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ABSTRACT: Atlantic herring Clupea harengus populations differ in their spawning time, and
spring- and autumn-spawning populations are genetically distinct. Offspring of these populations
encounter seasonal variations in productivity. We conducted a fertilization experiment using
spring-spawning Atlantic herring. Offspring were reared for 3 yr with seasonal varying light cycles
starting either in spring or autumn, using 2 fixed temperature levels and food provided in excess.
Such long-term experiments from hatching to maturation in small pelagic fish are very rare. We
hypothesized that longer daylengths early in life would provide an overall growth advantage
resulting in larger size after 1 yr (same amount of light) compared to those experiencing prolonged
daylight later in life due to higher size-dependent growth rates at smaller sizes. Larvae with initial
spring conditions initially grew faster. However, contrary to our expectations, offspring with initial
autumn conditions had caught up to similar size after 1 yr. Herring at higher temperatures grew
faster, even when correcting for the amount of degree-days. After the first year, individuals hatched
in spring showed higher growth at the higher temperature while herring hatched under autumn
light conditions consistently had higher growth rates at lower temperatures. The somatic condition
of herring followed the daylength, with best conditions during summer and poorest during winter.
This was the first long-term experiment conducted on herring with varying light conditions from
hatching to maturation. Our novel results indicate that herring display considerable growth plasti-
city, reflecting the wide range of environmental conditions and life histories sustaining herring
populations.

KEY WORDS: Hatching time ' Long-term rearing * Temperature + Growth plasticity * Clupea
harengus - Light manipulation

1. INTRODUCTION

Successful spawning and the following recruitment
of offspring is essential for the survival and sustain-
ability of any given population (Iles & Sinclair 1982).
Fine-tuning the spawning time to match the most
favourable environmental conditions is particularly
important for high-latitude marine organisms due to
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the relatively short duration of seasonal peaks in prey
abundance (Durant et al. 2007). The timing of spawn-
ing is primarily defined by an interaction between
water temperature and photoperiod. While the photo-
period at a given latitude changes seasonally within a
year, it does not vary annually, and is therefore not
affected by climate change. This seasonal change in
photoperiod follows a latitudinal gradient, where
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days and nights are equally long near the equator
throughout the year but diverge towards the poles.
This latitude gradient requires special adaptations to
the seasonal photoperiod regardless of temperature
(Varpe 2017). Especially in times of climate change,
species need to adapt to new environmental con-
ditions or migrate to avoid extinction (Moritz &
Agudo 2013, Gienapp 2020).

This interaction between photoperiod and tempera-
ture will become more important under projected
changes in climate where directional shifts in distri-
bution of marine populations are expected (Barange
et al. 2009, Pecl et al. 2017). Climate-driven poleward
shifts have already been documented for several spe-
cies (Perry et al. 2005, Fossheim et al. 2015, Kortsch et
al. 20195), leading to changes in experienced photope-
riod and light intensity. However, photoperiod will
also constrain poleward distribution of pelagic spe-
cies which, as visual foraging fish, are dependent on
sufficient amounts of light (Sundby et al. 2016, Ljung-
strom et al. 2021, Langbehn et al. 2022). Thus, it is
essential to reveal the mechanisms underlying the
production cycle of marine fish at high latitudes and
the growth and survival of their offspring.

Several studies have documented temperature
and photoperiod effects on growth and maturation
of marine fish. Manipulation of photoperiod and
also temperature has long been a common method
to offset maturation and gamete production in
aquaculture (e.g. Roberts et al. 1978). An experi-
mental study on Atlantic cod showed that extended
light periods when fish were fed in excess enhanced
growth at all temperature regimes used (7, 10,
13°C) during the early juvenile stage (Imsland et al.
2007). The long-term growth benefits of differences
in initial temperature and photoperiod were also
observed to persist after 17 mo under subsequent
common culture conditions. In herring larvae,
increased growth at high temperatures and longer
day lengths have also been documented (Folkvord
et al. 2009a,b), but no long-term temperature ex-
periments have previously been carried out for this
species. A long-term experiment on herring with
different photoperiod regimes (natural and 6 mo
offset) revealed clear differences in gonadal devel-
opment at an age of 2.5 yr, but this was not accom-
panied by differences in final size (dos Santos
Schmidt et al. 2022). The combined effects of tem-
perature and photoperiod conditions are of particu-
lar concern in the climate-driven changes in fish
population distributions, since any poleward shifts
will also be accompanied by changes in seasonal
light regimes (Saikkonen et al. 2012).

In general, the spawning season of fish at high lati-
tudes is restricted to specific time periods, mostly
linked to seasonal changes in photoperiod and light
intensity. The duration of these periods may range
over several months within the same season, such as
spring or autumn. However, there is one clear ex-
ception: Atlantic herring Clupea harengus, which, as a
species, spawns throughout the entire year (dos
Santos Schmidt et al. 2021), with spawning time vary-
ing markedly between genetically differentiated pop-
ulations (Han et al. 2020) and within populations. As a
result, and for management purposes, herring are pre-
dominately split into either spring or autumn spawners
which can be clearly discriminated by a few genes
linked to spawning time (Lamichhaney et al. 2017).
Genetically distinct herring spawning types, mainly
spring and autumn, have been identified (Bekkevold
et al. 2016, Han et al. 2020). Historical shifts in dom-
inance of either spawning type are likely linked to
overfishing and/or climate change (MacKenzie & Oja-
veer 2018, Atmore et al. 2022). Notably, interbreeding
between genetically divergent spawning types has
also been documented (Berg et al. 2021). However, the
underlying mechanisms determining the spawning
time, especially autumn vs. spring, remain unknown,
as do the long-term consequences for the growth and
survival trajectories of their offspring.

