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ABSTRACT: Life-history theory predicts a tradeoff in resource allocation between early maturation
and growth in species which exhibit indeterminate growth. However, since life-history models
assume that the fitness payoff of each developmental strategy at completion is known, they are
unable to encapsulate the mechanics by which maturation is controlled under natural conditions. To
determine the proximate conditions which influence variation in reproductive investment, we
recorded somatic growth, sexual maturation and fecundity in individually marked first-time maturing
lesser sandeels Ammodytes marinus. Cytological investigation revealed that the transition in gonad
development from primary to secondary stages occurred between June and August in both sexes.
Using logistical regression, variation in maturation could be attributed to both initial weight and
observed differences in resource accrual during this period, suggesting that if growth prior to this
period is inadequate in smaller fish then maturation remains inhibited. For those females that did
mature, potential fecundity positively correlated with final body size. Our findings indicate that small
changes in the timing of the availability of their zooplankton prey could explain the large regional
variability in maturity at age exhibited by sandeels in the field.
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INTRODUCTION

When growth is indeterminate, mature individuals
experience a tradeoff in resource allocation between
reproduction and growth throughout life (Roff 1992).
Ultimately, an animal’s maturation strategy is expected
to depend on the relative fitness benefits of either
reproducing at present at a cost to future fecundity or
survival, or of reproducing at a larger size in the future
at a cost to present fecundity and mortality between
reproductive ages (Fisher 1930, Stearns 1992). Which
strategy is optimal may depend on several factors
including: size-dependent fecundity, size-dependent
mortality and the mortality risk associated with repro-
duction (for a review of life-history theory see Roff
2002).

Whilst life-history theory applied at the species level
can explain the selective forces that maintain variation
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in age or size at maturity, its relevance is diminished
when considering the developmental paths which
individuals use to resolve life-history decisions. This is
because life-history models are essentially post hoc
models (Thorpe et al. 1998), attributing known fitness
payoffs to each strategy at the time of execution, and
are unable to encapsulate the mechanics of a decision
process employed under conditions of uncertainty.
Therefore, to understand the mechanism underlying
the decision to mature we must examine the proximate
influences on reproductive investment which reflect
the opportunities available for growth and the risk of
mortality (Roff 1991). The concept of a nutritionally
sensitive 'critical period’ provides a plausible explana-
tion for how individuals can assess these constraints
when deciding to reproduce for the first time (Thorpe
et al. 1998) and is supported by recent evidence of
active inhibition of maturation revealed from brain
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gene expression (Aubin-Horth et al. 2005). This hypo-
thesis proposes that as an animal develops through the
juvenile stage it enters a period of liability, wherein
maturation may be induced depending on energetic
status (Burton 1994, Henderson & Wong 1998) and/or
the rate of acquisition of surplus energy (Thorpe et al.
1990, Rijnsdorp 1993, Thorpe et al. 1998). The period of
liability usually relates to the time of year when ani-
mals must decide whether to commit to the most ener-
getically demanding phase of gonad development, i.e.
vitellogenesis in females (Burton 1994, Tyler & Sumpter
1996) or spermatocyte production in males (Rowe &
Thorpe 1990). Although the physiological changes
which take place in the pituitary—gonad axis during
maturation are still poorly understood in fish, recent
evidence suggests that insulin-like Growth Factor 1
performs an important role in linking body growth to
such oocyte development (Campbell et al. 2003, 2006).

Critical periods are pronounced in the many boreal
and temperate species that build up energy reserves
during a short growing season and spawn outside
this season (Roff 1992). The lesser sandeel Ammodytes
marinus (Raitt 1934) is one such example, spawning as
it does several months after the summer growing
season (Winslade 1971, Gauld & Hutcheon 1990).
Sandeels are short-lived, spending a considerable part
of the year buried in sand (Macer 1966). Observations
on the availability of A. marinus to fisheries (Macer
1966) and their occurrence in sediment (Wright et al.
2000) suggests that sandeels in the North Sea rarely
emerge from the seabed between September and
March, except to spawn in December and January
(Macer 1966, Gauld & Hutcheon 1990). This annual
cycle of burying means that the energy for reproduc-
tion has to be stored during the active foraging phase
(April to August) and then transferred at some stage
prior to the spawning period; hence, they are capital
breeders. Because they cannot feed whilst buried,
energy allocation to reproduction during the over-
winter phase means that energy is diverted away from
somatic maintenance and growth.

