988) (Fig. 1).

Shrimp are found in the deep basin below 50 m.
During periods of deep-water stagnation true, albeit
short-lived, shrimp populations/demes formed be-
tween vyearly deep-water renewals. These popula-
tions/demes are periodical isolates of the Skagerrak
stock enclosed by different salinity and temperature
regimes in the water layers above sill depth during 8 to
12 mo (Bergstrom 1991a). In the deep basin the water
is characterised by salinities greater than 34 %. and low
stable temperatures (4 to 6 °C). The water exchange
which normally occurs in January to April each year

58° 15

Depth " SwW NE —p»
Om
[ ]
[ ]
S50m
Haul € Haul A
120
m Haul B
[] s~ 1830000 [] s-3024000 S~ > 34000

Fig. 1 Sampling locations and depth profile of Gullmars-

fiorden. The 3 separate hauls comprising the fishing effort of

1 sampling day are shown as well as the hydrography station.

Approximate positions of the 3 normal water layers of the
fjord are indicated in the depth profile
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takes the form of one or several smaller or larger intru-
sions of cold and saline water (Lindahl & Hernroth
1988).

During 3 (1984, 1985, and 1987) out of 4 water ex-
change periods new demographic patterns in the fjord
shrimp population were formed at the beginning of the
year by immigration of older shrimp over the sill area.
During the fourth year (1986) recruitment of a new
younger year class dominated the demographic pat-
tern (Bergstréom 1991a). Preliminary results regarding
growth of Pandalus borealis in Gullmarsfjorden were
discussed by Bergstrom (1989).

Sampling. Three designated sites in the fjord were
trawled during the same day. These sites (Fig. 1) rep-
resented different levels below sill depth and were
chosen to yield a pooled sample that represented the
stock in the ca 2 km wide and 18 km long deep basin of
the fjord. Haul A was situated in the innermost part of
the fjord at depths of 77 to 80 m. Haul B was made in
the central part of the deep basin at 110 to 116 m of
depth. Haul C was taken on the northeast (inner) part
of the sill slope at depths of 64 to 71 m. For the purpose
of this growth study, the 3 samples from each sampling
day were pooled. A total of 42 such samples were
obtained containing a total of 15312 specimens of
Pandalus borealis.

An otter trawl with a maximal stretched foot rope
length of 9 m was used. Mesh size in the cod end,
measured as square bar length, was 18 mm. Cruising
speed was maintained at 2.5 knots and fishing time on
the bottom was 30 min. The same trawl and procedure
were used throughout the study. Positioning was done
using landmarks (Bergstrom 1991aj).

The catch of Pandalus borealis in each haul was
analysed upon return to the laboratory. The oblique
carapace length (CPL; Rasmussen 1953) of each shrimp
was measured with callipers to within 0.1 mm. Sex of
each shrimp was determined on the basis of the shape of
the first pleopod endopodite according to Allen (1959).

Growth models. Three equations describing growth
in length were fitted to mean CPL at age. The VBG
equation was used in its original form:

L, = L.(1-e™*M-f) (1)

where L, = carapace length at age t L.. = asymptotic
carapace length; K = growth coefficient; t = age; t, =
age at length 0.

This equation was later modified by Pauly &
Gaschutz (1978) who added a sine function (VBGgi,e)
to describe seasonal variations in growth:

L, = L,[(1 - e + (CK/2n)sin2n (t—to—t5)]  (2)

where C = degree of seasonality; t; = seasonal phase
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constant, WP;;,.—- 0.5; and WP, = the winter point, the
date of slowest growth during the year.

The third model (VBG,,;ma), which was developed
for this study, i1s also a modification of the VBG but
seasonal variations in growth are represented by the
use of periodically recurring sigmoid functions. The
following symbols are used: P = period (in the case of
Pandalus borealis in Gullmarsfjorden P was assumed
to be 1 yr); n = period or season number; b = constant
determining shape of sigmoid; t, = WPygn, + (n-1)F;
and WPy, = the seasonal phase constant, the time of
year when the growth rate = 0.

If seasons are assumed to have a duration of P, life-
time growth can be partitioned in seasons by defining
points of time t;, ¢,...t, with a reciprocal distance of P.
This can be represented by

t, = H+(n-1)P n=1223...

where t, represents the winter point, the point of
slowest growth during the season, n. Growth at ti,
t,...t, is then assumed to follow the von Bertalanffy
equation

L(ty) = L.(1-e ) n=123...

which will give the starting point for growth during the
season, n. However to be able to describe the growth
pattern fully, the function

L(t) = L.(1-e ¥t + S(t) taS Sty
was used where S(t) describes seasonal growth. Two
important conditions must be met by S(t):

L S(tn) =0 and
2. S(tn+l) = Lw(l - e_K“ﬂ) - e’K“n+1))v

If these conditions are met the seasonal growth curves
join together. It then remains to find a sigmoid expres-
sion for S(t). First consider the simple sigmoid function:

1/(1+ e

where b is a constant determining the curvature. This
curve gives a maximal growth rate when t = 0, but
for the purpose of this study it is desirable to get maxi-
mal growth at t = ¢, + P/2, which leads us to the
expression

1/(1 + e7Pitn=P2)y,
In order to satisfy Condition 1, we form the expression

1/(1 + e PU=tn=P2ly _ 1 /(1 + &2,
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To satisfy Condition 2, we multiply by a constant, C.
The expression for C becomes relatively complicated:

C=L_e Krr“.(l = e—KP)[(l +ebP 2)(1 + obP l)/(ebl‘ "'~e‘bp/2)].
The function S(t) then becomes:

S{t) = L.e®ta)(1 - e P)(1 + e

/(ebP/Z_ e—bP/Z)[[l + ebP/2)/v‘(1 + bt g:,-ll) _ 1]
The complete growth equation then reads

L) = Lo{1 - e + A[(1 + %)

3)
/(1 + e bl ta=Pr2) _ 1” {

t,St<t g
where

A = e_K"'H‘(l - e_‘("){‘l +e h/’,".)/(ebPlz_ e_hp/z).