Although the gap between autumn and spring
spawning is several months, both spawning types
start their vitellogenesis near the spring equinox
(McPherson & Kjesbu 2012). Therefore, while autumn
spawners will reproduce within the same year that
vitellogenesis is initiated, spring spawners will repro-
duce in the year after (dos Santos Schmidt et al. 2017).
Typically, the water temperature is higher during
autumn spawning than during spring spawning. A
challenge for offspring and the newly hatched larvae
is that during autumn, the days become shorter and
food more limited, while during spring, the days
become longer and the productivity of plankton
increases. Comparing the growth trajectories of wild
autumn- and spring-hatched larvae originating from
the same genetic populations is not feasible because
they will never experience the same environmental
conditions. Therefore, we conducted an experiment
over a long time period to investigate the growth tra-
jectories of offspring of genetically spring-spawning
herring hatched either under autumn or spring con-
ditions. The experimental design was 2-factorial with
treatments of temperature and photoperiod. Para-
meters investigated during the experiment were
growth (defined as changes in length at age), mortal-
ity, and somatic condition.



Berg et al.: Growth of spring- and autumn-spawned herring 205

We hypothesized that longer daylengths experi-
enced by larvae early in life would provide an overall
growth advantage resulting in larger size after 1 yr
(same amount of light) compared to larvae that
experienced prolonged daylengths later in life due to
higher size-dependent growth rates at smaller sizes.
Thus, larvae reared under spring conditions should
have a prolonged larger size at age compared to
larvae reared under autumn conditions. We also
expected this effect to be enhanced under relatively
higher temperature conditions when food was not
limiting.

2. MATERIALS AND METHODS

2.1. Parental population and fertilization
experiment

Norwegian spring-spawning herring (N = 108) were
collected on 20 February 2019 from gillnets set over-
night on a local spawning ground (60°34'11"N,
5°0"19" E), northwest of Bergen, Norway. Live herring
were terminally anaesthetized (>0.5 g 1! Metacain/
Finquel®), stored in individual plastic bags, and trans-
ported in a cooling box to the experimental laboratory
within approximately 2 h after retrieval from gillnets.

Experimental protocols were reviewed and ap-
proved by the Norwegian Food Safety Authority (ID-
8459 and 19426). Three full-sibship crosses, each con-
sisting of 1 fully mature female and fully mature male,
were used as the starting point for this experiment
(Table 1); another cross was dismissed due to fertiliza-
tion rates <50% (data not shown). The parental fish
were selected based on their spawning condition (i.e.
running sperm and eggs) to secure high fertilization
rates. Fertilizations were conducted at a salinity of
16 psu and water temperature of approximately 9°C to
achieve high fertilization rates (Berg et al. 2019). Eggs

Table 1. Overview of adult herring (sex, total length [TL],

weight, and gonadosomatic index [GSI] = gonad weight/so-

matic weightx100) used for the crosses. Fertilization rates
of individual crosses are presented

Cross Sex TL Weight GSI  Fertilization
(cm) (9) rate (%)
1 F 34.3 320.9 38.72 90.1
M 30.5 233.4 30.46
2 F 34.7 385.0 43.27 98.8
M 34.0 335.7 26.18
3 F 34.2 353.1 38.28 98.6
M 33.2 314.5 28.90

were gently stripped onto replicate glass plates in 25 x
35 cm trays and sperm, activated by seawater, was
poured over the settled eggs. The water in the trays
was gently circulated to ensure proper fertilization.
After 30 min, the egg plates were rinsed with running
seawater and transferred into flow-through incubation
trays. The salinity was 34 psu and water temperature
was 8.5 = 0.15°C during the incubation. Fertilization
rates were estimated 24 h post fertilization (for details,
see Berg et al. 2019, Mueller et al. 2023). Light
intensity and photoperiod fluctuated according to the
seasonal and daily cycle in Bergen (60° N). The hatch-
ing date, defined as the median day of hatching (i.e.
when 50 % of larvae had hatched), was 6 March 2019.

2.2. Experimental design and larval rearing

The experimental design was 2-factorial with treat-
ments of temperature (7°C or 10°C) and light (natural
or offset) resulting in 4 experimental treatments:
"7 nat', '7 off', '10 nat', and '10 off'. For the initial lar-
val rearing, 8 black round tanks (1 m diameter) con-
taining 300 | of water were initially used and split into
2 replicates of the 4 experimental treatments. The
temperature regimes were achieved by using 2 sep-
arate climate-controlled rooms set at 7°C and 10°C,
respectively. The tanks were covered with double-
layered black cloth to allow different light regimes in
tanks in the same room. The water flow was initially
semi-stagnant and replenished manually with 5—101
daily. Natural light refers to light intensities and pho-
toperiod fluctuating according to the seasonal and
daily light cycle at the sampling location of the paren-
tal herring population (60°N). The offset light refers
to light cycle out of phase by 6 mo (Fig. 1). Light
intensity and photoperiod were regulated by an Oxy-
Guard Dali® light control system, where the light
intensity is expressed by the degree of the sun above
the surface. During mid-summer, the light intensity
was approximately 10 times higher compared to mid-
winter. At the hatching date of larvae (6 March), the
natural light regime was adjusted to that of 3 April
(12.9 h daylength at 60° N), whereas the offset light
regime was adjusted to 26 September (12.5 h day-
length at 60°N). The water temperatures for the ex-
perimental groups were stable at either 7 or 10°C. The
water salinity was constant at 34 psu.

