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A B S T R A C T

Understanding the influence of temperature on egg development and larval condition in planktonic fish is a
prerequisite to understanding the phenological impacts of climate change on marine food-webs. The lesser
sandeel, Ammodytes marinus (Raitt 1934), is a key trophic link between zooplankton and many piscivorous fish,
sea birds and mammals in the northeast Atlantic. Temperature-egg development relationships were determined
for batches of lesser sandeel eggs. Hatching began as early as 19 days post fertilisation at 11 °C and as late as
36 days post fertilisation at 6 °C, which is faster than egg development rates reported for closely related species at
the lower end of the tested temperature range. The average size of newly hatched larvae decreased with in-
creasing incubation temperatures in early hatching larvae, but this effect was lost by the middle of the hatching
period. While the study revealed important temperature effects on egg development rate, predicted variability
based on the range of temperatures eggs experience in the field, suggests it is only a minor contributor to the
observed inter-annual variation in hatch date.

1. Introduction

Marine ecosystems in Northern Europe, particularly within the
North Sea, are predicted to be significantly impacted by climate change,
as attested by the 1.3 °C rise observed over the last 25 years (Sherman
et al., 2009) with recent years showing the warmest winters in a 40 year
time-series (ICES, 2016). Being ectotherms, fish are sensitive to such
warming as critical phenological traits such as incubation duration and
the date of first feeding are influenced by water temperature. As the
sensitivity of phenology to temperature varies between species
(Edwards and Richardson, 2004; Peck et al., 2012a), trophic chain and
whole ecosystem structure might be modified by climate change
through temporal alterations of species interactions such as the mis-
match between predators and prey (Nakazawa and Doi, 2012). In
marine fish, the match-mismatch hypothesis (Cushing, 1969, 1990),
which proposes that the synchrony between hatching and seasonal prey
production determines growth and survival, has been repeatedly ad-
vanced as a cause of fluctuations in fish recruitment (Richardson,
2008). Differences in the temperature sensitivity of predators and prey
phenology have the potential to directly affect fish recruitment, by
impacting the temporal overlap between fish hatching and prey pro-
duction. In addition, temperature has a direct influence on larval con-
dition at hatching, with respect to the amount of endogenous resources
remaining in the yolk sac (Kamler, 2008). Yolk is the sole resource

fuelling early larval development and provides a buffer allowing larvae
to survive for a short period in the absence of prey (Yamashita and
Aoyama, 1986). Therefore, acquiring empirical evidence on the influ-
ence of temperature on egg development and larval condition of key
marine species is a prerequisite to understanding the phenological im-
pacts of climate change on important trophic interactions (Peck et al.,
2012a).

Both empirical and modelling studies indicate that the match be-
tween larval hatch times and the spring zooplankton bloom is key to the
early survival of the lesser sandeel, Ammodytes marinus (Raitt 1934)
(Wright and Bailey, 1996; Gurkan et al., 2013; Régnier et al., 2017).
Sandeel are abundant in the North Sea, representing up to 15% of the
total biomass (Sparholt, 1990), 90% of which are estimated to be A.
marinus (ICES, 2004). As this species is a key trophic link between
secondary production and many piscivorous fish, sea birds and mam-
mals in the northeast Atlantic (Daan, 1989; Wanless et al., 2004;
Lilliendahl and Sólmundsson, 1997; Eliasen et al., 2011), an under-
standing of the phenological variation in A. marinus is important in
predicting the effect of climate change on marine food webs (Eerkes-
Medrano et al., 2017). Larvae hatch over an extended period from
February to April in the North Sea (Langham, 1971; Wright and Bailey,
1996; Régnier et al., 2017). The timing of hatching is linked to en-
vironmental and demographic influences on both gonad development
and embryonic development. Spawning in A. marinus can occur from
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December – February based on the incidence of their demersal eggs and
observations of gonadal development (Gauld and Hutcheon, 1990;
Bergstad et al., 2001; Boulcott et al., 2017). Although A. marinus only
spawns a single batch of eggs (Boulcott and Wright, 2008), considerable
variation in female gonad maturation has been found, with an earlier
onset of spawning in larger females (Boulcott et al., 2017).