In both models modified for seasonal growth, mean
CPL of shrimp at the date of slowest growth (WP} indi-
cates the growth result of the previous growth season.
Since hatching date is assumed to be on 15 March in
Gullmarsfjorden, WP estimates in both models can be
converted to dates by use of the formula:

[(WPX365) + 76]/30.41 = date (in moj} since hatching.

In this formula the year consists of 365 d split into
12 standard months (30.41 d). The number 76 denotes
the number of days from 1 January to the assumed
hatching date, 15 March, and is used as a constant to
adapt WP to the calendar year. For simplicity the CPL
at hatching was assumed to be 0 mm. Gallucci & Quinn
(1979) showed that small variations around O in initial
length did not seriously affect the later span of VBG
based growth curves.

Fitting of the growth models to the estimated aver-
age cohort CPLs, weighted by number of shrimp in the
different cohorts, was in all cases achieved with the
least square method implemented in the PC program
‘Statgraphics®. The weighting of the average cohort
CPLs by number of shrimp is especially important for
the comparison of growth rates between the sexual
stages. In a sample of this basically protandric species
the number of young males is normally much greater
than the number of young females. Similarly the num-
ber of large/old males is very small compared to the
number of large/old females.

Length-frequency distributions and cohort separa-
tion. Growth estimation in seasonally reproducing
pandalid shrimps involves the tracing in time of modes
(cohorts) in length-frequency distributions (LFD) and
the determination of mean length and variance of

these modes. Due to the well-defined yearly hatching
period of Pandalus borealis in the spring (e.g. Berg-
strom 1991b) the cohorts can be assigned discrete ages
based on an estimated mean hatching date. For the
purpose of this study mean hatching date was assumed
to be 15 March for all year classes based on the results
of Bergstrom (1991b). Length at the hatching date (Lg)
was approximated to 0 mm for simplicity reasons. It
was also motivated by the fact that P. borealis larvae
go through a planktonic stage where the newly
hatched larvae have a carapace length of approxi-
mately 1 mm which is very close to 0. Gallucci & Quinn
(1979) showed that very small variations in Ly did not
seriously affect the estimates of Kand L.. in VBG based
growth models which mainly are fitted to sizes at
older ages.

When calculating and plotting the LFDs, measure-
ments were pooled in 0.5 mm size classes. Separation
of cohorts assumed to represent year classes in the
LFDs as well as estimation of mean size by age were
made using the computer program MIX 2.3 (Mac-
donald & Pitcher 1979, Macdonald 1987). This program
enables the user to analyse iength-frequency his{o-
grams by finding sets of best-fitting normal distribu-
tions. To facilitate comparisons with data in older liter-
ature where total lengths are presented instead of
carapace lengths, Table 1 presents mean conversion
factors between carapace length and total length for
shrimp in Gullmarsfjorden. Measurements were made
on 157 shrimps (41 females and 116 males) from a
sample taken 1 July 1987. Linear regressions de-
scribing the relationship between total length and
carapace length were also calculated using the least
square method.

Data analyses. Data were analysed by year class
(‘year class wise') and by deep-water stagnation period
(‘stagnation wise’). In each case ('year class wise' and
‘'stagnation wise') data were treated both separated by
sexual stage and as pooled.

Year classes were followed for as long as possible
throughout the study period. In these analyses samples

Table 1. Pandalus borealis. Conversion factors and regression

equations relating oblique carapace length (CPL} to total

length (TL] of shrimps in Gullmarsfjorden. Size range:
males, 11 to 23 mm CPL; females, 14 to 30 mm CPL

N Mean conversion Regression
factor = SD

Pooled 157 571 +0.22 TL = 11.78 + 5.13 CPL;
R® = 0.948

Males 116 577 £0.23 TL = 445 + 556 CPL;
R? = 0.954

Females 41 565 +£0.21 TL = 13.19 + 5.00 CPL;
R* = 0.930
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taken in the fjord during the water renewal as well as
stagnation periods were included. This strategy as-
sumed that growth conditions during the deep-water
stagnation periods in Gullmarsfjorden and Skagerrak
were sufficiently similar so as not to disrupt a con-
tinuous growth curve regardless of immigrations to the
fjord during the water renewal periods.

Growth was also analysed 'stagnation wise’, exclud-
ing samples taken during the water renewals. One
motive for analysing data from the 4 stagnation periods
separately was to investigate if the yearly immigration
of shrimp into the temporally enclosed fjord popula-
tions/demes (Bergstrom 1991a) significantly affected
the growth rate estimates.

Another motive was to investigate the possible rela-
tionship between mean ambient temperature and
growth rate. During the 4 separate periods mean tem-
peratures in the deep basin of the fjord were slightly
different (Bergstrom 1991b) (see also Table 5), which
gave an opportunity to test if mean ambient tempera-
ture could be correlated with growth rate.