After hatching, 500 larvae from each of the 3 crosses
were transferred to each of the 8 tanks, resulting in an
initial larval stocking density of 1500 larvae per tank
(Fig. 1). Larvae were fed daily with natural filtered
zooplankton ad libitum (see below). The natural zoo-
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Fig. 1. (A) Experimental design of the 3 phases for herring reared from 0—1294 d post hatching (DPH). Constant temperatures

of 7°C (red) and 10°C (blue) and different light regimes (nat: natural; off: offset) were used. Start and end points of each phase

are indicated, as are the initial and final numbers of herring per tank. Initially, 500 larvae of 3 different crosses were combined

per tank. (B) Depiction of the fluctuating light regimes following the natural light cycle in Bergen (60° N) or out of phase by
6 mo (offset) over a period of 3.5 yr. Points indicate sampling events of herring (see Table 2 for details)

plankton consisted mainly of different copepod spe-
cies and their nauplii stages. Each day, an estimate of
the density of the remaining plankton was made for
each tank, and plankton were added to reach 2000
prey 171, After the reallocation of larvae (see below),
herring were weaned onto dry feed (AgloNorse 600—
900 pm; 58—60% protein, 17—20% fat). The size of the
dry feed was increased over the experimental period

and was fed in excess based on previously observed
growth rates.

At 93 and 112 d post hatching (DPH), herring from
the replicates at 10 and 7°C, respectively, were moved
in new square tanks (1 X 1 m) with flow-through water
to allow more effective water exchange (Fig. 1). Lar-
vae at 7°C were transferred later due to their slower
development until reaching an appropriate size to
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handle the flow-through water system. During this
transfer, larvae from each replicate were split into 2
different tanks (50% in each) and mixed with larvae
from the second replicate of the same treatment.
Again, 8 tanks were used, 2 replicates per experimen-
tal treatment. This reallocation was done to minimize
tank effects in the new time period of the experiment.
Tanks with the same light regimes were allocated in
the same room, and water temperature was main-
tained by regulation of individual water flow of each
tank. In total, 1826, 1234, 2307, and 1899 herring were
transferred from '7 nat', '7 off', '10 nat', and ‘10 off'
groups, respectively (Fig. 1).

At 315 DPH, herring from replicate tanks were
merged into 1 of 4 green circular tanks (2 m diameter)
to accommodate more space for the larger juveniles
(Fig. 1). For logistic reasons, no replicates were pos-
sible thereafter, but the environmental conditions of
the treatments were left unchanged. In total, 796, 569,

595, and 716 herring were transferred from '7 nat',
'7 off', '10 nat', and '10 off' groups, respectively (Fig.
1). The experiment was terminated on 20 September
2022, and the herring were thus reared over a period
of 3.5 yr. This experimental design allowed for direct
comparison of the impacts of temperature and light
conditions on larval and juvenile growth.

2.3. Sampling procedure

At the beginning of the experiment, weekly sam-
ples of N = 10 larvae from each of the different tanks
were routinely taken and photographed (Leica
MZ7.5) throughout the larval period (up to 77 DPH,
Table 2). This N was based on the prior experienced
level of variability in somatic traits between individ-
uals within a replicate (2 % 10, i.e. 20 per treatment),
and the considerations regarding animal welfare to

Table 2. Overview of ages (in days post hatching) and rearing conditions at which herring length samples were taken during the

first 3.5 yr of life. Numbers of larvae (N) sampled at 7 and 10°C (N7 and N10, respectively), the daylength (in hours) on the sam-

pling date (DayL), the cumulative sum of hours of daylength (SumlL), and the season for the 2 different light regimes (natural

and offset) are presented. The offset light regime is 6 mo out of phase compared to the natural light regime. Note that the sea-

son refers to the starting point, i.e. summer/winter refer to the time of the solstices, whereas spring/autumn refers to the time
of the equinox

Date Age Natural light Offset light

(yr-mo-d) N7 N10 DayL SumL Season N7 N10 DayL SumL Season

2019-03-13 7 20 20 13.6 106  Spring 20 19 11.9 97 Autumn
2019-03-20 14 20 20 14.2 203  Spring 20 20 11.2 178 Autumn
2019-03-27 21 20 20 14.6 304  Spring 20 20 10.6 254 Autumn
2019-04-03 28 20 20 15.3 409  Spring 20 20 10.0 326 Autumn
2019-04-10 35 20 20 16.0 519  Spring 20 20 9.4 393 Autumn
2019-04-17 42 20 20 16.5 634  Spring 20 20 8.8 456  Autumn
2019-04-24 49 20 20 17.1 751  Spring 20 20 8.3 516 Autumn
2019-05-01 56 20 20 17.6 873  Spring 20 20 7.6 571 Autumn
2019-05-08 63 20 20 18.0 998  Spring 20 20 7.2 623 Autumn
2019-05-22 77 20 20 18.6 1254 Summer 20 20 6.3 716 Winter

