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Size at Sexual Maturity of Female Northern Shrimp
(Pandalus borealiKrgyer) in the Denmark Strait
1985-93 and a Comparison with the nearest
Icelandic Shrimp Populations
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P. O. Box 1390, 121 Reykjavik, Iceland

Abstract

Sexual maturity of female northern shrirfandalus borealisn the Denmark Strait
was calculated from logistic curves for the years 1985-93 and compared to similar data
from nearby offshore and inshore shrimp grounds in Icelandic waters. The median matu-
rity lengths of females in the Denmark Strait were by far the largest through all the years,
at 27.9 mm on average compared to 23.8-24.3 mm for the nearest offshore Icelandic wa-
ters and 18.9-20.8 mm for four inshore areas. The differences in mean median maturity
lengths of females could be related to differences in near-bottom water temperature.

Key words female maturity length, Icelandic wateRandalus borealis

Introduction as on the variation within one fjord for the years
1961-80. Charnov and Anderson (1989) studied the

The Pandalid shrimp are generally protandricsize at sex change of northern shrimp in Pavlof Bay
hermaphrodites, which reproduce first as males andsing the same criterion of proportion of females
subsequently change into females and spawn a3y length-classes, and maintained that there was a
such for the rest of their lives. In Icelandic watersgreat interannual variation in both size and age at
all individuals of northern shrimpandalus borealis sex change.
start as males, and primary females, i.e. individuals
which are female all their life, have never been found. Rasmussen (1953) indicated that sex change is

related to size of individuals rather than age, and

Maturity ogives which are commonly used for he considered that age at sex change shows consid-
studies of various species was found to be a usefudrable geographic variation. Appolorgbal. (1986)
tool in this study. Usually the ogive is calculated maintained that temperature plays a significant role
for each sex (male and female) and the curve chan determining the time (age) of sex change. The
sen is sigmoid or s-shaped. Often probit analysis i§indings of Skuladottiet al. (MS 1991), studying
used to fit this type of curve (Bliss, 1934). Also thethe variation of female maturity in four areas within
method of Ashton (1972) has been popular, turnindcelandic waters, did support the last mentioned
the proportions of mature females or males into sotheory, but not the theory of Rasmussen (1953) that
called logits, and fitting a straight line to those. Forsize at sex change is almost the same in different
P. borealisSkualadottir and Jénsson (1980) found it areas. Skuladéttiet al. (MS 1991) also studied the
suitable to use the proportion of mature femalewariation in size at sex change more accurately for
(egg bearing) against all shrimp per length-classall shrimp grounds in Icelandic waters in the years
as a basis for an s-shaped maturity ogive, drawn b$988 and 1989 using the sternal spines criterion,
hand. The median maturity length() is then read i.e. the absence of sternal spines to identify female
off where 50% of the specimens in a length-classhrimp that have spawned at least once (McCrary,
are mature females. They reported q &f P. bo-  1971). They also used a straight line (Skuladottir,
realis in various inshore and a few offshore areasMS 1990) instead of the logistic curve to determine
in Icelandic waters for the years 1977-79, as welthe L,
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In this study the L, for female maturity of wherey is the estimated proportion of mature fe-
northern shrimp in Denmark Strait are given for themale shrimpx is the carapace length,is the coef-
years 1985-1993, based on the sternal spine critdicient, andb is the coefficient for the steepness of
rion but fitting the logistic maturity curve directly the logistic curve
to all samples by month and area. For comparison o )
similar data from approximately the same months  The logistic curve was fitted by least squares
and years are given for the nearest Icelandic shrimfP the afore-mentioned proportions per length-class
populations, and differences between areas in mea® all the samples individually for each month in