In 1984, 1985 and 1986 the stagnation periods lasted
from mid April to late January the following vyear,
while in 1987 the deep-water stagnation began near
the end of February. In 1984, 1985 and 1986, 8 such
pooled samples were used for this analysis, while in
1987 only 6 samples were used. When using samples
taken only during the periods of deep-water stagna-
tion, growth curves were fitted to consecutive year
classes identified in the samples assuming that year
classes generally are spread 1 yr apart.

Comparison of growth rates. Since L, and K are
negatively related to each other, comparisons of esti-
mated growth rates in time (between areas or sexes or
for estimation methods) are problematical (Gallucci &
Quinn 1979). Thus comparison of growth rates esti-
mated with the 3 different models both ‘year class
wise’ and 'stagnation wise’ was done by reparameter-
izing the 3 different VBG models, and tests were per-
formed on a new, single parameter,

Q = KL..

The parameter Q corresponds to the growth rate
near t, and is suitable for comparisons because of its
statistical robustness (Gallucci & Quinn 1979). This
parameter was subjected to unpaired 2-tailed t-tests
(Sokal & Rohlf 1969).

Growth rate and temperature. Since the mean tem-
perature varied between the studied deep-water stag-
nation periods (Bergstrom 1991b) (see also Table 5)
it was possible to test the effect of temperature on
growth rate in the temperature interval of 4 to 6 °C.
This was done in 2 different ways. First, temperatures
were correlated with the parameter Q estimated

from the pooled samples analysed ‘stagnation wise'.
Secondly, by assuming that growth during the yearly
period of accelerated growth (spring and summer) was
linear, regressions were fitted to CPL at age (males
only, 1 to 2 yr old) for each of the stagnation periods.
The resulting regression coefficlents and mean
ambient temperatures were then subjected to corre-
lation analyses.

Growth of Pandalus borealis in Gullmarsijorden
compared with other populations. Very few reports
concerning growth in P. borealis give fitted growth
curves and parameters, while sizes by age are
frequently reported. Thus sizes by age predicted by
the mean male and female VBG4 functions derived
from the investigation in Gullmarsfjorden were com-
pared with sizes by age reported from other boreal
populations using a 1-group x* test. This comparison
was done in order to evaluate the results from Gull-
marsfjorden. Sex-differentiated sizes by age from the
North Sea, Northumberland coast, UK (Allen 1959},
Burrard Inlet, British Columbia, Canada (Butler 1964},
Gulf of Maine, USA (Haynes & Wigley 1969) and
Oslofjorden, Norway (Rasmussen 1953) were used.

RESULTS
Mean carapace length at sampling date

Length-frequency distributions and numbers of males,
transitionals and females are presented in Fig. 2 along
with total number, number of males, transitionals and
females. Mean carapace lengths with standard devia-
tion weighted by number of shrimp in the cohort at
sampling dates of cohorts throughout the study period
are presented in Fig. 3. Females of similar age as
males were in general slightly larger, a size difference
which was especially noticeable for age > 2 yr (Fig. 3).
Transitional shrimps which appeared in the samples
from late winter-late spring were in general slightly
larger than males of the same age. A seasonal pattern
of growth was also discernible in both sexes and all
age groups.

As shown in Fig. 3 cohorts of shrimp hatched in
spring 1980 could still be identified with MIX during
the summer of 1985, and at age = ca 5.3 yr, these
had reached a CPL of 28.1 *+ 1.2 mm (TL = 146 to
171 mm) and were all females. Larger shrimps with a
CPL of 30 to 32 mm (TL = 163 to 188 mm) occurred
regularly in the samples from Gullmarfjorden. These
female shrimps which were older than 5 yr were,
however, too few to be identified as separate cohorts.
Females of all sizes and ages where found in the
samples (Figs. 2 & 3}, but young females (< 1.5 yr old)
were generally much rarer than males of the same
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Fig. 3. Pandalus borealis. Mean carapace length (CPL) and standard deviation at sampling date of male, transsexual, and female
shrimps in year classes 1980 to 1986 from Gullmarsfjorden

age. Generally the male stage did not last more
than 2.8 yr, by which age they had a CPL of 20.1 to
22.2 (mm) (TL = 111 to 133 mm). Exceptions were 4
specimens found in 1987, which had CPLs of 25.0 to
28.0 mm (TL = 139 to 168 mm). These shrimp which
hatched in 1983 were still males at an age of more
than 4 yr. Transitional shrimps which always were
larger than average males of the same age generally
occurred in spring and early summer (Fig. 2). These
shrimps occurred in small numbers in all age groups
(Figs. 2 & 3). The approximate mean ages of these
sex changers were 12.4 mo (mean CPL = 13.3 mm),
23 mo (mean CPL = 17.5 mm), 35.4 mo (mean CPL =
21.8 mm} and 50 mo (mean CPL = 23.3 mm) (Figs. 3
& 5). Of these transitional shrimp the group with an
estimated age of ca 3 yr were always most abundant.