Data collected from wild, North Sea sandeel stocks
has revealed considerable variation in size and age at
first maturity (Boulcott et al. 2006), yet, which proxi-
mate conditions influence variation in reproductive
investment in this species is unknown. Whilst there is
no published information on long-term variability in
sandeel maturity, a recent analysis of sandeel growth
off the southeast Scottish coast detected a significant
decline in size at maturity during the last 30 yr (Wan-
less et al. 2004). That variability in age at maturity is
influenced by a combination of genetic and environ-
mental factors (Thorpe et al. 1983, Gjedrem 1986,
Aubin-Horth et al. 2005) means that maturation data
collected from wild stocks are of only limited value in

the elucidation of proximal influences affecting matu-
ration (Rowe & Thorpe 1990). Hence, to understand
how different life-history strategies arise, we need to
study the development of known individuals.

The aim of this paper is to examine the timing and
cause of maturation decision in Ammodytes marinus.
First, by examining gonad development in sequential
samples throughout the present study, we investigated
the timing of vitellogenesis or spermatocyte production
in this species, identifying key energetic stages in the
maturation process. Next, using individual growth pro-
files of potential first-time spawners collected from a
single population, we were able to quantify individual
variability in growth, comparing this variation with the
maturity decisions taken later in the year. Finally, we
examined energetic investment in reproduction for
first-time spawners and assessed the variability of
reproductive investment in terms of fecundity at size.

MATERIALS AND METHODS

Subjects. Age-1 Ammodytes marinus juveniles were
caught using a pelagic trawl (Methot Isaacs Kidd Trawl)
off the east coast of Scotland (56° 58" N, 02°09' W) dur-
ing 2 catches in 2004 (2 April and 7 May), soon after
their emergence from the sand and at a time close to
the onset of their second seasonal growth period. Infor-
mation from commercial catch data has revealed that
most sandeels would be expected to commit to matu-
rity during their second growth period (Macer 1966,
Boulcott et al. 2006). Hence, in order to maximise the
number of age-1, first-time spawners reared in the pre-
sent study, only those fish that were found to be within
the 8.5 to 14 cm total length range were selected (see
Wanless et al. 2004). That subjects were collected from
2 catches was due to the relative scarcity of sandeels in
the sampled area during 2004.

The rearing environment. The present study was
conducted at the FRS Marine Laboratory, Aberdeen,
between June and December, 2004. Upon arrival at the
laboratory, fish were housed in two 450 1 rearing tanks
according to their date of capture and were given at
least 1 mo to acclimate to laboratory conditions before
the onset of monitoring (17 June 2004). A total of
280 fish were tested with 140 individuals from each
sample housed in the 2 tanks. Prior to their transferal
each fish was individually marked with visible implant
tags (Northwest Marine Technology) inserted sub-
epithelially into the dorsal region of the flank, in line
with the tip of the pectoral fin.

Fish were provided with Artemia spp. and frozen
zooplankton to excess during daylight hours. Uneaten
food was removed from the tank after 24 h. After being
rinsed with seawater to reduce the amount of silt, sand
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with particles not greater than 2 mm in diameter was
used to provide a suitable substrate (see Wright et al.
2000). Tanks were supplied with flow-through water,
pumped from a local bay, and were subject to the
ambient photoperiod cycle. Temperatures in each tank
were recorded every 20 min using a data logger
(Minilog-12bit, VEMCO) and were found to be identi-
cal, increasing from 11.1°C in July to a high of 11.5°C
in August (see Fig. 2c¢) and gradually decreasing there-
after. Such a pattern is characteristic of Scottish east
coast waters (G. Slesser & W. Turrell, unpubl. data).
Day-length conditions were identical in both tanks.
That temperature and light levels were equal in each
tank was necessary as both longer day length and
higher temperature have been found to affect activity
in the sandeel in particular (Winslade 1974a,b) and the
timing and prevalence of maturation of fish species in
general (Scott & Sumpter 1983, Norberg et al. 2001).