2019-06-07 93 20 125 18.6 1552 Summer 20 100 6.1 814  Winter

2019-06-26 112 94 20 17.7 1897 Summer 94 20 6.5 932  Winter

2019-07-17 133 31 30 16.3 2253 Summer 34 34 8.1 1085 Winter

2019-09-02 180 100 100 12.2 2916 Autumn 90 90 12.0 1556  Spring

2019-11-20 259 100 100 6.2 3608 Winter 100 100 18.3 2781 Summer
2020-01-15 315 48 48 8.5 3988 Winter 48 48 16.6 3794 Summer
2020-03-05 365 60 60 12.9 4523  Spring 60 71 12.5 4523 Autumn
2020-05-28 449 50 50 18.6 5889 Summer 50 50 6.2 5277 Winter

2020-08-20 533 50 50 13.3 7275 Autumn 50 50 10.9 5929  Spring

2020-12-03 638 50 20 6.0 8210 Winter 50 20 18.6 7545 Summer
2021-03-09 734 20 20 13.1 9086  Spring 20 20 12.2 9083 Autumn
2021-05-31 817 15 15 18.6 10455 Summer 15 15 6.1 9805 Winter

2021-09-07 916 15 15 11.7 12009 Autumn 15 15 12.5 10652 Spring

2021-12-07 1007 15 15 6.0 12745 Winter 15 16 18.6 12130 Summer
2022-03-10 1100 12 12 13.3 13610 Spring 12 12 12.2 13606 Autumn
2022-06-02 1184 12 12 18.6 15003 Summer 6 12 6.0 14328 Winter

2022-09-20 1294 37 71 10.5 16663 Autumn 14 54 13.6 15333 Spring

Sum 929 963 893 926
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reduce the number of animals used for experimenta-
tion. For larvae up to 77 DPH, standard length (SL)
was measured from photos using ImageJ. Photo-
graphed larvae were stored in either ethanol or at
—80°C after being flash frozen in liquid nitrogen for
potential later genetic analyses (not part of this
study). On days of reallocation or transfer to new
tanks, 50 or more individuals were sampled per tank.
The time between samples increased after the larval
period because the growth of herring slowed down
and weekly sampling was not necessary (Table 2). At
the juvenile to adult phase, herring were sampled
quarterly near solar equinox or solstice, respectively.
At each sampling, individual fish were measured for
total length (TL) and weight (from 93 DPH onwards)
using a length measuring board and a Sartorius® bal-
ance (ED3202S-0CE). For adult fish, sex and maturity
stage were determined for each sampled fish to follow
the gonadal development. For each sampled individ-
ual, tissue samples were collected for later genetic
analyses.

2.4. Statistical analysis

To allow for direct comparison between SL and TL,
we used a factor of 1.15 to estimate the SL when TL
was measured by dividing the TL by 1.15 (R? = 0.87,
F. Berg et al. unpublished). Note that throughout the
paper, we only use SL for consistency even though
the TL was measured.

In general, all of the described modelling followed a
backward selection approach incorporating all fixed
and random effects where necessary (mixed-effects
models). Only the final selected model is presented;
non-significant model terms were excluded. First, the
optimal structure of the random effects was tested
using a likelihood ratio test based on the models
fitted by restricted maximum likelihood estimations
(REML) (Zuur et al. 2009). Also based on REML fits,
the fixed-effects structure was optimized using mar-
ginal F-statistics (Pinheiro & Bates 2000). For all
models, both the random effect a and the residual ¢
are assumed to be normally distributed with mean of
zero and variance 0%... This structure allows for dif-
ferent residual variances depending on the experi-
mental treatment. The assumptions of normality
(both for the response variable and residuals), homo-
geneity of variances, and independence of errors
were inspected graphically and tested using Shapiro-
Wilk, Levene's, and Durbin-Watson tests, respec-
tively. For all models, assumptions were not violated.
Furthermore, the 'DHARMa’' package in R (Hartig

2022) was used to examine model diagnostics where
possible. Diagnostic plots (see Figs. S7—S10) and
statistical result tables are provided in the Supple-
ment at www.int-res.com/articles/suppl/m741p203_
supp.pdf.

For the first 93 d of the experiment, we used a linear
model to estimate the growth rate of larvae from mea-
sured length at age for the 4 experimental groups. A
linear mixed-effects model was applied to investigate
the effect of the different temperature (Temp;) and
light (Light;) regimes and their interaction on the SL
(SL;) of larvae:

SLj = o+ B1 X DPH; + P2 x Tempy + B3 x
Light; + P4+ X DPH; X Temp;; + Bs X DPH; X (1)
Light;j + Pe X Tempjj X Light; + p7 x DPH; X
Tempj; X Light;; + a; + €5

where DPH is the age of larvae i in days post hatching;
Temp; and Light; are factorial covariates representing
the temperature (7 vs. 10°C) and light (natural vs. off-
set) regimes, respectively; and the term a; is the ran-
dom effect for each tank j. The mixed-effects model
was fitted using the 'Ime' function within the R pack-
age 'nlme' (Pinheiro & Bates 2000).