Comparison of growth models

Parameters and coefficient of determination (R? for
all year classes and stagnation periods are presented in
Tables 2 & 3 along with calculated growth rates at £,
(€2). Growth curves generated by the 3 different mod-

els are illustrated for the year class 1985 in Fig. 4. In
general the 2 seasonal models gave better fits to the
data than the unmodified VBG equation. Of these 2,
the model with sigmoid oscillation often gave slightly
higher coefficients of determination than the sine
model (Tables 2 & 3). This general difference was less
pronounced when data were analysed ‘stagnation
wise' rather than 'year class wise' A statistical compar-
ison of Q calculated from the growth curve parameters
K and L., estimated with the 3 different models shows
that there were no differences in the estimated growth
rates at the 95 % confidence level (Table 4).When the
sine models were fitted to female data, the best-fitting
solution often gave values of C >1 which signifies neg-
ative growth during the growth stagnation period, al-
though the empirical data did not show such a trend
(Fig. 3). Fitting the seasonal models to the data set from
the 1986 year class failed due to small numbers of
females.

Both seasonal growth models estimate the date of
slowest growth of the year Confidence intervals for
WP, and WP, are given together with calculated
dates in Table 3. Results from both models indicate that
the cessation of growth in carapace length occurred
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Table 2. Pandalus borealis. Best-fitting growth model parameters obtained from fitting 3 growth models (VBG, VBG,;.... VBG;,qima)

to mean carapace lengths at age of year classes from Gullmarsfjorden. Parameters and definitions for Tables 2 & 3. L..: Asymp-

totic carapace length; K: growth coefficient; Q: growth rate at time = 0; C: degree of seasonality; WPF,,,.: the winter point, the date

of slowest growth during the year; b: constant determining shape of sigmoid; WP,,..: the seasonal phase constant, the time of
year when the growth rate = 0; CI: 95 % confidence interval (p=0.005)

Parameter 1980 1981 1982 1983 1984 1985 1986 Mean WP = CI Slow growth period
VBG d'¢
L. 27.24 2758 3136 2561 24.76
K 0.54 0.61 048 062 070
Q 14.79 1669 1514 1587 17.43
R? 0.507 0.748 0.758 0.892 0.602
VBGgine 99
L. 27.05 28.07 31.21 24.27
K 055 058 048 068
C 058 078 059 081 .
WPine 052 062 055 060 0.51 £ 0.08 13 Sep-21 Oct
Q 1477 1628 1507 16.58
R? 0.536 0.768 0.768 0.915
VBGsigma 019
L. 26.88 2776 30.81 23.76
K 056 060 050 073
b 53 702 573 690 o
WPy gme 0.46 057 049 055 052 + 0.08 21 Aug-21 Oct
Q 15.13 1676 1550 17.44
R? 0.536 0.765 0.768 0915
VBG &
L., 2526 24.04 2779 2498 2549
K 063 079 059 065 067
Q 1591 1899 1637 16.11 17.00
R? 0.534 0.806 0843 0892 0.628
VBGipe ¢
L. 23.06 2447 2791 2379
K 0.788 0.751 0.58  0.705
C 0925 0817 0993 0132 . . .
WP, ine 0.651 0.624 0414 0.607 0.57 + 0.17 10 Aug-14 Dec
Q 18.17 18.38 16.19 16.77
R? 0.577 0.825 0.867 0.917
VBGsigma d‘
L. 23.08 24.14 2755 23.31
K 080 080 060 0.76
b 760 7.24 937 703 o4
WP,igma 059 056 055 0.55 0.56 = 0.03 26 Sep-16 Oct
Q 1851 1922 1661 17.69
R? 0.577 0.826 0.868 0.917
VBG ¢
L. 32.68 356 2543 2886 3048 31.15 32.57
K 0.37 032 070 060 053 046  0.50
Q 11.93 1136 17.78 17.14 16.03 14.45 16.38
R? 0.532 0.492 0613 0792 0621 092 0634
VBGslne 9
L. 3231 3643 2533 2876 3039 27.19
K 038 031 073  0.61 0.54  0.60
C 0.89 063 1.00 100 058 087 . .o
WP, 098 088 081 0.71 089  0.65 0.82 + 0.13 24 Nov-27 Feb
Q 1231 11.14 1841 17.51 1644 1621
R? 0455 0.514 0669 0811 0.624 0.935
VBGsigma Q
L. 3219 3633 2533 2857 29.82 2651
K 039 031 076 063 058 064
b 795 632 2391 868 638 7.3 Failed
WPqigma 0.94 083 080 066 081 0.61 0.78 + 0.139 8 Nov-11 Feb
Q 12.55 1126 1925 18.00 17.30 16.17
R? 0.455 0.514 0669 0811 0624 0935
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Table 3. Pandalus borealis. Same as Table 2 but for deep-water stagnation periods in Gullmarstjorden
Parameter 1984 1985 1986 1987 Mean WP + CI Slow growth period
VBG d'¢
L. 28.11 28.72 31.70 31.23
K 0.54 0.53 0.47 0.44
Q 15.18 15.25 14.96 13.80
R? 0.637 0.759 0.87 0.752
VBGsine d?
L. 28.30 28.82 32.70 34.0
K 0.52 0.52 0.43 0.36
C 1.23 1.28 1.57 3.08
WPF;ine 0.596 0.363 0.446 0.436 0461 = 0.156 5 Jul-27 Oct
Q 14.83 14.93 14.58 12.21
R? 0.636 0.759 0.883 0.778
VBGsIgma 6'9
L. 28.21 28.72 32.28 33.71
K 0.53 0.53 0.45 0.37
b 6.81 6.35 6.45 11.60
WP qma 0.56 0.50 0.50 0.56 0.530 £ 0.053 7 Sept-15 Oct
Q 15.01 15.14 14.66 12.37
R? 0.637 0.759 0.886 0.779
VBG &
L. 22.19 25.09 28.71 23.74
K 0.93 0.72 0.55 0.74
Q 20.53 18.04 15.68 17.45
R? 0.792 0.765 0.825 0.817
VBGsine d
L., 22.14 2531 31.44 24.56
K 0.91 0.70 0.46 0.66
C 0.94 0.56 0.67 0.85
WP, 0.66 0.61 0.54 0.61 0.61 +0.08 25 Sept-22 Nov
Q 20.04 17.62 14.56 16.14
R? 0.809 0.771 0.845 0.827
VBGsigma d
L. 21.94 24 87 30.66 24.18
K 0.96 0.75 0.49 0.70
b 7.54 4.97 6.12 7.22
WP, i 0.59 0.53 0.50 0.56 0.54 + 0.07 7 Sept-25 Oct
Q 21.08 18.55 15.08 16.81
R? 0.808 0.771 0.845 0.826
VBG ¢
L. 27.78 29.33 31.92 35.38
K 0.610 0.501 0.476 0.371
Q 16.95 14.69 15.19 13.13
R? 0.755 0.834 0.942 0.833
VBGsine Q
L. 27.99 30.04 36.29 37.46
K 0.59 0.47 0.33 0.318
C 1.57 2.93 2.35 141
WP, ne 0.75 0.715 0.48 0.581 0.63 + 0.20 21 Aug-14 Jan
Q 16.40 14.15 11.93 11.91
R? 0.766 0.842 0.945 0.838
VBGsigma Q
L. 27.89 33.93 36.82
K 0.60 0.39 0.33
b 13.2 Failed 12.2 9.2
WP s 0.739 0.508 0.574 061 =030 7 Jul-10 Feb
Q 0.84 13.37 12.26
R? 0.808 0.946 0.855
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Fig. 4. Pandalus borealis. The 3 growth models [von Bertalanffy growth equation (VBG), VBG modified for seasonal growth by
the addition of a sine function (VBG;ne) (Pauly & Gaschutz 1979) and the VBG with periodically recurring sigmoid functions
(VBGgigma) developed for this study] fitted to the empirical mean sizes at age and standard deviations of the 1985 year class