Data collection and sampling. To obtain an accurate
profile of growth, the present study was punctuated by
6 sampling bouts: 17 June, 28 June, 22 July, 17 August,
14 September and 04 October, 2004. Prior to each sam-
ple, fish were food-deprived for 2 d in order to ensure
that their stomachs were empty. Under anaesthesia
(MS-222, 75 mg 1), weight (0.1 g) and total length
(0.1 cm), taken from the tip of the mandible to the ven-
tral lobe of the caudal fin, were recorded. Growth rates
were calculated according to Svédsand et al. (1996),
where: daily specific growth rate (G) = 100 x [In(M on
day b) - In(M on day a)]/(b — a), where M is the body
weight (g); and daily length increment (I) = 100 x [total
length on day b - total length on day a]/(b - a).

All fish were killed during a further sampling bout in
November, a period prior to the start of spawning
(Gauld & Hutcheon 1990). Relative condition factor
(K,) was calculated after Le Cren (1951):

K, = 100x(%) (1)

where Wis the individual wet weight (g), and W is the
predicted weight for a given length (L) based on a
weight-length relationship (W = aL?) calculated for all
subjects. Liver and gonad weights (+0.001 g) were also
recorded. Due to a lack of prominent external features
with which to aid classification, sex and maturity status
could only be recorded once fish had been killed. Once
killed, the assessment of maturity was made macro-
scopically. Sexual maturation was characterised in
males by the enlargement and convolution of the
testes, which at this stage became white in colour. In
females, mature ovaries were defined as those with
oocytes in the early to late stages of vitellogenesis. No
fish examined showed evidence of having spawned,
i.e. no post-ovulatory follicles or hydrated oocytes were
detected during cytological examination. Age was esti-

mated from counts of annual increments by immersing
the sagittal otoliths in 80 % ethanol and viewing them
under reflected light against a black background at
60x magnification. Classification followed the protocol
laid down in ICES CM (1995) and was carried out by
an experienced age reader. All fish were killed accord-
ing to UK Home Office guidelines.

Cytological study. A total of 52 samples (25 male and
27 female) were obtained for cytological study. Sam-
ples were collected every 28 d from the initial June
start date by randomly selecting 5 fish from each tank.
The gonads of these sampled fish were fixed in 8%
phosphate-buffered formalin, dehydrated and then
embedded in a methacrylate polymer resin (Teknovit,
TAAB Laboratories Equipment). Sections 3 pm thick
were cut using a motorised microtome and stained
with a 0.5% solution of toluidine blue. Ovaries were
staged, based on the status of the most advanced
oocytes, using the following criteria:

Early Primary (perinucleolar stage)

Late Primary (circumnuclear ring stage)
Endogenous vitellogenesis (cortical aveoli)
Exogenous vitellogenesis (yolk granules)

Testicular development was based on the classifi-
cation used by Dziewulska & Domagala (2003) where
the appearance of cystic structures containing type B
spermatogonia in the lobules is indicative of an initial
maturation decision and the production of spermato-
zoa taken to reflect the period of high testicular in-
vestment.

Estimating potential fecundity. Potential fecundity,
defined as the number of vitellogenic oocytes in
the ovary just prior to spawning (Kjesbu et al. 1998),
was estimated in all mature females using the auto-
diametric fecundity method (Thorsen & Kjesbu 2001).
Ovaries for the present study were collected from
mature females during the final sampling bout in late
November. Since no published parameters for this
method exist for Ammodytes marinus, the necessary
parameters were obtained from an examination of 300
sandeels collected in a separate study. Egg numbers in
this preliminary study were estimated using the gravi-
metric method (Bagenal 1978). A comparison of oocyte
size distribution in the ovary during vitellogenesis,
comparing mean ovary diameter in the lobe of the
ovary with central sections, revealed oocyte size distri-
bution to be homogeneous in this species (2-tailed
t-test: t=0.322, df = 17, p = 0.75). Such a condition has
been found in other sandeel studies (Bergstad et al.
2001) and is necessary for the successful application
of the auto-diametric method.

