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Abstract

Recruitment success of marine fishes is generally considered to be highly dependent on larval growth and sur-
vival. In temperate ecosystems, fish larvae are sensitive to food limitation during the low productivity seasons, par-
ticularly if water temperatures and concomitant larval metabolic costs increase due to climate change. We
combined 7 years of in situ sampling of larval fish, novel observations on zooplankton via automated image ana-
lyses, and larval physiological modeling to explore feeding conditions of Atlantic herring larvae (Clupea harengus) in
the North Sea. The observed plankton size-structure was close to the theoretical optimum for larval foraging, but
not the biomass. Our results for autumn larvae supported Hjort’s critical period hypothesis: small first-feeding larvae
were predicted to have a high probability of starvation, whereas larvae > 13 mm were able to reach their maximal
growth capacity. In winter, the majority of herring larvae of all tested sizes (5-27 cm) experienced food-limitation
with over 35% probability of starvation. Sensitivity analysis suggested that young herring larvae improve their
growth performance and probability of survival if feed not only on copepods and their life-stages but include other
microplankters in their diet. Given projected warming of the North Sea, our model predicts that herring larvae
would require 28% (35%) more prey biomass in autumn (winter) to sustain their growth and survival in the future.
This finding together with the ongoing low recruitment of North Sea herring underscore the importance of future
micro- and mesoplankton monitoring within a scope of wintertime larval fish surveys.

Fish early life is widely acknowledged as a critical period Several prominent recruitment hypotheses linking larval

determining variation in fish recruitment and, to a large extent,
the population size of various fish species (e.g., Chambers and
Trippel 1997; Fuiman and Werner 2002). The larval stage is often
considered as the main bottleneck due to high starvation and
predation mortality (Bailey and Houde 1989; Pepin et al. 2015).
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foraging success, growth and survival have emerged in the
of 20th century, starting with the “critical period” hypothesis of
Hjort (1914) and moving towards more complex concepts of
“growth-survival,” “stage duration,” and “bigger is better”
(e.g., Anderson 1988; Houde 2008). Temporal match between
fish larvae and the spring “bloom” of their planktonic prey is
considered a key factor determining larval survival and recruit-
ment in spring spawning fish species (Cushing 1990; Peck
et al. 2012). Less is known about tropical fishes spawning in oli-
gotrophic waters (Llopiz 2013) and temperate fishes spawning in
a low-productivity period, such as autumn or winter. Larvae
from the latter group encounter lower temperatures as well as
shorter photoperiods as they develop. Prey abundance and com-
position are often poorly studied in this low-productivity season
and larval dietary preferences are less known (Robert et al. 2014).
All this can potentially lead to biased estimates of the food-
limited larval growth as well as starvation mortality. A better
mechanistic understating of larval foraging success in winter
spawning fishes is requited to assess and project the
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consequences of climate-driven variability and shifts in direct
(e.g., temperature) and indirect (prey abundance and type) fac-
tors affecting their recruitment.

North-Sea autumn spawning herring (NSASH), one of the
most commercially important pelagic stocks, is known to
spawn between August and January in four main areas in the
North Sea: Orkney-Shetland, Buchan, Banks, and Downs
(Dickey-Collas et al. 2010; Fig. 1a). NSASH has a long history
of exploitation, including a stock collapse caused by recruit-
ment overfishing and subsequent recovery (Fig. 1b;
Geffen 2009; Payne et al. 2009; Dickey-Collas et al. 2010).
Since 2002, this stock has experienced a sustained period of
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low recruitment that has alarmed fisheries scientists and man-
agers. Previous studies showed that the poor recruitment suc-
cess is mainly caused by elevated rates of larval mortality
(e.g., Nash and Dickey-Collas 2005; van Damme et al. 2009;
Iling et al. 2018), but possible mechanisms are still debated.
Starvation has been often suggested as the main mortality
source of herring larvae (Payne et al. 2013; Alvarez-Fernandez
et al. 2015; Hufnagl et al. 2015), but the lack of field observa-
tions of prey abundance, size-structure and species composi-
tion during autumn and winter in the North Sea was
identified as one of the major gaps in our understanding of
larval growth and survival.
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Fig. 1. (a) Study region in the western North Sea. Plankton samples taken in September (teal) and December (cyan) are shown together with a typical
sampling grid of the Netherland’s contribution to the International Herring Larvae Survey (black dots), where herring larvae were sampled. Known
spawning locations (Orkney-Shetland, Buchan, Banks and Downs) of the North Sea Autumn Spawning Herring stock (NSASH) are identified. Black arrows
show two subareas in the Downs spawning area (English Channel and Southern Bight). Light-gray arrows show the direction of prevailing currents. (b)
Annual changes in spawning stock biomass (SSB, gray area) and the number of recruits (teal bars) of NSASH as obtained from the ICES stock assessment
(https://www.ices.dk/data/assessment-tools/Pages/stock-assessment-graphs.aspx, accessed on 1 June 2022). Red dashed lines identify phases of herring

stock history after Payne et al. (2009).
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The main objective of our study was to investigate the feed-
ing conditions that young herring larvae experience during
their first month of life in the North Sea and whether these
conditions differ among autumn- and winter-spawning sites.
To describe the available prey, we used size- and taxa-resolved
information on micro- and mesoplankton collected simulta-
neously with herring larvae. A physiological model simulating
larval foraging and growth used the observed prey fields to test
the hypothesis that recent, poor recruitment of North Sea her-
ring was linked to suboptimal feeding conditions of its larvae
and that the available prey was largely insufficient to cover lar-
val energy requirements. We tested two feeding scenarios to
assess whether a broader generalist feeding strategy of larvae is
beneficial in comparison to a specialist (only copepods) feeding
mode in the low-productivity season. Furthermore, given a pro-
jected rise of water temperatures in the North Sea by the end of
the 21st century (on average 2.0°C, Schrum et al. 2016), we
estimated how the zooplankton biomass and/or size composi-
tion would need to change to meet the increasing energy
demand of herring larvae in the future climate.