during autumn-winter. Results also show a consis-
tency of the predictions of the winter points between
the 2 models.

Differences between male and female growth
patterns

Table 2 and Fig 3 indicate differences in male and
female growth rates when data are analysed 'year
class wise'. Growth models fitted to female sizes by
age weighted by number of shrimp generally yield
lower K and higher L., than models fitted to male data.
A statistical comparison of male and female Q how-
ever, revealed that, irrespective of which growth
model was fitted to the empirical data, the difference
was only significant in all cases at the 75 % confi-
dence level (Table 4).

The estimates of the dates of slowest growth also
differ (Table 2) between sexual stages when data are
analysed 'year class wise'. This difference is significant

at the 95 % confidence level as shown by a statistical
comparison of male and female winter points; Hjy:
WPineg = Whsineg (p = 0.0035), and Hp: WPygmag =
WPgmag (P = 0.0099). Translated to the calendar year
(Table 2) this means that the mean date of slowest
growth occurred 2 to 3 mo later in the year (i.e. in the
winter) for females than for males who experienced
their slowest growth in the autumn.

Differences in male and female growth rates were
also found when data from only the deep-water stag-
nation periods were analysed. Males generally had
higher Ks and lower L.s than females (Table 3). A
comparison of Q calculated from the estimated Ks and

Table 4. Pandalus borealis. Probabilities for Hy; Qg = Q

Growth model "Year class wise' ‘Stagnation wise’

VBG p=01618 p = 0.0609
VBGiine p=02254 p =0.0708
VBGsxgma p= 0.2358 p= 0.1029
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L.s (Table 4) shows a difference at the 90 % con-
fidence level.

The spans of slow growth periods determined from
the winter points are presented in Table 3. In general
the variation of WP estimates are wider than when
data were analysed ‘year class wise’ and spans
from mid summer to winter. The WPs estimated by
the 2 models are relatively similar; Ho: WPeqo =
WPslqmad‘Q (p = 0.23); and Hy: WPsmeQ = Wpsxgmag p=
0.80). Only when male data were analysed separate-
ly could Hy: WPheg = WPagmag be rejected at the
90 % confidence level (p = 0.10). Similarly male and
female winter points do not differ significantly when
data from the water renewal periods are excluded;
Ho: Whpeg = WPsineQ (p = 0.71); and Hy: WPs:gmaO’:

WP, gmao (P = 0.36).

Growth and temperature

The result from the correlation analysis between
ambilent mean temperature and Q (Table 5) shows that
there was no significant correlation (R’ gpooed = ©.05
and R%qp, = 0.456) between these parameters in the
investigated temperature interval in Gullmarsfjorden
during the study years. Likewise no significant cor-
relation (R? = 0.003) was found between the regression
coefficients of the CPL to age of the 1 to 2 yr old males
and mean ambient temperature during deep water
stagnation periods in Gullmarsfjorden.