Under the auto-diametric method, predicted poten-
tial fecundity (Fpp) was expressed by the following
regression:
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Fpp= My x 2605.6D5%76%9; 250 < D < 1000 (2)

where M is the ovarian weight (g) and Dg is the mean
oocyte diameter in a fresh ovary (um). In each instance,
mean oocyte diameter was estimated from a sample of
100 to 200 oocytes. To mitigate the inflationary effects of
pre-ovulatory atresia on our estimate of potential fecun-
dity, a stage atretic oocytes were not included in our
estimation of egg number when applying the auto-
diametric method, as such oocytes do not contribute to
final egg production. Under magnification, o atretic
oocytes tended to be irregular in shape, relatively
smaller than normal oocytes and with an uneven trans-
parency (Oskarsson et al. 2002). Potential fecundity rela-
tionships differed in their calculation of relative condi-
tion (K,,) from that previously noted in the respect that
final gutted weight and expected gutted weight were
used instead of wet weight and expected wet weight.

Statistical analyses. Our analysis was restricted to age-
1 individuals identified after analysis of their otoliths.
Each sampling period was analysed using a logistic re-
gression model (McCullagh & Nelder 1983) that exam-
ined the influence of length, weight, G, I, rearing tank
and sex on maturity. Maturity in these models was ex-
pressed as a 2-level factor (immature or mature), with
tank and sex being expressed as factorial variables.
Within the model the proportion to mature was ex-
pressed as a response function using a logit link function:

: p
logit(p) = log(ﬁ) 3)
where p is the probability of maturing. An additional
measure of model fit was based on a pseudo-coeffi-
cient of determination, R?, which was taken to be the
fraction of the total variation explained by the model
(Swartzman et al. 1995):

RZ = 1 (residual Vtariance) (4)
null variance

Fecundity versus size and condition relationships across
the 2 tanks were then fitted within the framework of a
general linear model (GLM) (Sokal & Rohlf 1995). The
model fitted to the data included all explanatory vari-
ables before non-significant effects were removed by a
process of step-wise deletion. A plot of residuals against
fits was plotted to confirm that the data tested complied
with homogeneity of variance. Data were also tested for
normality using an Anderson-Darling test.

RESULTS

Of the 182 individuals reaching the end of the pre-
sent study in November, 60 % belonged to the age-1 co-
hort. Since, by November, mature individuals were in a

late stage of vitellogenesis, maturity status could be
assigned with a high degree of certainty. The propor-
tion of age-1 individuals to mature differed between
tanks, with 86% of individuals in Tank 1 maturing
(86 % female and 87 % male) compared to 52 % of indi-
viduals in Tank 2 (60 % male and 35 % female).

Gonadal development

Cytological examination of samples taken through-
out the study indicated that oocytes <110 pm were in
the primary phase (perinucleolar stage), whilst those
>150 pm were in the secondary phase (vitellogenic).
All of the specimens collected in the initial June
sample were immature with ovaries only containing
primary oocytes. Endogenous vitellogenesis (cortical
aveoli) stages were first detected during the second
monitoring period in late July, whilst exogenous
vitellogenesis (Fig. 1a) was detected in August. The
maturity status of individuals could be defined in sam-
ples from August onwards in terms of whether the
advanced oocytes were smaller or larger than 110 pm
in diameter. The recruitment of oocytes into exogenous
vitellogenesis was associated with a rapid increase in
oocyte diameter from a mean + SE of 149 + 35 ym in
August to 558 + 41 pm by November.