Temperature is known to affect sandeel reproduction, with inhibited
gonad investment observed at higher temperatures (Wright et al.,
2017a), which may in turn affect spawning date. This is because exo-
genous vitellogenesis is entirely dependent on the allocation of stored
energy, as A. marinus bury in sand during this reproductive phase
(Boulcott and Wright, 2008; Wright et al., 2017b). Whilst temperature
dependent egg development has been examined in two species of Am-
modytes (Smigielski et al., 1984; Yamashita and Aoyama, 1985), none
have focussed on A. marinus and little is known about the effect of this
factor on larval condition at hatching.

In the present study, the effect of temperature on A. marinus egg
developmental rate and larval condition at hatching was investigated in
the laboratory. Eggs from a single North Sea parental stock were in-
cubated over a range of temperatures that eggs experience in the wild
(6–9 °C; Berx and Hughes, 2009) and the expected rise up to 11 °C by
the end of the century (Lowe et al., 2009).

2. Materials and methods

2.1. Gamete collection

Sandeel (Ammodytes marinus) > 9 cm total length (LT), corre-
sponding to the size range of mature fish in the region (Boulcott et al.,
2007), were caught off Stonehaven Bay (57°57′N; 2°06′W) in August
2016 by demersal trawl by the RV Temora, and transferred into an
outdoor 3m tank at Marine Scotland Science aquarium facilities
(Aberdeen). Conditions within the tank mimicked the wild habitat as
much as possible; sand covering the bottom (10 cm layer), natural
photoperiod with a continuously filtered inflow of ambient water
temperature (positively correlated to the temperature recorded in the
nearby monitoring station of Stonehaven: r= 0.96, p < 0.0001). Fish
were fed on a diet consisting of a mixture of krill and Artemia until the
start of the winter spawning season, when cessation of feeding naturally
occurs in the wild. A sub-sample of fish was sampled on a fortnightly
basis from late December to screen for signs of sexual maturation. When
it was determined that spawning was imminent (January 26, 2017),
females (N= 3) and males (N=15) were manually stripped of their
gametes. After fertilisation, eggs were divided equally between the 6
groups corresponding to the temperature treatments.

2.2. Egg incubation

The fertilised eggs were introduced to six 1m tanks within half an
hour of fertilisation, with water temperature in each tank controlled by
SeaChill TR-30 Aquarium Chiller units (Sterner AquaTech, U.K.),
equipped with a large air stone and a temperature logger which was
corroborated manually by a thermometer each day. A fine mesh bag
covered each tank's water inflow (100 L·hour−1) to prevent fouling. A
large tray with drainage holes on the bottom was suspended within
each tank, into which three small fine mesh-bottomed incubators
(diameter 7.5 cm) were inserted. The fertilised eggs from each of the
three females were divided equally among incubators in each of the six
tanks (i.e. 18 incubators in total). Each incubator cell housed an
average 400 eggs from each female. Four tanks were immediately set to
their experimental temperature (8°, 9°, 10° and 11 °C) as they were
within 1–2 °C of the parental tank. The other two tanks were set initially
at 8 °C before being set at experimental levels (6° and 7 °C) the next day
to avoid shocking the eggs. The set temperatures remained fairly con-
stant throughout the experimental run, with means of 6.28 °C
(S.D.= 0.26), 7.3 °C (S.D.= 0.15), 8.44 °C (S.D.= 0.13), 9.27 °C

(S.D.= 0.25), 10.88 °C (S.D.= 0.21) and 11.68 °C (S.D.= 0.29) for
temperatures in the 6°, 7°, 8°, 9°, 10° and 11 °C tanks respectively. The
room was held under red light conditions and disturbance was kept to a
minimum. Egg incubators were checked daily, by close inspection
through the top of the open incubators, and all visible larvae were re-
moved on the day of hatch. Larvae were euthanized with an overdose of
anaesthetic (MS-222) and immediately photographed with a QCAM
camera under a Leica MZ9.5 microscope at ×12–16 magnification
(larvae presenting obvious signs of shrinkage were discarded). Precise
measurements of LT and yolk sac oil globule volume (to give an in-
dication of remaining energy resources) were obtained from the cali-
brated digital images (to the nearest 0.01mm/mm2 respectively) using
image analysis (Image Pro Insight, Media Cybernetics, Coventry, UK).
Yolk and oil globule volume were calculated as V=4/3π.a.b2, where a
is the larger radius and b the smaller radius. A sample of newly hatched
larvae from the 8 °C treatment (N=64) were isolated in two separate
incubators on the 26th and 27th of February, and on each day from the
28th of February, and up to the eleventh day post hatching, 4–5 in-
dividuals were euthanized and photographed as described previously.
LT, oil globule and yolk-sac volumes were measured on these in-
dividuals to assess the rate at which energy stores were depleted.