Table 5. Pandalus borealis. Growth rate near ¢, (Q) calculated
from the VBG,,n, fitted to pooled and male sizes at age,
and mean ambient temperatures observed during 4 differ-
ent periods of deep-water stagnation in Gullmarsfjorden.
Temperature data from Bergstrom (1991b)

Stagnation Q Q Mean temp. £ SD
year g+9 d (°C)
1984 15.00 21.08 588 £ 0.11
1985 15.14 18.55 433 +0.12
1986 14.66 15.08 4.56 = 0.21
1987 12.37 16.81 504 + 0.09

Growth of Pandulus borealis in Gullmarsfjorden
compared with other populations

Comparisons of predicted sizes by age of females
and males from Gullmarsfjorden with data from boreal
waters (Table 6) indicated considerable similarities in
growth patterns between northern shrimp in Gull-
marsfjorden and other boreal populations. In no case
could similarity between data from the different areas

and CPL at age predicted by the mean VBG;,qq, model
be rejected as shown by consistently high probabilities
for Hy: CPLy = CPLg (p = 0.9821), Hy: CPL, = CPL¢
(p = 0.9776), Hy CPLy = CPLp (p = 0.9989), and
Hy: CPL, =CPLe (p = 1).

DISCUSSION
Evaluation of growth models

The coefficients of determination indicated that the
growth models incorporating seasonal variations in
growth consistently gave the best fit to the empirical
data from Gullmarsfjorden (Fig. 4, Tables 2 & 3). A
similar situation was reported by Hopkins & Nilssen
(1990} who studied Pandulus borealis in Balsfjorden in
northern Norway. The 3 models used here were also
fitted to data from the North Sea (Allen 1959), Skager-
rak (Torungen grounds) (Rasmussen 1953) and Oslo-
fjorden (Rasmussen 1953). In these cases the highest
coefficients of determination were also obtained for
the seasonal models {Bergstrom unpubi.).

The 2 seasonal models used in this paper are both
based on the VBG equation but they describe varia-
tions in growth in 2 different ways. The model pre-
sented by Pauly & Gaschutz (1978) uses an attached
sine function to depict the seasonal growth oscillations,
while the new model presented in this study uses a
sigmoid function. Despite the differences in construc-
tion, both models give in most cases similar results
(Tables 2 & 3). Exceptions are the results from fitting
the sine model to female data analysed ‘stagnation
wise’ which frequently gave C values >1 indicating
negative growth (shrinking) during winter. These
results are biologically unreasonable for females
because crustaceans change size through moulting
and female shrimps carry their eggs attached to their
pleopods during the winter. Thus if female shrimps
substantially changed their size during winter it would
be due to moulting which would result in shedding of
the eggs together with the exuviae. Such a trait would
dramatically decrease the reproductive fitness of the
individual and consequently be eliminated by natural
selection. This example illustrates the difficulty in
using the model presented by Pauly & Gaschutz (1978)
on too few data which are spread far apart. In these
cases the sine model needs restraints which can easily
be incorporated by not allowing C to exceed unity.

The VBGqiqms model does not allow negative growth.
Another possible advantage is that the VBGjqm, com-
bines sigmoid growth patterns with the VBG equation
which in its unmodified form is unable to represent sig-
moidal growth in a linear dimension (Gallucci & Quinn
1979). Growth of macrobenthos is frequently sigmoidal
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Table 6. Pandalus borealis. Carapace length (mm) by age predicted by mean male and female VBGgyy, equations from

Gullmarsfjorden together with reported carapace lengths from other boreal populations of Northern shrimp

Age CPLa CPLy CPL¢ CPLp CPLg
(mo) Gullmarsfjorden, North Sea, Burrard Inlet, Gulf of Maine, Oslofjorden,
Sweden Northumberland, UK British Columbia, Maine, USA Norway
Canada
(Present study) (Allen 1959) (Butler 1964) (Haynes & Wigley 1969) (Rasmussen 1953)
¢ Q d g Qe d d Q? g ) Q d Q

6 7.33 7.61 8.06 9.05 8.1

8 8.37 9.78 11

10 8.87 10.28 11.2 11.38

11 941 10.38 12.00

12 10.28 10.50 13.01 13.24 12.8 12.25

13 1147 10.77 13.50

14 12.86 11.33 14.3 14 14.18

15 14.18 12.37 14.77

18 16.32  16.99 16.06 17.2 16.7

19 16.56 17.82 16.1 16.1 17.27

20 16.82 18.25 1747 19.70
21 16,90 18.44 17.87 18.45
22 17.05 18.53 19 17.43 18.24
24 1772 18.66 174 18.1 18 17.8

25 18.29 18.82 19.56 18.99
26 1895 19.14 20.8

27 19.58 19.74

30 20.61  22.40 20.6 22.4

31 2072 22.88 23.45
32 20.84 23.13 23.20
33 20.88 23.24 23.21
34 20.96  23.30 23.08 23.18
35 21.08 2333 23.38
36 21.28 2337 21.5

38 21.86 23.65 22 24.90

42 22.65 2553 25.8

46 22.82 26.04 26.6

with an inflection point early in life (Yamaguchi 1975).
Thus variants of the VBGggm, model which combines
sigmoid growth with the VBG may be useful not only for
pandalid shrimp but also for other invertebrates. Theisen
(1973) studying growth of lamellibranchs suggested that
growth of all bivalves is sigmoidal and recommends a
combined Gompertz-von Bertalanffy model.