As with females, all male specimens collected in the
initial June samples were immature, exhibiting Type A
spermatogonia. Males first exhibited Type B spermato-
gonia (Fig. 1b) in the lobules in late July. From Octo-
ber, spermatozoa became the dominant cells in lobules
filling more than 50 % of the lumen.

Growth profiles before gonads

Age-1 individuals in Tank 1, the first tank stocked,
were significantly longer (11.1 vs. 10.2 cm, df = 106, ¢ =
4.95, p <0.001, 2-tailed t-test) and heavier (4.3 vs. 2.8 g,
df =106, t=6.92, p < 0.001) than those in Tank 2 at the
start of the present study. Taking all data together,
GLM which included sex, tank and their interaction as
explanatory variables did not reveal sex-related differ-
ences in either mean length (GLM: males = 10.6 cm,
females = 10.7 cm, F, 195 = 0.07, p = 0.79) or weight
(GLM: males = 3.5 g, females = 3.7 g, F; 195 = 0.55,
p = 0.46). Fig. 2a,b shows mean weight and length
grouped according to rearing tank and final maturity
status at each sample period. When comparing the
initial length (Ly) and weight (W) of individuals in
Tank 1 grouped according to maturity status at the end
of the present study, no significant difference in W,
(mature =4.3 g, immature =3.8g,df =58, t=-1.40,p =
0.17) or Ly (mature = 11.1 ¢cm, immature = 10.6 cm, df =
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Fig. 1. Ammodytes marinus. Photomicrograph of (a) section
through an ovary of a 13.1 cm mature female sampled 17 Au-
gust 2005 illustrating: primary oocytes (PN), yolk granules
(YG) and exogenous vitellogenic oocytes (VO), scale bar =
50 pm. (b) Oocyte diameter against time during perinucleolar
(O) and cortical aveoli stages (A) and for vitellogenic oocytes
(O). (c) Testes of an 11.9 cm age-1 male sampled 22 July 2005
with lobules showing cysts with multiplying Type B spermato-
gonia (SG B), scale bar = 20 pm

58, t =-1.46, p = 0.16) could be found. A similar com-
parison in Tank 2 also did not reveal a significant dif-
ference in either L, (mature = 10.2 cm, immature = 10.1
cm, df = 46, t =-0.72, p = 0.47) or W, (mature = 3.0 g,
immature = 2.6 g, df =46 {=-1.97 p = 0.06).

Except for non-maturing individuals reared in Tank 1,
the period of the present study was characterised by an
initial period of growth, both in length and weight,
from July to mid/late September. A paired t-test ap-
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Fig. 2. Ammodytes marinus. Mean (a) length and (b) weight of
sandeels recorded at each sampling bout grouped according
to winter maturity status and rearing tank. Grey and black
lines together with T1 and T2 identify individuals belonging
to Tanks 1 and 2, respectively. Error bars denote standard er-
ror from the mean. (c) Tank temperature (—a—) and hours of
daylight (— — e— —) recorded during the course of the study
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plied to maturing and non-maturing groups in each
tank revealed that both maturing and non-maturing
groups in Tank 1 underwent a period of weight loss
from September to October (paired ¢-test: non-matur-
ing, t = 5.66, p < 0.001; maturing, ¢ = 6.83, p < 0.001),
but maintained their weight in Tank 2 (paired f-test:
non-maturing, ¢ = 0.53, p = 0.60; maturing, t = -0.93,
p = 0.36). This period of weight loss coincided with
the annual return of this species to the substrate and,
hence, a marked drop in observed activity in the water
column. The return to the substrate was also associated
with a decline in temperature, with daily average
temperature dropping over 1°C from its peak in mid-
August (Fig. 2c¢). Increases in mean length were no
longer evident at this time (September to November).
Of all groups, maturing individuals in Tank 2 exhibited
the highest rate of growth, enabling them to overtake
non-maturing individuals in Tank 1 in size by August
or September.