L., are put in relation to available data on near£Very area, using maximum likelihood iterations.
bottom temperatures. From this the inflection point atg, of the logistic

curve, i.e. the length where 50% of the specimens
. are mature females, was calculated. This carapace
Materials and Methods length is also called median length.(). The over-
all mean Ly, over all years was then calculated for
every area using theg| of a month as one sample.
Shrimp samples were obtained both from com-
mercial Icelandic vessels and from research sur- The Lgyvalues for female sexual maturity were
veys. About half of the Denmark Strait samplescompared between each pair of areas using first a
from September 1987 came from a Norwegian survariance test (Bailey, 1959). If the two variances
vey. The number of shrimp measured per month arwere assessed to be equal, the difference between
presented in Table 1. In all cases a mesh size dhe means was calculated in the traditional manner
35-36 mm was used in the codend. Oblique caraobtaining the value of for the difference between
pace length (Rasmussen, 1953) of shrimp was medhe two means and comparing it to the appropriate
sured to the nearest 0.5 mm using sliding Ca|iperst_-Va|Ue in thet-table. If however the variances were
The samples were either measured fresh or aftefnequal, an approximation was used when calcu-
thawing frozen samples. lating thet-value for the difference as described by
Bailey (1959).
The main strata numbers of the areas investi-
gated in the Denmark Strait (Strata Numbers 626_1’emperatur§ and currents
628 and 676-678) and in Icelandic waters are shown !nformation on temperature was extracted from

in Figure 1, in addition to the location of the tem-the standard hydrographicatrabjarg section
perature station L9. sampled by the Marine Research Institute (MRI)

Reykjavik usually four times a year. The
Determination of the median maturity length ~ westernmost station, Number 9 (L9, Fig. 1), was
(Lgo) considered the best available representative for the
) Denmark Strait area. The temperature was measured
For each sample the proportion between thegt gifferent depth intervals through the years (ev-
number of females without sternal spines and alkyy 40, 50 or some years at every 100 m depth).
specimens was calculated for every length-classthe average temperatures for the depth ranges 300—
However, for the months September through Dey10 m and 420-540 m were calculated. For each
cember identification of mature female shrimp fromgepth range, the mean temperature was then calcu-
the inshore strata 573 and 622 (Fig. 1) was baseflted by quarter over the years 1981-92 before cal-
on the presence of egg bearing (or in Septembegy|ating an overall mean for the whole period.
alternatively the presence of green roe under the
carapace), as all females in inshore areas spawn Figure 2 shows the system of ocean currents
annually. around Iceland. The warm Irminger current from
) ) ~ the south meets the cold East Greenland current in
The method used to estimate the maturity ogiveyenmark Strait. The coastal current is warmest
of mature females was based on fitting of the sigz|ong the south coast of Iceland but gets gradually
moid, logistic curve first described by Pearl andco|der when proceeding clockwise around the coun-
Reed (1920). The equation used is: try. A detailed description of the different water
masses is given by Malmberg and Kristmannsson
y=1/(1+e @+b9) (1992).

Biological samples
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TABLE 1. The number of shrimp measured and used for the calculatiog,of L
Areas and Strata Numbers
Denmark Strait Snaefellsnes Eldey
Year 627-629 Hali Nordurkantur [safjardardjup Arnarfjordur 474 373
Month 676-679 674-675 720-724 622 573 523-524
1985
July 402 1621 1 454
August 395 407 1038
Sept/Oct 4679 608 1913 1805
November 941 3024 2 306
December 138
1986
September 3142 312 788
October 210 4701 1515 224 360
December 123 1029 1020
1987
September 2 357 670 302 658
October 151 6712 2902 908
November 2 759 4870 404
December 260 1016 1498
1988
August 177 3355 568 1194
September 485 1019 2241
October 10 599
1989
May 116 1579
June 7 497 302
1990
July 810 979 7 624 1180 210
September 1779 4 583 453 588
October 13 069
1991
April 2 082 3 347
May 1719 2 088
1992
March 827 196
April 696 1105
May 455 1944 3183 2042
July 950 9 180
October 14 063 5 457 573 241
November 1372 2726 272
December 553 320
1993
March 1516
April 1286 451 760 2 580
May 105 551 1993 2 556
Mean 768 827 2 926 4 517 2 066 1340 1082
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Fig. 1. The shrimp grounds in Denmark Strait and Icelandic waters. Strata Numbers used in the paper are shown on
this map. The temperature station Latrabjarg 9 (L9) is indicated.
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Fig. 2. The three main ocean currents around Iceland. The two currents coming from
north are cold and the current coming from south is warm. The coastal current
is indicated by fine arrows. The figure is adapted from Gunnarsson (1991).
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Results Discussion