2.3. Statistical analyses

2.3.1. Development rate
The influence of incubation temperature on egg development rate

(DR) was modelled as a power function (Lasker, 1964; Peck et al.,
2012a):

= ×D α TR
β

where DR is expressed as a percentage per day, where 100% corre-
sponds to the total duration of incubation. T is incubation temperature,
α and β are the parameters to estimate. The model was fitted using a
weighted non-linear least square method with weights set to 1/variance
at each temperature.

2.3.2. Phenotype at hatching
In order to describe variations in larval size at hatching between

treatments, a hierarchically structured Von Bertalanffy model was used,
where:

L N mu tau~ ( , )T t h t,t h,

With mut, h= Linft×(1− exp (−Kt×(h− t0t)))
And Linft~N(m1, t1)

K N m t~ ( 2, 2)t

t N m t0 ~ ( 3, 3)t

tau G r λ~ ( 1, 1)t

In which, LT t,h is the length of a larvae hatching at temperature t, on
day h and is drawn from a normal distribution with mean mut,h and
precision taut. Temperature-specific parameters Linft, Kt and t0t were
drawn from normal distributions with hyperparameters m1, t1 (Mean
and precision), m2, t2 and m3, t3 respectively, while taut was drawn
from a Gamma distribution with parameters r1 (shape) and λ1 (inverse
scale). Hyperparameters were given uninformative uniform priors. The
Bayesian model was fitted in R and JAGS using the “rjags” package, an
initial burn-in of 10,000 iterations preceded the 100,000 iterations used
to produce the parameters estimates.

Variations in the volume of the oil globule at hatching were also
described using a hierarchically structured model with square root
transformed volumes, where:

OGvol N mu tau~ ( 2 , 2 )t h t h t, ,

With mu2t, h= at×exp (bt× h)
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And a~N(m4, t4)

N m tb~ ( 5, 5)

tau G r λ2 ~ ( 2, 2)t

In which, OGvolt,h is the volume of the oil globule of a larvae
hatching at temperature t, on day h and is drawn from a normal dis-
tribution with mean mu2t,h and precision tau2t. Temperature-specific
parameters at and bt were drawn from normal distributions with hy-
perparameters m4, t4 and m5, t5 respectively, while tau2t was drawn
from a Gamma distribution with parameters r2 and λ2.
Hyperparameters were given uninformative uniform priors. The model
was also fitted in R and JAGS as described previously.

2.3.3. Oil globule and yolk depletion rate
Depletion of the yolk sac and the oil globule after hatching at 8 °C

were described using an exponential decay model with square root
transformed volumes, where:

OGvol YOLKvol N mu au(or )~ ( 3 , t 3)d d d

With mu3d= a×exp (b× d)
And a~U(0,100)

−Ub~ ( 1, 1)

×tau U3~ (0, 1 10 )10

In which, OGvold is the volume of the oil globule (YOLKvold, for yolk
volume) of a larvae d days after hatching, and is drawn from a normal
distribution with mean mu3d and precision tau3. Parameters a and b and
tau3 were given uninformative uniform priors. The model was also
fitted in R and JAGS as described previously.

3. Results

3.1. Development rate

Hatching started as early as 19 days post fertilisation at the highest
incubation temperature (11 °C) and as late as 36 days post fertilisation
at the lowest (6 °C; Fig. 1). 50% hatching was reached after 22 and

39 days at 11 °C and 6 °C respectively, with hatching lasting between 17
and 25 days in the range 6 to 10 °C, while at 11 °C all larvae had hat-
ched within just 9 days. DR was significantly and positively influenced
by temperature (Fig. 2), as parameter estimates were α=0.51 (95%CI:
0.49–0.54, significantly different from 0: t-value=44.46, p < 0.0001)
and β=0.85 (95%CI: 0.49–0.54, significantly different from 0: t-
value= 79.57, p < 0.0001). The ratio of the residual sum of square on
the total sum of square further indicates that 52% of the variation in DR

was accounted by the temperature effect. Therefore the model provided
a good fit as predicted (average) development time between fertilisa-
tion and hatching was 40 days at a temperature of 6.3 °C, and 24 days at
a temperature of 11.7 °C for median incubation durations of 39 and
22 days observed at these temperatures respectively.