The VBG;igms model used in this study assumes a
periodicity of 1 yr in growth oscillation, which seems
reasonable for pandalid populations at boreal lati-
tudes. However, the literature, e.g. Rasmussen (1953),
Teigsmark (1983} and Shumway et al. (1985), indicates
that the periodicity may be more than 1 yr in Arctic
stocks. The VBGggn, model may easily be altered to
describe any periodicity of oscillation by varying the
constant P in the VBGgyn, function. This may be an
advantage not only for the Northern shrimp, but also
for other species with oscillating growth.

Although seasonal models gave better fits to the
observed carapace lengths no significant differences in
Q calculated from the Ks and L..s given by the 3 models

could be shown. One practical implication of this find-
ing may be that for detailed descriptions of growth in
Pandalus borealis on a relatively fine temporal scale it
may be advisable to use the more laborious seasonal
models, while for studies where a fine temporal resolu-
tion is not needed the basic VBG equation may be
sufficiently reliable.

Both winter points (WP, and WP gy.) give the time
for slowest growth of the year (Pauly & Gaschutz 1978,
and present paper). Since the mean CPL of shrimp at
the date of slowest growth (WP) is the result of the
growth during the previous growing season, knowl-
edge about the periodicity of the growth stagnations
might result in more cost-efficient sampling programs.
Mean sizes by age calculated from samples taken
during the growth stagnation periods (autumn and
winter in most cases) would fall as discrete points
along a VBG-like curve. Such a practice would not
give the detailed picture of the growth pattern that the
fitting of more advanced continuous growth models
provides, but may be sufficient for monitoring of
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growth increments in populations for which growth
patterns have been thoroughly analysed beforehand.

The only other study of winter growth (Hopkins &
Nilssen 1990) defines the winter points ‘as the turning
point in time when the seasonally stagnated growth
terminates and the growth rate become elevated
again’ These authors report winter points ranging
between 0.86 and 1.07. If these winter points are trans-
lated to the calendar year {[(WP X 365) + 106}/30.41 =
no. of elapsed months since the beginning of the year}
using 15 April as the mean hatching date (Hopkins &
Nilssen 1990) the growth stagnation terminates and
growth becomes elevated again between 14 Novem-
ber and 9 May (i.e during late autumn-early spring).
This is puzzling since a visual inspection of the graphs
of mean carapace lengths at sampling date given by
these authors indicates that the growth stagnation
period lasts from December to early April.

Differences in male and female growth

In the literature and in stock assessuient, yrowih
models are mostly fitted to pooled male and female
Pandalus borealis data (Fréchette & Parsons 1981).
This procedure assumes that growth is similar for the
sexual stages in this sequential hermaphrodite and
that growth in carapace length can be described by
the same growth model parameters for both sexual
stages. However, there are numerous indications in
the literature that there are differences in growth
pattern between the sexes. Allen (1959}, for example,
reports that female shrimp in Northumberland, UK,
waters grew faster than male shrimp. Similarly in
Rasmussen’s (1953) classical study male shrimp are
generally reported to be smaller at age than females
along the Norwegian coast. Results from Gullmars-
fjorden also indicate differences in growth patterns
between sexual stages (Tables 2, 3 & 4, Fig. 3), al-
though they are less clear cut. Differences in growth
rate (expressed as Q) could only be shown at the
75 % confidence level, probably due to the relatively
small number of observations. However, both the
analyses of growth based on year classes and deep-
water stagnation periods show a significant (95 %
level) difference In growth seasonality between
sexual stages. The winter data from both seasonal
growth models indicate that growth in length gener-
ally declines during autumn to late winter, but the
average WP indicates that the male decline in growth
starts earlier than the female in Gullmarsfjorden
(Tables 2 & 3). This holds especially true when data
were analysed ‘'year class wise’ When data were
analysed ‘stagnation wise' the results were less con-
clusive, probably because the models were fitted to

fewer samples (samples obtained during the water
renewal periods were excluded).

The beginning of the growth plateau in females
coincides with the mating season and may be ex-
plained by allocation of resources from somatic
growth in length during spring and summer to
investment in ovaries during later summer and
autumn (Bergstrom 1991b). After spawning in late
September-early October, females do not change
size by moulting because the eggs are carried
attached to the pleopods during winter, thus prolong-
ing the growth stagnation period in females. Female
growth starts again the next year in the spring with
the post-hatching moult which occurs after hatching
in late March-early April in Gullmarstjorden
(Bergstrom 1991b).

Explanations for the decrease in male somatic
growth may include the allocation of energy and
matter for testicular development, and swimming
activity before and during the mating period. How-
ever, males may start to grow in length just after
mating because they are not hampered by carrying
their oifspring aitached to their exoskeleton. For males
about to change sex, the physiological processes con-
nected with sex change may also take resources from
growth in length during late autumn-early winter. In
Gullmarsfjorden, shrimps with external transitional
morphology were mostly found in winter—early spring,
i.e. after the male growth stagnation period had ended
(Figs. 2 & 5).