One maturity ogive was fitted to all available The L, for female maturity in the Denmark
samples for the same month and area. Here onlg 4t in August and September 1988 was 28.1 mm
the calculated L, are presented (Table 2), but most average compared to 27.9 and 28.3 mm for
of the ogives have been presented by Skiladdttitymples from August and September, respectively
(1995). The calculated g, of shrimp in the Den- (tapje 1). If occasional migrations from areas with
mark Strait area are listed as well as thgdf other  gitterent mean L, had occurred, these would be
nearby areas in Icelandic waters. The,lof  higgen when samples from all months were com-
Nordurkantur (Strata Numbers 720-724) were geNnpined by year. From Table 2, however, there appears

erally 3.5-4.6 mm smaller than those of Denmark, pe some stability for theg}, in most areas over
Strait except in May 1992 where there was a dif+pe year.

ference of only 2.2 mm. In spite of there being only
a short distance between the Denmark Strait area
and Hali (Strata Numbers 674 and 675), thg &f

the latter area were similar to those of Nordurkantur

Seasonality in the 1, of mature female shrimp

in the Denmark Strait would be expected to show
up in the ogives, namely with a small decrease when
The L, of the inshore areas were much smaller® NEW group of transitioning shrimp joins the
than those of all the offshore areas, namely 17.=Pawning group .OT fe_ma_les_ in July-August, but
19.8 mm for isafjardardjup (Stratum Number 622)’j[here_ were no definite |nd|cat|ons_ of such decreases
18.2-21.8 mm for Arnarfjordur (Stratum Number | this study. On the whole, the;gin the Denmark

573), and 18.8-22.3 mm for Eldey (Stratum Num—Strait did not change to any great extent through
ber 373). Snaefellsnes (Strata Numbers 474, 523'[_he );eartsh ob52e7rved, con5|stte;ntlys ShtOW'Eg Vfgj;bs
524) is often designated an offshore area as shrim%rea er than mm_except Tor september '

occur in deeper water than in the fjords, however\’\'here.the ko was 26.5 mm. The cause for this low
value is a matter for speculation. There could have

since the temperature regime is very different frombeen an influx of shrimps in September 1990 from

that of the offshore areas in the north (see later)
the area is therefore here called inshore. Thgof éttrat_zti numbebrs_ 720-724 Olrl 674_6t75 t(} the I|3entn;ark
Snaefellsnes area fall in the range 17.2-22.1 mm rait area, bringing smalfier mature females tnan

Figure 3 shows the mean Jfor the years 1985-93 are usually seen there. Another possibility is that
by area s there were some early sex changes in the Denmark

Strait area. Such transitions are known to occur.

Table 3 presents results of the comparison oft@smussen (1953, 1969) observed two modes of
mean Ly, of pairs of areas. There was a Signiﬁcanttransmonals inthe same population, |nd|cat|ng that
difference between the meag lof Denmark Strait the whole year-class might not change sex in the
to those of all other areas. The meag, lof same year. Horsted and Smidt (1956) also noted
Nordurkantur was also significantly different from Something similar. Nevertheless, the former theory
all other areas. The mean of inshore areas were S€€MS More plausible, as thg,lfor the Denmark

not significantly different from each other except Strait were quite normal both in July 1990 at 27.6
for those of Isafjardardjup and Eldey. mm and May 1991 at 28.5 mm during the months

which fall within the same breeding season as the
The average annual temperatures of the perio§eptember 1990 shrimp population.