3.2. Phenotype at hatching

LT of larvae at hatching decreased with temperature, while varia-
tions in length increased (6 °C: 6.29 ± 0.42mm (S.D.), 7 °C:
6.23 ± 0.45mm, 8 °C: 6.06 ± 0.53mm, 9 °C: 5.78 ± 0.65mm, 10 °C:
5.74 ± 0.61mm, 11 °C: 5.31 ± 0.69mm). The fitted Von Bertalanffy
model revealed significant temperature effects on the relationship be-
tween LT at hatching and hatching day (Table 1). In particular, tem-
perature differences were present in the first days of hatching but dis-
appeared by the middle of the hatching period (Fig. 3).

The volume of the oil globule decreased throughout the hatching
sequence and the model revealed significant differences in temperature-
specific parameters (Table 2). However, little variation among in-
cubation temperatures were observed in the resulting estimated tra-
jectories (Fig. 4). Larvae that hatched on or after the 15th day of the
hatching period had very little endogenous stores (Fig. 4).

3.3. Oil globule and yolk depletion rate

The volume of the oil globule was strongly related to yolk-sac vo-
lume (F1,62= 465, r2= 0.88, p < 0.0001), and both decreased rapidly
after hatching (Fig. 5). After 10 days post hatching at 8 °C, 50% of the
larvae were predicted to reach a stage of depletion where< 5% of the
initial yolk or oil globule remained (where 100% is the volume at

Fig. 1. Boxplots of Ammodytes marinus egg development to hatch (in days post fertilisation) at six incubation temperatures. The bold lines represent median hatching days, the edges of
the boxes represent 25 and 75% hatching (lower and upper edges respectively) and the lower and upper whiskers represent 5 and 95% hatching respectively.
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hatching, Fig. 5).

4. Discussion

Sandeels have a very protracted embryonic period relative to other
winter hatching species (Smigielski et al., 1984; present study). In the
North Sea, the hatching period of plaice (Pleuronectes platessa), haddock
(Melanogrammus aeglefinus) and Atlantic cod (Gadus morhua) all overlap
with that of A. marinus (Munk et al., 2009). However, in contrast to
these species, the time to 50% hatching is more than twice as long as
that reported for plaice (Fox et al., 2003), haddock (Martell et al., 2005)
and cod (Geffen et al., 2006) and the variation in hatch times for a
given temperature is considerably greater. While these other species
have pelagic eggs, spring spawning herring (Clupea harengus) from the
Clyde (Scottish west coast) that spawn demersal eggs like sandeel, have
a far shorter embryonic phase (Gamble et al., 1985). Consequently,
temperature dependent egg development and individual variation in A.
marinus appears to be a comparatively important source of hatch date
variation in relation to other winter hatching species.

Temperature had a positive effect on A. marinus egg developmental
rates, as is typical of marine fish (Peck et al., 2012a). However, egg

developmental times were slightly different than that reported by
Winslade (1971) for A. marinus, as he found that 50% hatching was
reached 26 days post fertilisation at 8.7 °C (the only incubation tem-
perature tested), compared to an estimated 31 days in the present ex-
periment. However, uncertainty remains concerning the exact date of
fertilisation in Winslade (1971), as fish bred in the holding tank and
eggs were discovered a few days after spawning. The influence of
temperature on egg developmental rates also differed from that ob-
served in two closely related species, A. americanus (Smigielski et al.,
1984) and A. personatus (Yamashita and Aoyama, 1985). While in-
cubation in A. americanus and A. personatus have a relatively similar
response to temperature over the range considered in the present study
(A. americanus: 48 days at 7 °C and 30 days at 10 °C, A. personatus:
51 days at 6.5 °C and 25 days at 10.5 °C), embryonic development in A.
marinus appears to be much faster at the cold end of the temperature
range and quite similar at the warm end of this range (39 and 36 days at
6° and 7 °C, 27 and 31 days at 9° and 10 °C). Incubation in A. marinus
thus appears less sensitive to temperature than in A. americanus and A.
personatus. In the North Sea, eggs would typically experience tem-
peratures between 5 and 7 °C as the temperature declines from January
to March (Berx and Hughes, 2009). Light intensity has been found to
delay hatching in halibut (Helvik and Walther, 1993), and might have
been responsible for the prolonged hatching period observed at 10 °C as
the treatment tank was closest to the only light source.