The daily mortality of larvae within each tank was
estimated in the period from hatching until the first
transfer (reallocation) of herring (92 or 111 DPH for
the 7 and 10°C tanks, respectively). For all tanks, the
initial and final stocking numbers were known as well
as number of larvae removed for sampling; conse-
quently the total survival and average daily mortality
rates were determined manually by iteration. The
estimated daily mortality is the average daily mortal-
ity accounting for the timing and extent of sampling.
Furthermore, the mortality rates between the first and
second reallocation were estimated. Differences in
the daily mortality rates (Mortality;) between the 2
periods (Period;; start to first reallocation, and first to
second reallocation) and the different temperature
and light regimes were tested with an ANOVA:

Mortality; = o + B1 X Period; + B2 X Temp; +
B3 x Light; + P4 X Period; X Temp; + s x 2)
Period; X Light; + €;

No replicates were available after the last realloca-
tion, and consequently no statistical tests of mortality
were performed for this period.

The effects of light regime on the length of fish after
a full year in the experiment (365 d, and a complete
annual light cycle) were tested with Student's ¢-test
for each temperature treatment. In addition, results of
a 2-factorial ANOVA are provided in Table S1. A sim-
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ilar test was conducted for the length at ages 2 and 3
(Fig. S1).
To follow size over time, we plotted the SL from
each sampling date against the age of larvae, the sum
of daylength, and the experienced degree-days. The
experienced degree-days were estimated as the sum
of daily mean temperatures, e.g. after 3 d, the experi-
enced degree-days at 7 and 10°C were 21 and 30,
respectively. Similarly, the ‘sum of daylength' was
estimated as cumulative experienced daylength. The
growth trends (defined as changes in length over
time) for the first year were fitted to generalized addi-
tive models (GAMs), since they allow flexible non-
parametric effects of covariates (Hastie & Tibshirani
1990). Model selection was based on the generalized
cross validation score. Isotropic smoothing functions
5(), uniform in all orientations, were used to define
smooth terms (thin-plate regression spline, Wood
2003). Three different GAMs were fitted to investi-
gate the log-transformed (natural logarithm) SL
against age (DPH,):
In(SL;) = o + P1 X Temp; + P2 X Light; + B3 x
Temp; x Light; + B4 X Stemp (DPH;) + Bs X (3)
sLight (DPH;) + €;

against the sum of daylength (Dayl,):
In(SL;) = Temp; + P2 X Light; + B3 X Temp; X
Light; + B4 X sTemp (Dayli) + Bs X (4)
SLight (Dayl;) + €;

and against the experienced degree-day (DD)):
In(SL;) = o + B1 X Temp; + P2 X Light; + B3 x

Temp; X Light; + B4 X STemp(DDi) + [35 X (5)
Stight (DD;) + €;
For all models, an interaction between the

smoother and the temperature and light regime was
included. Growth for the entire 3.5 yr experimental
period was calculated in the same way and visualized
by a locally weighted smoothing (loess) line
(Figs. S2—S4).

Residuals of the following linear length—weight
model were used as proxy for individual somatic con-
dition:

In(Weight;) = o + B1 X In(SL;) + P2 X Temp; +

6
B3 x Light; + &; (6)

where In(Weight;) is the natural logarithm of the wet
weight, and In(SL,) is the natural logarithm of the SL.
Only post-metamorphic fish (SL >55 mm) were
included in this calculation of somatic condition. The
mean of somatic condition was estimated for each of
the 4 seasons (Table 2). The use of season allows a

direct comparison of seasonal variability between the
light regimes. To close the seasonal cycle, the esti-
mated values for the winter season were duplicated
and added as second winter at the end of the seasonal
cycle. The data were fitted using a GAM to explore
the seasonal variation (Season;) of somatic condition
(Cond;) in relation to the different temperature and
light regimes:
Cond; = a + B1 X Temp; + P2 X Light; + B3 X
Temp; X Light; + B4 X stemp (Season;) + s X  (7)
SLight (Season;) + €;
An interaction between the smoother and the tem-
perature and light regime was included.
All statistical analyses and plotting were conducted

in the R software (R Core Team 2022). For all tests, we
used a significance level of a = 0.05.

3. RESULTS
3.1. Larval rearing during the first three months

During the first 3 mo of the experiment, larval
growth was linear for all 4 experimental groups
(ANOVA, p < 0.001; Fig. 2; Table S2). Both tempera-
ture and light influenced the growth trajectories of
larvae, and their interaction was significant (ANOVA,

50 |
m | 7 Natural
7 Offset u
40| m [ 10 Natural .
10 Offset

Standard length (mm)
S 8

L)
10 T T T
25 50 75

Age (d)

Fig. 2. Standard length at age for herring larvae for the first

93 d of the experiment (from equinox to solstices) reared

under different light and temperature regimes (constant

temperatures of 7 and 10°C and different light regimes,

where nat: natural; off: offset). Modelled linear trend lines
are shown
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p < 0.01; Table 3). The intercept of the model (i.e.
length at age 0) did not vary between groups
(ANOVA, p = 0.102). Larvae reared at 10°C and under
natural light had the highest growth rates (0.36 mm
d-! slope of the model), whereas larvae reared at 7°C
and in the offset light regime had the lowest growth
rates (0.22 mm d~'). In general, temperature had a
higher impact (0.09 mm d~! difference) on larval
growth than light regime (0.07 mm d~! difference).