Predictors of maturation probability

The effect of length, weight, sex, rearing tank, G
and I, measured during the first 4 sample bouts, were
examined using a binary logistic regression to deter-
mine which variables, if any, were significant predic-
tors of maturation. G and I were, in each instance, cal-
culated on a forward-looking basis from each sample
date. A binary logistic regression applied to data from
both tanks revealed that only W, and L, in the first
sampling period were significant predictors of final
maturity state (Table 1). Applying the same model to
the period suggested by cytological evidence to coin-
cide with the time when fish commit to continued
gonadal development (between 28 June and 22 July
2005) revealed G, weight and tank to be significant
predictors of final maturity state, with maturing fish
being larger and growing at a faster rate. A binary
logistic regression applied to each tank individually
during the same timeframe revealed G to be a signifi-
cant predictor of maturation in Tank 1 and weight,
length and sex to be significant explanatory variables
in Tank 2. When analyzing data from both tanks col-
lected from the time period succeeding the decision to
commit to ongoing maturation, weight, length, tank
and G were all revealed to be significant predictors of
final maturity status.

Fecundity
Fpp of sandeels ranged from 1000 to 6000 oocytes. A

regression analysis revealed a positive relationship be-
tween potential fecundity and length (n = 28, R? = 0.60,

Table 1. Results of the generalized linear models fitted to final
maturation status according to tank. Length (L,) and weight (W;)
recorded at the beginning of each sample period; specific
growth rate (G_1-), daily length increments (I;_y,_), sex and
rearing tank are expressed in these models as explanatory vari-
ables. G and I were calculated using data from the first 4 sam-
ples (t=0to 3) collected in the period between June and August

z df P R?
Both Tanks
Maximal model: Maturity = Tank + Sex + Go_1 +Ip_1 + W+ L
Wy 3.34 1,107 <0.001 0.10
Lo -2.34 1,107 0.02 0.07
Sex 1.70 1,107 0.09 -
Go_1 1.66 1,107 0.10 -
Tank -0.88 1,107 0.38 -
To_4 -1.38 1,107 0.98 -
Maximal model: Maturity = Tank + Sex + Gy _o+1; o+ W +L;
G, 3.20 1,107 <0.01 0.02
Tank -2.75 1,107 <0.01 0.20
W, 2.59 1,107 <0.01 0.06
Sex 1.44 1,107 0.15 -
L, -1.43 1,107 0.15 -
I, 4 -0.72 1,107 0.47 -
Maximal model: Maturity = Tank + Sex+ G, _3+1, 3+ W, + L,
W, 3.72 1,107 <0.001 0.14
L, -3.22 1,107 <0.01 0.02
Gy_3 3.21 1,107 <0.01 0.03
Tank -2.57 1,107 0.01 0.22
Sex 1.30 1,107 0.19 -
I,_3 -0.30 1,107 0.76 -
Tank 1 only
Maximal model: Maturity = Sex + Gy _,+ I o+ Wy +L;
Gi_o 2.75 1,59 <0.01 0.29
W, 1.76 1,59 0.08 -
L, -0.25 1,59 0.80 -
1,4 -0.22 1,59 0.82 -
Sex -0.03 1,59 0.97 -
Tank 2 only
Maximal model: Maturity =Sex+ Gy _,+ 11 _, + W +L;
W, 2.52 1,47 0.01 0.15
L, -2.30 1,47 0.02 0.01
Sex 241 1,47 0.02 0.05
Gi_y 1.67 1,47 0.09 -
I, 4 -0.83 1,47 0.40 -

F=239.57, p < 0.001), best expressed as a power equa-
tion: Fpp=0.0082 x L>2!1, However, when weight, tank
and oocyte diameter were included with length as ex-
planatory variables, length (GLM: df =1, F=0.25, p =
0.62), rearing tank (df =1, F=0.39, p = 0.56) and oocyte
diameter (df = 1, F= 2.56, p = 0.12) could be removed
from the model, leaving gutted weight (Wy,) (df =1, F=
66.1, p<0.001, R?*= 0.72) as the sole significant variable
(Fig. 3). A GLM applied to relative fecundity data re-
vealed a significant effect of length (df =1, F=5.88, p =
0.02, R? = 0.18) but not tank (df = 1, F= 0.99, p = 0.33),
gutted weight (df =1, F=0.14, p =0.71) or mean oocyte
diameter (df =1, F=2.61, p=0.12).
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Fig. 3. Ammodytes marinus. Relationship between predicted
potential fecundity (Fpp) and gutted weight (Wgy): Fpp -
1140.6 Wy, — 1133.6; n = 28, R = 0.72