Over the range of increasing temperature considered in the present
study, the overall duration of incubation decreased by 16.6 days. For
comparison, over the same temperature range, development time be-
tween the egg and adult stage of the sandeel's two main Calanoid co-
pepod prey would be reduced by 24.5 days for Calanus finmarchicus and
37.7 days for C. helgolandicus (Cook et al., 2007). Therefore, a change in
temperature has the potential to affect the temporal co-occurrence of
sandeel and their prey and their respective growth and survival rates.
During the last two decades, average February temperatures measured
near the sea bed in the nearby monitoring station of Stonehaven varied
between 5.59 °C and 7.08 °C (http://data.marine.gov.scot/dataset/
scottish-coastal-observatory-data). According to the present results,
this difference would potentially lead to a difference of around one
week in median incubation times (37 and 45 days for the lowest and

Fig. 2. Relationship between Ammodytes marinus egg development rate (DR) and Temperature (DR= a.Temperatureb). The shaded area represents the 95% CI, both sizes and colours
(shades of grey) of the points reflect the abundance of data.

Table 1
Temperature-specific parameter estimates for the Von Bertalanffy model describing
Ammodytes marinus body size at hatching. 95% CI is indicated between brackets.

Temperature K Linf t0 Variance

6 0.37
(0.19–0.65)

6.41
(6.31–6.58)

−5.66
(−12.43–2.64)

0.18
(0.15–0.21)

7 0.4
(0.2–0.71)

6.3
(6.23–6.42)

−4.49
(−11.07–1.93)

0.2
(0.17–0.23)

8 0.73
(0.57–0.91)

6.18
(6.13–6.22)

−0.66
(−1.56–0.1)

0.23
(0.2–0.25)

9 0.39
(0.29–0.49)

6.28
(6.16–6.41)

−1.07
(−2.39–0.22)

0.25
(0.22–0.29)

10 0.55
(0.41–0.74)

5.95
(5.88–6.01)

−1.49
(−2.47–0.78)

0.2
(0.17–0.24)

11 0.19
(0.12–0.3)

6.2
(5.88–6.58)

−6.15
(−10.05–3.67)

0.32
(0.25–0.4)
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highest temperature respectively). Inter-annual differences in female
size at the time of spawning may account for some further variation in
hatch dates (Boulcott et al., 2017). However, differences of up to
30 days in median population hatching dates were observed during this
period (Régnier et al., 2017), indicating that other sources of inter-
annual variability in spawning date might play a greater role in de-
termining hatching date. In accordance, when the observed response of
DR to temperature and time series of median population hatching dates
and sea temperatures (Régnier et al., 2017) are considered, spawning
peaks are predicted to occur between mid-January and mid-February in
A. marinus. Although temperature is likely to be the primary influence
on egg development, incubation time may also be affected by other
variables such as oxygen tension associated with demersal eggs being

covered with sand (Winslade, 1971) or maternal phenotype (Boulcott
et al., 2017). While mature females have been observed in a re-
productive state as early as December, consistent with estimates from
the present study, peak spawning appears to be later, in Januar-
y–February (Gauld and Hutcheon, 1990; Bergstad et al., 2001; Boulcott
et al., 2017). In accordance, further research is needed to understand
the influence of spawning date and its dependence on temperature, as
highlighted by experimental studies (Wright et al., 2017a), on the
mismatch between sandeel larvae and their prey and subsequent con-
sequences for the long term structure of the North Sea trophic chain.