The overall daily mortality was 0.34% during the
first 3 mo. In general, daily mortality rates were lower
under the natural light regime at the same tempera-
ture, and lower at 10°C within the same light regime
(Table 4). Thus, the highest daily mortality was
observed under the offset light regime and 7°C water
temperature (0.6 %), whereas the lowest daily mortal-
ity rates occurred under the natural light regime at
10°C (0.14%, Table 4).

Table 3. Estimated growth rates (mm d~!) of herring larvae

based on a linear fixed-effects model for the first 93 d of

the experiment (from equinox to solstices) reared under
different light and temperature regimes

Temperature (°C) Light Growth rate
7 Natural 0.263
7 Offset 0.215
10 Natural 0.352
10 Offset 0.286

3.2. Growth during the first year

After 1 yr and the same amount of daylight, the SL
of herring reared under natural (131.1 mm) and offset
(128.5 mm) light conditions did not differ between
fish in the 10°C temperature regime (¢-test, p = 0.152,
Fig. 3). Herring reared at 7°C and under natural light
conditions (95.3 mm) were slightly smaller than in-
dividuals from the offset light regime (99.4 mm; {-test,
p = 0.010). Herring reared at 10°C were, on average,
32.4 mm longer than individuals reared at 7°C.

Herring growth during the first year varied with
age, daylength, and temperature (Fig. 4). The overall
trend was that individuals reared at 10°C were consis-
tently longer than those from the corresponding light
regime at 7°C (Tables S3—SJ). For the length at age,
there were relatively small but significant differences
between fish from the 2 light regimes, but for both
temperatures, those fish reared under natural light
conditions were larger, except for the last sample at
age 1 (Fig. 4A; Table S3). For the length at experi-
enced cumulative daylengths, individuals in the off-
set group were always larger than herring in the natu-
ral light regime after the same amount of light (Fig.
4B), i.e. fish in the offset group had a higher growth
rate per available hour of light (Table S4). This trend
changed in the second half of the year, when the
growth rate increased for the natural light. Thus,
the growth rate per light hour was highest during
autumn and winter (shorter daylength; Table S5). The
general pattern was not as clear for the comparison of

Table 4. Overview of the overall estimated survival and average daily mortality (in percent) of herring for each tank within

the first period of the experiments (upper section, from Day 0 until 93/112 d post hatching) and the second period (lower sec-

tion, from Day 93/112 until the second reallocation at 315 d post hatching). Initial number, remaining, and sampled herring are
indicated for the respective time periods, 315 d in total

Tank Temp (°C) Light Days Initial number =~ Remaining  Sampled  Survival Daily mortality
1 7 Natural 112 1500 954 148 71.6 0.30
2 7 Natural 112 1500 974 155 73.4 0.28
3 7 Offset 112 1500 623 150 47.8 0.66
4 7 Offset 112 1500 711 158 54.6 0.54
9 10 Natural 93 1500 1220 139 90.0 0.11
10 10 Natural 93 1500 1188 116 86.3 0.16
6 10 Offset 93 1500 1061 139 78.7 0.26
7 10 Offset 93 1500 941 122 69.2 0.40
22 7 Natural 203 912 546 115 70.4 0.17
23 7 Natural 203 914 472 115 61.5 0.24
32 7 Offset 203 617 365 112 74.8 0.14
33 7 Offset 203 617 304 112 63.7 0.22
24 10 Natural 222 1157 789 125 717 0.11
25 10 Natural 222 1150 712 125 71.0 0.15
34 10 Offset 222 950 657 122 80.6 0.10
35 10 Offset 222 949 601 122 74.4 0.13
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Fig. 3. Standard length of individual age-1 herring reared
under different light (natural and offset) and temperature
(7 and 10°C) regimes. Horizontal lines represent medians,
boxes represent the interquartile range (IQR), and whiskers
represent the lowest and highest observations within 1.5x
IQR. Individual points indicate raw data. Compact letter
displays of all pairwise comparisons based on the 2-way
ANOVA (Table S1) are provided to demonstrate statistical
differentiation

length at sum of degree-days, but eventually the her-
ring from the 10°C groups were larger (Fig. 4C).
However, there were significant differences between
fish from the different temperature and light regimes
(Table S5).

3.3. Growth during three and a half years

The pattern of growth observed for Year 1 con-
tinued, but with less clarity in Years 2 and 3 (Figs. S1—
S4). In addition, a stunting effect occurred in fish from
all tanks after the first year. The slope of the length—
weight relationship of herring reared over 3.5 yr
was constant after metamorphosis at approximately
55 mm (overall slope = 3.28; Fig. 5) and was not
influenced by light or temperature as seen from the
growth trajectories. The slope was slightly steeper
for smaller fish, and this observed growth stanza
after metamorphosis was expected. In general, the
length—weight relationship of fish >55 mm reared
under different temperature conditions followed the
same trend, but fish reared in colder water were 3.7%
heavier at any given length (ANOVA, p < 0.001). The
light regime had no effect on the length—weight re-
lationship (ANOVA, p = 0.171), but was not omitted

from the model when estimating the residuals. The
residuals from the linear length—weight model were
used as proxy to investigate seasonal effects among
the 4 experimental groups.