DISCUSSION
Critical period

Cytological investigation indicates that the decision
of whether or not to maintain investment in reproduc-
tion in Ammodytes marinus occurs during the summer
prior to the winter spawning period. In females, the
presence of a hiatus in oocyte diameter separating
primary and vitellogenic oocytes suggests that oocytes
were recruited at the transition between the primary
and secondary phase, a stage at which other determin-
istic-group, synchronous spawners commit to spawn-
ing (Kjesbu 1994). Thus, the key indicator of allocation
to reproduction is the developmental transition from
primary to secondary oocytes. The transition to exoge-
nous vitellogenesis occurred in late July/August, just
prior to the time when sandeels begin over-wintering
in the sand and cease investing in somatic growth.
Characterized by the increase in vitellogenic oocyte
size, the largest period of energetic allocation to the
gonads occurs between August and November, during
their period of over-wintering. These observations sub-
stantiate field-based analyses of gonad size that indi-
cate that the major change in gonadosaomatic index
occurs from September to December (Bergstad et al.
2001). Maturing males underwent spermatogenesis in
late July and August, suggesting that the divergence
of development patterns takes place around the same
time of year as that of females.

Given the early phase of gonad development in June
it appears likely that sandeels make the decision to
commit to reproduction well in advance of the life-
history event. Hence, sandeels would have to decide
whether to allocate significant resources to reproduc-
tion on the basis of some proximate factor prior to
August. Our results also indicate that the proximate
factors likely to be responsible for the continuation of

maturation past this period include the rate of energy
intake and body weight, with larger and faster grow-
ing individuals reaching maturity. The presence of a
critical period in which maturation is determined has
been found in other species of fish, including the
Atlantic salmon Salmo salar (Rowe & Thorpe 1990,
Rowe et al. 1991) and winter flounder Pleuronectes
americanus (Roff 1983, Burton 1994). Clearly, further
studies would be desirable to confirm the proposed
critical period. Similar studies for other species have
involved either the manipulation of photoperiod
(Adams & Thorpe 1989) or food ration (Burton 1994)
during certain periods of the growing season.

Proximal influences on maturation

In terms of life history, it is likely that the mecha-
nisms individuals use to characterise their optimum
developmental strategy are based on a comparison of
their physiological state (and its rate of change) within
a genetic threshold (Thorpe et al. 1998). Whilst the pre-
cise developmental mechanism underpinning matura-
tion is unknown, the results from our regression analy-
sis support such a concept of physiological assessment,
with length, weight and G as explanatory variables.
Mean growth rates within both tanks were comparable
to those derived from historic data of age-1 fish col-
lected from the Firth of Forth (Wanless et al. 2004, P. J.
Wright unpubl. data) and, hence, the results obtained
from the present study are likely to mirror those from
wild populations.

Our model also revealed a significant effect of tank
on maturation during later sample periods, and it is
clear from mean weight/length distributions in each of
the 2 tanks that individuals from Tank 1 started from
a more advanced position with respect to size. Indi-
viduals in Tank 1 had been transferred from the wild
almost a month earlier and were larger, heavier and in
better condition at the outset of the present study, pro-
ducing a higher proportion of mature individuals come
November. That weight, length and sex were found
to be explanatory variables in Tank 2 rather than G,
when analyzing data collected in late June and July,
could possibly relate to the fact that individuals be-
longing to this tank were smaller at the onset of
the experiment. Here the constraint of initial size on
maturation was evident with only the fastest growing
individuals from the lower range of initial sizes having
any chance of maturing.