Consistent with other studies (Ojanguren and Braña, 2003; Peck
et al., 2012b), incubation temperature had an effect on phenotype, as
the average size of newly hatched larvae decreased with increased in-
cubation temperatures. The fitted Von Bertalanffy model revealed size
differences during the early stages of larval development, as size
reached a common plateau after around 5 days post-hatch. In addition,
early hatching individuals had more remaining energy resources, as
measured by the volume of the oil globule. This pattern has previously
been observed at an early, similarly critical, stage of development in
another fish species (Régnier et al., 2012), and was found to be related
to individual energetic status. Energetic status is a measure of a period
of time an individual can survive on its available energy (stores),
knowing its daily energy expenditure (metabolic rate) (Régnier et al.,
2012). Therefore, if maintaining sufficient energy stores to face food
shortage for a given period of time is adaptive, then individuals with
the highest energy requirements will hatch earlier (as endogenous
stores are depleted faster), and with a larger amount of endogenous
stores (as, relative to individuals with a lower metabolic rate, more
energy is needed to survive the same period of time). However, further

Fig. 3. Ammodytes marinus LT at hatching for six incubation temperatures. Average predictions and 95% CI from the Von Bertalanffy model are presented with solid and dotted lines
respectively.

Table 2
Temperature-specific parameter estimates for the model describing Ammodytes marinus
oil globule volume at hatching. 95% CI is indicated between brackets.

Temperature a b Variance

6 0.0758
(0.0708–0.0811)

−0.1
(−0.11–0.09)

0.00012
(0.0001–0.00014)

7 0.0679
(0.0633–0.0726)

−0.06
(−0.07−−0.06)

0.00013
(0.00011–0.00015)

8 0.067
(0.0637–0.0705)

-0.06 (−0.07–0.06) 0.00018
(0.00016–0.0002)

9 0.0717
(0.0676–0.0759)

−0.07
(−0.07–0.06)

0.00011
(0.00009–0.00013)

10 0.0571
(0.0524–0.0621)

−0.03
(−0.04–0.02)

0.00022
(0.00019–0.00026)

11 0.0785
(0.0728–0.0848)

−0.08
(−0.1–0.06)

0.00018
(0.00015–0.00023)
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work is needed to support this hypothesis and confirm that early
hatching individuals in A. marinus indeed have a higher metabolic rate.
Alternatively, if the amount of remaining yolk at hatching is not related
to a larva's energetic requirements, the present findings imply that late
hatching individuals have a very narrow safety margin in terms of en-
ergy stores and need to secure access to an exogenous food source at
hatching or very soon after.

The endogenous energy stores, measured as either yolk sac or oil
globule volume, were depleted within a period of 10 days post-hatching
for most individuals (measured at 8 °C). These results are similar to
those of Winslade (1971), where complete resorption was reached after
10 and 12 days (at 10 °C and 7 °C respectively), and marked the start of
a period of increasing starvation mortality. While resorption was only
measured at one temperature treatment in the present study, it is
known to vary positively with temperature (reviewed by Kamler, 2008)
and, given the experimental temperatures are typical of the months of
February and March in the North Sea, remaining yolk might provide a
buffer period of up to 2 weeks (Winslade, 1971). Therefore, hatching
within two weeks of the production peak of their copepod prey is im-
portant to secure access to a sufficient amount of prey of a suitable size
(Wright and Bailey, 1996; Régnier et al., 2017) and survive the early
larval period. Any temperature rise is likely to differentially affect
predator and prey phenology as well as increase yolk depletion rate,
which will dramatically increase the consequences of mismatch on
larval survival rate.

The present study revealed that temperature had not only a great
influence on A. marinus egg developmental rates, but had also an effect
on phenotype at hatching. An increase of sea temperature has therefore
the potential to alter the synchrony between the phenology of sandeel,
their prey, but also their predators and ultimately the long-term

stability of the North Sea trophic chain. While temperature significantly
affects egg development rates, the contribution of this to the variation
in hatch dates is probably minor relative to factors affecting spawning
date such as temperature and parental condition (Wright et al., 2017a,
2017b; Boulcott et al., 2017). Therefore future studies should focus on
variation in spawning date and should also consider variations among
sandeel stocks, given the considerable observed variation in growth and
condition across the North Sea (Rindorf et al., 2016). In particular, the
study of temperature sensitivity along a latitudinal gradient might give
important insights in the ability of this important forage fish to cope
with climate change.
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