These explanations of the seasonally varying
growth pattern are tied to the reproductive biology
of Pandalus borealis instead of to environmental
factors such as food, temperature, etc., which of
course ultimately affect the life of pandalid shrimps.
Alternative explanations for the seasonal growth
variations in relation to the reproductive cycle of
P. borealis might be that variations in temperature
and availability of food directly affect growth. Tem-
perature variations at depths where P. borealis are
found in Gullmarsfjorden (Table 5) and other investi-
gated areas (Shumway et al. 1985) are, however, ex-
ceedingly small over the year. This makes seasonal
temperature variations unlikely as a factor causing
seasonal growth, especially since mean ambient
temperature and growth rate did not correlate in the
temperature interval of approximately 4 to 6°C in
Gullmarsfjorden during the years studied (Table 5).
Considering the availability of food, P. borealis is re-
ported to be able to feed both on pelagic and benthic
organisms (Wienberg 1981). In addition it shows
scavenging habits, since it can be caught in baited
traps (Barr & MacBride 1967). All of these food
categories were represented in abundance in the
fijord during the study period.
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Still another possibility is that the relatively low
oxygen content of the water in the deep basin may
hamper growth towards the end of the deep-water
stagnation period (autumn-winter); however because
seasonal growth oscillations are found in most of the
distributional area of Pandalus borealis (Shumway et
al. 1985) this explanation also seems unlikely.

Results indicate differences in growth seasonality
and rate between sexual stages. Therefore growth in
this sequential hermaphrodite either is best described
by the combination of a male and a female growth
curve instead of just one for both stages. Such a
model should also combine the growth of the 2 sexes
In relation to their proportional occurrence in the
population. In populations of Pandalus borealis living
in boreal latitudes, the female part of the population
may be composed of a mixture of specimens of dif-
ferent ages with different sex change histories
(Charnov 1979, Charnov 1982, Charnov & Bergstrom
1987). This mixture may consist of varying propor-
tions of shrimp which breed only as females (primary
females) and shrimp that either have changed sex to
females before their first reproduction (early matur-
ing females) or in time for their second or third repro-
duction. These females all contribute to the average
female growth curve in proportion to their occurrence
together with the male shrimps in the population.
Fig. 5 illustrates a graphical attempt to depict this
branching off of females during the life of a hypo-
thetical year class based on the average male and
female VBG curves with sigmoid seasonal oscillations
from Gullmarsfjorden. Worth noting is that these 2
curves are averages of all 7 year classes studied in
the fjord. The fitting of the initial male and female
curves were done on mean cohort CPL weighted by
number of shrimp in the cohort, thus small/young
females and large/old males which occur in low pro-
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portions contribute to the curves in relation to their
occurrence. In Fig. 5 there are 2 time scales one indi-
cating age and one indicating dates. As shown in this
figure male growth declines less, earlier, and for a
shorter period than female growth. The occurrence of
transitional shrimps mostly coincides with the latter
part of the male growth stagnation period (winter—
early spring).

Growth and temperature

Very little is known about which ecological factors
affect growth in Pandalus borealis. The most discussed
factor in the literature is ambient temperature which
is considered to explain differences in age at first
spawning {Apollonio et al. 1986) and CPL at age
(Shumway et al. 1985). My results from the temporally
isolated shrimp populations in Gullmarsfjorden grow-
ing at different mean ambient temperatures during
different deep water stagnation periods indicate that
there is no correlation between temperature and growth
rate within the temperature interval of 4 to 6°C. A
similar observation was made by Parsons et al. (1989)
comparing Northern shrimp growth in the temperature
interval of 2 to 4 °C from 4 regions of the Northwest
Atlantic.

However a comparison of CPL at age from Gull-
marsfjorden with literature data from Arctic popula-
tions (cited by Hopkins & Nilssen 1990) show that
Arctic shrimp are substantially smaller by age. Hopkins
& Nilssen (1990) stated that ‘although ... on a broad

latitudinal scale age at first spawning can be corre-
lated with ambient temperature there might be more
important overriding factors than temperature at any
one locality’ My conclusions from Gullmarsfjorden
agree with this statement.

Fig. 5. Pandalus borealis. Average growth
curve (VBG,um,) for males and females in 0
boreal waters based on data from year

12 24 36 48 60 72
Age (months)

classes 1980 to 1986 in Gullmarsfjorden from S
1984 to 1987. Average sizes of transitional 1
shrimp are indicated as points (X)

3 4 5 6 7
Calendar years
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Comparison with other boreal populations

Data in this study were both analysed 'year class
wise’ and ‘stagnation wise' to see if yearly immi-
grations of adult shrimp (Bergstrom 1991a) from the
neighbouring larger Skagerrak population affected
growth estimates made on the fjord demes of shrimps.
Results indicate substantial similarities in the estimates
of growth obtained by analysing data following year
classes and by analysing data exclusively from the
deep-water stagnation periods. This result corrobo-
rates the conclusion that stagnation populations of
Pandalus borealis in Gullmarsfjorden should be
viewed as periodical isolates of the larger Skagerrak
stock (Bergstrom 1991a) and thus may reflect general
growth patterns. This conclusion is further supported
by comparisons of size by age predicted by male and
female mean VBGy4nm, curves and sizes by age from
other boreal populations of the Northern shrimp
(Table 6). The sizes by age predicted by the average
male and female models with sigmoid oscillations in
growth derived from Gullmarsfjorden are in good
agreement with sizes by age in most popuiations from
boreal latitudes. A comparison of sizes by age with
2 Arctic populations, Balsfjorden (Hopkins & Nilssen
1990) and the Barents Sea (Teigsmark 1983), however,
shows that shrimps in these populations are consis-
tently smaller at similar ages than in Gullmarsfjorden,
which may illustrate that growth rates of P. borealis
decrease with increasing latitude as suggested, for ex-
ample, by Rasmussen (1953) and Shumway et al.
(1985).
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