Switch-based threshold levels of energy storage
have been documented in other species of fish (Tyler &
Dunn 1976, Thorpe 1986, Henderson & Nepszy 1994),
and it is possible that such physiological levels repre-
sent a developmental threshold for maturation in this
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population. Here, the physiological state for the fish
is prescribed by environmental opportunity with the
threshold levels interacting with the environment via
growth (Thorpe et al. 1998). Such threshold levels are
likely to be genetic (Aubin-Horth et al. 2005), with the
life-history outcome determined by the setting of such
ultimate regulators via the influence of natural selec-
tion.

Cost of reproduction

Early maturity enhances fitness by reducing the time
in which juvenile predation may occur and by produc-
ing offspring that are able, in turn, to start reproducing
earlier (Cole 1954). However, if energy resources of the
individual are too low, then allocation to reproduction
without sufficient energy stores could result in an
increase of over-winter and pre-spawning mortality
in Ammodytes marinus. Given the energetic tradeoff
between growth and reproduction, individuals that
delay maturity might be expected to have lower
energy reserves just prior to the timing of the invest-
ment decision and to have faster growth, relative to
maturing individuals, following this decision (Poizat et
al. 1999). No such tradeoff between growth and repro-
duction was found in the present study. Rather, indi-
viduals that did not mature displayed lower growth
than their mature counterparts.

The absence of an inverse relationship between
these life-history traits is likely to be due to the fact that
individual variation in the magnitude of stored re-
sources or resource accrual abilities masks the true
energetic cost of maturation (van Noordwijk & de
Jong 1986, Sinervo & DeNardo 1996). Since gonadal
steroids enhance growth, it is also likely that during an
active gonadal growth phase such individuals grow
faster than those not so steroid-stimulated. The present
study did not examine over-winter mortality, and it is
probable that this exclusion leads to the underestima-
tion of the true cost of reproduction. Masking of repro-
ductive costs has been seen in other taxonomic groups
of organisms (e.g. molluscs: McGrath & Jackson 2002;
amphibians: Lardner & Loman 2003; reptiles: Schwarz-
kopf 1993).

Fecundity

As predicted by life-history theory, we found the
fecundity of sandeels reared in the present study to be
strongly influenced by weight. That length was not
a significant predictor of potential fecundity when
weight was included reflects the fact that these ex-
planatory variables are correlated with each other.

Length—fecundity relationships produced for wild-
caught sandeels tend to be lower than the relationship
found in the present study, i.e. for a 12 cm sandeel,
fecundity has been reported to vary from 2706 to 3531
eggs (Gauld & Hutcheon 1990) and up to 4053 eggs
(Macer 1966), compared to our estimate of 4103 eggs.
The fact that our relationship was higher, although still
within the range recorded previously for this species
(Macer 1966, Wanless et al. 2004), could reflect the
favourable nature of the nutritive conditions in which
fish were reared.

The results of the present study highlight that both
growth rate and size within a short developmental
window affect the decision to mature in the sandeel.
Changes in the timing of the availability of their zoo-
plankton prey could therefore have a substantial effect
on the proportion of sandeels maturing at different
ages, resulting in large changes in the size of the
spawning stock. Given the profound changes in the
biomass and phenology of plankton in the North Sea in
the past few decades (Edwards et al. 2002, Reid et al.
2003) and the significant changes in size of sandeels in
some parts of their range (Wanless et al. 2004), signifi-
cant temporal variability in maturation rates may be
expected. Current stock assessments do not, however,
consider the potential for inter-annual variability in
maturation rate (ICES CM 2006) despite field studies
finding significant regional differences in age at matu-
rity (Gauld & Hutcheon 1990, Bergstad et al. 2001,
Boulcott et al. 2006). Further work is needed to explore
the relationship between regional growth opportunity
and maturation timing. Moreover, given the apparent
changes in prey phenology, future studies should
consider the consequence of this variability to the
reproductive potential and sustainability of sandeel
aggregations.
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