1981-92 at the hydrographic Station L9 in the depth
ranges 300-410 m and 402-540 m are shown in In Icelandic waters, temperature ang,lap-
Tables 4 and 5 respectively. There was great varigpeared to be roughly inversely related (Skuladottir
tion in temperature between years, especially at thet al. MS 1991). For example, the .| at
depth range 300-410 m, where the annual meaNordurkantur was 23.0-24.9 mm where the aver-
temperature ranged from 0.4 to 4°@2 The over- age near-bottom temperature for the period 1974—-
all average annual temperature for the years 198189 was OC. In Isafjardardjup the mean near-bot-
92 was 1.7C at the depth range 300-410 m, buttom temperature was 4.6 and L, was between
only 0.£C at the depth range 420-540 m. The an17.6-19.8 m. Snaefellsnes, where the warm
nual mean temperature in the depth range 420-540minger current is very prominent, had near-bottom
m was from 0 to 0.7%C, i.e. with much less varia- temperature of € in the 1991 study and the, |
tion than in shallower water. was between 17.2 and 22.1 mm.
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TABLE 2. The calculated L, (mm) of northern shrimp by month and year for areas in the Denmark Strait as com-
pared to the L, of the nearest areas in Icelandic waters.

Areas and Strata Numbers

Denmark Strait ) Snaefellsnes
Year 627-629 Hali Nordurkantur Isafjardardjup Arnarfjordur 474 Eldey
Month 676-679 674-675 720-724 622 573 523-524 373
1985
July 28.3 20.0 20.7
August 27.5 23.4 21.1
Sept./Oct. 19.8 20.5 21.3 21.6
November 27.3 19.6 21.8
December 27.7
1986
September 23.7 20.5 20.8
October 27.3 18.7 18.8 21.7 20.8
December 28.8 19.1 18.2
1987
September 27.6 23.0 21.2 21.7
October 29.3 19.0 19.4 22.3
November 28.3 19.8 21.5
December 28.6 19.4 18.9
1988
August 28.3 23.9 19.9 21.4
September 27.9 24.0 19.4
October 19.3
1989
May 28.8 17.2
June 24.8 18.8
1990
July 27.6 24.4 24.1 20.4 20.1
September 26.5 19.1 22.1 21.5
October 17.6
1991
April 18.6 18.9
May 28.5 19.6
1992
March 24.4 19.6
April 27.7 19.2
May 27.1 24.9 18.3 19.5
July 24.0 24.0
October 18.2 19.9 20.1 21.4
November 23.5 18.6 19.8
December 24.5 18.3
1993
March 18.5
April 27.4 24.1 19.4 18.8
May 27.1 23.4 17.7 20.3
Mean 27.9 24.3 23.9 18.9 19.7 19.9 20.8
Number 20 3 13 16 11 15 15

Standard error 0.16 0.15 0.15 0.16 0.34 0.37 0.25
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T The shrimp grounds in the Denmark Strait seem
to coincide mainly with the area covered by the so-
called Arctic intermediate layer (Gaé¢al., 1965,

1 Stein, 1988), the temperature being between 0 and
68°— - 2°C. The temperature of 1°C at the depth range

I ] of 300-410 m at Station L9 appears to be within
this range. This is also typical of the depth range
from which most of the Denmark Strait shrimp
samples were taken. It must be pointed out, how-
ever, that the temperature station lies farther to the
east, i.e. where there are great fluctuations in the
sea due to the variable flow west from the Irminger
current. This is evident from the great interannual
variation in temperature (Table 4). It is not known
how far to the west the pulses of warm Atlantic
water reach in the apparently warm years.

GREENLAND

Very little is known about larval drift in this
area whenP. borealislarvae occur in a pelagic
stage. The pelagic stage Bf borealislarvae has
been found to be over two months in Isafjardardjup
I ] (Asthorsson and Gislason, 1991). One would ex-
; L ] pect larval drift to occur along with the prevailing

R 25" 20° current, and the shrimp larvae could thus be car-
Fig. 3. The mean L, of females at first maturity for ried Trom one fiord to another. If this is the case
the years 1985-93 by area. the size at first spawning and the subsequent growth

TABLE 3. The comparison of meang} of two areas at a time are tabulated giving the calculated t-value (t),
significant difference (signif.) and number of degrees of freedom (f).