The residuals from the length—weight relationship
clearly followed a seasonal pattern induced by differ-
ent light regimes among all 4 experimental groups
(Fig. 6). As expected, all groups had their highest so-
matic condition in summer or autumn. Under the nat-
ural light regime, the lowest somatic condition was ob-
served during winter, whereas it was observed during
spring for herring reared under 7°C and offset light
conditions. For herring reared under offset light con-
ditions and 10°C, the season with lowest somatic con-
ditions was not conclusive because a drop in somatic
condition was observed during summer. However,
when considering the raw data (Fig. S9), this drop
might be due to the low variation in somatic condition
between individuals sampled during summer.

The daily mortality rates decreased after the first
reallocation at solstices (Table 4). This drop was more
prominent in the offset light regime compared to the
natural light regime, where it was already at very low
levels during the first part of the experiment (ANOVA,
periodxlight interaction, p = 0.001; Table S8). The
daily mortality within the offset light groups was al-
ways lower within respective temperature regimes
compared to the natural light groups (Table 4). Aver-
age daily mortality was lower in the 10°C groups com-
pared to the 7°C groups prior to the last reallocation
(ANOVA, p = 0.030). In the last unreplicated part of
the experiment, there was a tendency for mortality to
be higher during winter and spring, following a similar
pattern as the somatic condition (data not shown).

4. DISCUSSION

To our knowledge, this is the first study where
viable offspring of Atlantic herring have been reared
in captivity for 3.5 yr under simulated natural and off-
set light regimes at different temperatures. The
results of our study clearly reject the initial hypothe-
sis that longer daylengths early in life would provide
an overall growth advantage compared to those
experiencing this later in life. After 1 yr, herring
reared under the offset light regime were either of
equal size or even larger compared to herring under
the natural light regime in colder temperatures. As
expected, herring were larger at age at higher tem-
peratures, while the overall and seasonal patterns
observed followed the same trends between the 2
temperature regimes.
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Herring larvae display considerable
growth plasticity and are able to cope
with severe environmental conditions.
It is surprising that larvae from geneti-
cally spring-spawning adults not only
survived well under autumn-hatching
light conditions, but later compen-
sated for the lower growth experi-
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more, the higher mortality at colder
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temperatures is in contrast to a pre-
vious study by Folkvord et al. (2009a),
where the daily mortality on average
was twice as high at 10°C compared to
6°C (0.36 vs. 0.16% d~!). This pattern is
expected to be more common as most
processes, such as growth and mortal-
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ference in larval daily mortality rates
between experiments mainly occurred
in the 10°C groups (0.36 in the pre-
vious study vs. 0.14% d~!in this study),
but in both cases, the mortality rates
can be considered very low and sug-
gestive of a low direct selection related

Fig. 4. Growth development of herring during the first year of the experiment

1000 2000

Sum of temperature (°C)

to temperature. In both experiments,
the parental fish were Norwegian
spring-spawning herring, but effects of
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offset) and temperature (7 and 10°C) regimes. Note that for the sum of tem-
perature, additional data for the 7°C groups were added until they reached the
same number of degree-days as the 10°C groups at age 1. Generalized additive
model prediction lines (Tables S3—S5) are shown
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perature-related markers have been
suggested (Han et al. 2020).
Experimental studies are limited to
testing only one or several factors, each
at a few levels. In nature, multiple interacting factors
are expected to impact fish production. In field and
experimental studies, environmental and genotypic
influences on growth trajectories, mortality rates, and
other phenotypic traits are confounded (Conover
1992). Variability between offspring from 3 parental
crosses can be neglected because larvae had the same
size at hatching, the phenotypes of parents were com-
parable, very low mortality occurred, and crosses con-
tributed equally to all tanks initially. One shortcoming
of the current experiment is the lack of genetic varia-

Fig. 5. Length—weight relationship of herring reared under

different light (natural and offset) and temperature (7 and

10°C) regimes over the entire experimental period. Predic-

tion lines from a linear model of fish >55 mm (dashed line)

are presented (differences almost not visible). See Table S6
for estimated length—weight relationship equations
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Fig. 6. Residuals of the linear length—weight model are used as proxy for the somatic condition of individual herring (> 55 mm)
reared under varying light regimes (natural vs. offset) and temperature (7 vs. 10°C). Generalized additive model prediction
lines (Table S7) and their 95% confidence intervals are shown to indicate the seasonal variation in the somatic condition among
herring from the 4 experimental groups. Raw data are presented in Fig. S5. Note that season refers to the starting point of the
season, i.e. summer/winter refer to the time of the solstices, whereas spring/autumn refer to the time of the equinoxes

tion between spring- and autumn-spawning herring. It
would have been beneficial to co-rear both genetically
spring- and autumn-spawning herring, or at least hy-
brids of these distinct genetic spawning types. Thus,
further common garden experiments are recom-
mended to help identify the underlying mechanisms
determining the timing and associated trade-offs
linked to spawning in herring.