474
Strata Numbers 720-724 622 573 523-524 373
627-629 t=17 t=239.7 t=27.3 t=17.5 t=25.2
676-679 f=31 f=234 f=33 f=19 f=33
signif. signif. signif. signif. signif.
720-724 t=22.6 t=11.3 t=10.1 t=10.48
f=28 f=14 f=19 f=26
signif. signif. signif. signif.
622 t=2.5 t=2.3 t=6.4
f=14 f=19 f=29
not signif. not signif. signif.
474 t=2.0
523-524 f=28
no difference not signif.
573 t=2.5

f=24
not signif.
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TABLE 4. Temperature®C) in the Denmark Strait at the depth range 300-420 m €@@®BE-2715'W (Station
L9) by month and year.

Year
Month 1981 1982 1983 1984 1985 1986 1987 1988 1988 1990 1991 1992 Mean
January 1.05
February 1.18 0.45 0.85 041 0.74 1.47 0.62 3.78 1.45 1.43 1.24
March 1.33
May 0.13 0.45 0.72 0.27 1.11 1.02 2.84 154 0.71 0.74 1.35 0.99
August 0.55 -0.31 0.16 0.48 0.44 5.66 2.98 -0.24 0.01 4.86
September 5.89 0.22 1.73
October 1.08 0.89 0.18 5.82
November 6.35 0.58 1.21 0.75 6.12 5.46 2.84
Mean 2.09 0.40 0.69 045 090 2.04 186 0.74 052 492 3.39 221 1.70

TABLE 5. Temperature°C) in the Denmark Strait at the depth range 420-540 m at Station L9 by month and

year.
Year

Month 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990 1991 1992 Mean

January 0.03

February -0.10 0.71 0.05 0.127 0.23 1.01 -0.11 0.19 0.49 0.98 0.34

March 0.41

May 0.14 0.30 -0.22 0.29 0.45 0.23 -0.08 0.60 -0.14 0.21 0.59 0.22

August 0.26 -0.28 0.31 0.19 -0.03 1.96 0.50 -0.48 0.58 0.45

September 0.46 0.19 0.34

October 0.64 0.05 0.25 0.66

November 2.02 0.04 0.00 0.39 0.70 0.43 0.52

Mean 0.71 0.02 0.00 0.31 0.12 0.75 0.18 0.35 0.18 0.45 0.40 0.61 0.35

of larvae will be affected by the temperature in the  The genetic structure d4. borealispopulation
ocean current environment. This in turn relates tdn Icelandic waters has been studied with electro-
the larvae that settle in that particular area. Thuphoresis performed on 13 loci (Jénsdéttir, 1996).
the population as characterized by a given size oThree of these loci were found to be polymormphic
Lg, would only be temporary, or related to theand 10 monomorphic, and the analysis of these data
settlement of the larvae. If on the other hand thausing cluster and principal component analyses re-
shrimp larvae have means of maintaining them-sulted in the recognition of three populations, one
selves in the area where released, by sinking belowshore, one offshore and one contained within the
the main stream or by actively moving back to theDenmark Strait. Therefore, the findings of
place where they were released, then there is donsdottir (1996) support the theory that the three
chance for the formation of a distinct population ofareas remain isolated from each other with respect
P. borealisin that area. to dispersal of larvae.
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The first known attempt to determine the age-temperature is 4%5and 6C respectively, the fe-
at-length of the Denmark Strait shrimp was car-males spawn for the first time at the age of 3 years
ried out by Smedstad (MS 1990), who estimatedand the L, range from 17.7 to 20.1 m. In the North
females to be 6 years old when they spawn for th&ea, where the average annual near-bottom tem-
first time. Skaladéttir (MS 1994) carried out some perature is about°&€, females spawn at the age of
preliminary age determination of shrimp from the 1.5 years and the size at first female spawning is
same area and estimated females to be one year.0 to 17.8 mm (Anon., MS 1988).
older at first spawning. Shrimp from the
Nordurkantur area spawn for the first time at the = Charnov (1982) has shown that the length of
age of 6 years according to preliminary ageingtime spent as males tend to increase with increas-
while shrimp in both Snaefellsnes and ining latitude. The findings in this study agree to
Isafjardardjup are assumed to spawn for the firssome extent with this generally accepted theory, as
time at the age of 3 (Skuladétet al., MS 1991). have been reported by other authors that there is an

increasing longevity and slower growth at higher

The L, and size at first spawning are not thelatitudes and decreasing average temperatures
same by definition. The latter is usually slightly (Rasmussen, 1953; Appolon&t al., 1986). How-
larger than the L, for the same sample. In the ab- ever, the difference in growth rate does not result
sence of any published.| values forP. borealis in sex change occurring at a similar size in differ-
for this study area, the comparison had to be liment areas, as Rasmussen postulated (1953).
ited to the size at first spawning. The age and ap-
proximate size of females spawning for the first In similar crustacean research, Estrella and
time at Nordurkantur in fact was not very unlike McKiernan (1989) found that size at maturity of
those found in some areas in the Northwest Atlanfemale lobsterHomarus americanusff the coast
tic, such as St. Anthony Basin, where females wer®f Massachusetts was related to summer tempera-
thought to spawn for the first time at the age of 6ture, namely the higher the temperature the smaller
and the mean length of the multiparous females wathe L, However, from various investigations on
24.1 mm for the years 1981 and 1983-86 (Parsonfish it becomes evident that there are no fixed rules
et al.,, 1989). The average annual bottom temperaas to whether fast growth will bring about early
ture ranged from 2to 4°C in the St. Antony Basin. maturity at a large size. Similarly, there can also
For the Davis Strait shrimp, the mean size of mul-be late maturity at a large size and late maturity at
tiparous females was 26.2 mm where the bottona small size. Stearns and Crandall (1983) maintain
temperature ranged fronf 1o 4°C, the age being 7 that organisms neither mature at a fixed size nor
or 8 years at first spawning (Parsoetsal,, 1989). fixed age within the same species, and proposing
The Denmark Strait shrimp is, as far as is knownthat these factors are determined both by genes and
the largest of alP. borealiswhen it changes sex, environment.
with L, at 27.9 mm on the average. The northern
shrimp of the Bering Sea is almost as large, where Conclusions
average L,is reported at 27 mm and age 5.5 when
spawning occurs for the first time as a female In the geographic coverage of this study, there
(lvanov, 1969), and the average annual near-botseem to be at least three identifiable environmen-
tom temperature there is about 4C7 The Barents tal regimes, which resulted consistently showing
sea is considered by Teigsmark (1983) to have threthree size categories of ] at which femaleP. bo-
populations growing at different rates and femalegealis begin to show sexual maturity. In the Den-
spawning for the first time at ages 4.5, 5.5 and 6.%nark Strait, where near-bottom temperature might
years, respectively. The annual near-bottom tembe 0-2C, the L, for females at first maturity was
peratures are approximately,2° and *C respec- between 26.5 mm and 29.3 mm. In the offshore area
tively in each area. However, the size at first fe-north of Iceland (Strata 720-724) with the average
male maturity is not very variable between thebottom temperature of°C, the median maturity
populations, namely from 20.5-21.4 in the yeardength was between 23 and 24.9 mm, and the in-
1978 and 1979 (Teigsmark, 1983) with the largesshore areas along the west coast where temperature
variation occurring in the coldest area. In Icelan-ranges from 4.5-% and L;, was always below
dic waters, e.g. in lIsafjardardjup and at22 mm and usually between 17.0 and 21.4 mm. The
Snaefellsnes, where average annual near-bottomonsistency of the l; values in each area was such
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