For this experiment, we chose constant tempera-
ture regimes to focus on the temperature effect per se
and its potential interaction with seasonal light re-
gime, not attempting to mimic natural temperature
conditions. Having seasonally fluctuating tempera-
ture conditions on top of potential ontogenetic and
size-dependent temperature relations would render
the temperature effects dependent on season itself,
something that would obscure the validity of the sea-
son vs. temperature interaction. With the current
design, the temperature effect as such was independ-

ent, and did not co-vary with the light regime effect.
The temperatures are within what is experienced for
both autumn- and spring-spawned herring larvae in
Norwegian waters, with 7°C being on the lower end,
and 10°C being on the mid to higher end of the
experienced temperature range (Berg et al. 2017,
Tiedemann et al. 2021). The temperature ranges were
mostly defined by larval temperature preferendum,
since larvae typically have narrower ranges compared
to juveniles (Portner & Peck 2010). The unique ex-
perimental design allowed direct comparison of
young Atlantic herring of the same age that experi-
enced either spring or autumn light conditions during
their first few months of life. That herring offspring
had similar average body lengths after a year sug-
gests that the size-at-age differences between wild
herring populations with different spawning times
cannot solely be explained by the differences in sea-
sonal light regimes. It has been demonstrated that the
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spring light regime accelerates larval growth (Johan-
nessen et al. 2000). Further, in a study with an experi-
mental design similar to that used here, offspring of
autumn-spawning herring achieved higher growth
rates during the larval stage using a spring light
regime versus an autumn light regime (Folkvord et al.
2009b). Data reported here suggest that the growth
benefit achieved during the first 3 mo of life is sub-
sequently lost. Still, higher initial growth rates under
spring conditions and a longer growing season before
the first winter are expected to result in reduced size-
dependent winter mortality (Conover 1992).

Wild autumn-hatched larvae are unlikely to feed ad
libitum. This is supported by analysis of daily incre-
ments of larval herring otoliths (e.g. Fossum & Moks-
ness 1993, Brophy & Danilowicz 2002). Suboptimal
feeding conditions further constrain winter survival
of larvae. Herring growth and survival are likely more
sensitive to prey abundance than light regimes (Folk-
vord et al. 2009b). Typically, an interaction of tem-
perature and food level is found, where growth is
relatively suppressed in the high-temperature, low-
ration group since relatively more of the available
energy is funneled into respiration rather than growth
(Folkvord et al. 2009a,b).

The herring reared under autumn light conditions
in this rearing experiment probably showed compen-
satory growth, as prey was not an additional limiting
factor. In salmon, for example, compensatory growth
can occur after various conditions for poor growth,
such as low food (Stefansson et al. 2009) and low tem-
peratures (Handeland et al. 2000), but also reduced
light (Mortensen & Damsgard 1993, Pino Martinez et
al. 2023). Compensatory growth occurs for herring
after periods with reduced prey abundance (Peder-
sen et al. 1990, Pedersen 1993), but our study is the
first demonstrating compensatory growth of herring
related to light conditions. The advantages of com-
pensatory growth are mainly related to size-depen-
dent mechanisms such as mortality or fecundity (Ali
et al. 2003).

The seasonal pattern observed for the somatic
condition and daily mortality rates indicated that
autumn-hatched larvae endure challenging environ-
mental conditions. These challenges for herring lar-
vae will be even greater in the natural environment
than implemented in our experimental setup. In
nature, temperatures will vary, and prey abundance
will decline during late autumn to winter. A direct
comparison of wild autumn-spawned herring larvae
and spring-spawned ones would be desirable, but
they cannot be sampled at the same time or even at
the same age due to unknown hatching dates. Ideally,

larvae of genetically spring- and autumn-spawned
herring and their hybrids could be reared in the same
experiment. Hybrids have been shown to have a
growth advantage (Folkvord et al. 2009b), which
might be linked to underlying genetic differences
(Berg et al. 2018). Originally, it was planned to cross
spring-spawning females with cryopreserved sperm
of autumn-spawning males and co-rear the resulting
spring—autumn hybrids with pure spring-spawning
larvae. Such an experiment including purebreds and
hybrids could display the adaptability between
spring- and autumn-spawning herring to their actual
spawning time. With this experimental design, it
would be possible to investigate the daily mortality
rate of different genetic spawning types, which would
be essential to understand the mechanism driving the
spawning time.

Reared herring do not reach their maximum adult
length compared with their wild relatives (Smolinski
& Berg 2022, Stenevik et al. 2022). This is likely a
tank-size effect on survival and growth performance
(Blaxter 1968). When data reported here were com-
pared to a previous long-term experiment (Berg et al.
2018, Tonheim et al. 2020), adult herring had a larger
size at age in larger tanks (Fig. S6). Therefore, the
observed stunting effect is most likely due to the lim-
iting tank size. Our data do not indicate that tank size
affected seasonal patterns in somatic condition or
daily mortality.

Our novel results about growth trajectories of
Atlantic herring larvae reared under different light
and temperature regimes indicate that Atlantic her-
ring display considerable growth plasticity, reflecting
the wide range of environmental conditions and life
history traits that herring populations experience.
Linking the feeding, growth, somatic condition, and
mortality of herring reared under controlled environ-
ments provides new insights into the adaptability and
plasticity of this species. The consequences of a
northerly shift in marine taxa due to climate change
might benefit populations at the northern end of the
geographic range (Kjesbu et al. 2022). To what extent
growth or mortality might be affected by food limita-
tions due to light intensity or daylength requires
further examination. Therefore, finding the correct
spawning time and location will be crucial at higher
latitudes because of the natural boundaries limiting
shifts in time and space (Conover 1992).
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