Data and methods

Data

Zoo- and phytoplankton, larval abundance and water tem-
perature data were collected during the International Herring
Larvae Survey (IHLS) in the North Sea between 2013 and
2019. In this study, we considered a merged Buchan and
Banks area (further on Buchan/Banks) east of the British Isles,
where herring is known to spawn in September, and the
Downs area in the English Channel and Southern Bight, where
spawning occurs in December-January (Fig. 1a). Herring larvae
and mesozooplankton were sampled using a Gulf VII high-
speed sampler (280 ym mesh size, 0.2 m nose cone opening;
Nash et al. 1998) and conducting double-oblique hauls from
the surface to 5 m above the bottom. A PUP-net (55 yum mesh
size) was attached to the Gulf VII and sampled microplankton.
In total, between 27 and 35 (14 and 25) zooplankton samples
were collected yearly in the Buchan/Banks (Downs) area
depending on weather conditions (Table S1 in the supple-
ments). A sample analysis is described in the supplementary
materials (S1 “Plankton data”). In this study, we included
11 taxonomic groups: copepods, appendicularians, bivalve lar-
vae, gastropod larvae, echinoderm larvae, ciliates, cladocerans,
diatoms, dinoflagellates, foraminiferans, and silicoflagellates.
These planktonic organisms were considered suitable for larval
feeding based on their size, geometric form and previous stud-
ies identifying them as larval prey (Last 1978; Pepin and Pen-
ney 1997; Robert et al. 2014).

Captured herring larvae were preserved in formalin, total
length of each larva was measured with the accuracy of 1 mm
and abundance-at-length was assessed. Developmental stages of
herring larvae (yolk-sac, pre-flexion, flexion, and post-flexion)
per size class were documented. We refer the reader to Schmidt
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et al. (2009) for further technical and methodological details on
larval sampling. Data on water temperature were collected
using a Seabird CTD (conductivity, temperature, depth) SBE
911 profiler mounted on the Gulf VII sampler. We calculated
the mean temperature along the entire water column at each
station to match depth-integrated plankton and larval samples.

Methods
Observed prey fields and larval length-at-first-feeding

To provide the prey field for the larval foraging model, we cal-
culated a zooplankton normalized biomass size spectra (NBSS)
based on the empirical paradigm of Sheldon’s spectra (Sheldon
et al. 1972; Blanco et al. 1994). We first converted the equivalent
spherical diameter (ESD,, in ym, S1 “Plankton data”) measured
for each zooplankton organism to its individual dry weight w,
(in ug) using the equation of Huebert et al. (2018) (their
Eq. A3), adapted to um instead of mm originally used:

w,=4.43.10"7 .ESD,*® (1)

Based on their dry weight w,, planktonic organisms were
grouped in size bins on the octave scale and the bin-specific
biomass was calculated by summing all individual weights
within each size bin. To obtain the normalized size spectrum
B, we divided the bin-specific biomass by the width of the
corresponding weight intervals Aw,. We calculated g, at each
station and fitted a weighted linear regression to 3, on the log—
log scale with the regression weights being proportional to the
observed zooplankton abundances within each size bin. Under-
sampled size-bins, that is, size-bins with the observed abun-
dances below 0.01% of the total abundance or located to the left
of the modal size-bin of PUP and Gulf VII samples, were
excluded (Alvarez et al. 2013). The normalized biomass spectrum
B, was then used to calculate the zooplankton biomass B;:

s a-lnw,,ifs=1
BZ:/ﬂZ.dWZ:/a.wZ aw={ L@

where dw, is the differential of w,, s is the slope and a is the
intercept of the linear regression fitted to $, on the log-log
scale. Following previous modeling studies of Hufnagl and
Peck (2011) and Huebert and Peck (2014), we used zooplank-
ton in the size range between 20 and 2000 ym as a prey field
for the modeled larvae.

Length measurements and staging performed on captured
herring larvae were used to obtain a field-based estimate of the
larval length-at-first-feeding (LFF). Wild caught herring larvae
rapidly lose their yolk-sac; therefore, it was not feasible to esti-
mate the minimal LFF from the captured larvae and we only
estimated the maximal size of yolk-sac larvae as a proxy to the
maximal LFF. The measured length of the formalin preserved
larvae was converted to the length of fresh larvae (see S2 “Bias
correction of larval length due to formalin preservation”).
This resulted in a range in larval sizes between 5.3 and
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26.2 mm. We split the Downs observations into two subareas
(the English Channel and the Southern Bight areas; Fig. 1a)
and built the mean size-frequency distributions for yolk-sack
and no-yolk-sac larvae for the Buchan/Banks and each subarea
within Downs over the observed period 2013-2019.

Bioenergetic model

The individual-based bioenergetic model of herring larvae
was mainly based on Hufnagl and Peck (2011) with some
modifications described in the supplementary materials (S3
“Model description”). Our model kept energy housekeeping of
an individual herring larva in form of a growth equation:

G = Egqin — Ejoss = C-AE — (C-AE-SDA+k-Ry) (3)

where G is energy available for somatic growth, Eg;, is the
energy C gained from foraging weighted by the assimilation
efficiency AE, Ejy; is the energy spent for the metabolic costs
such as specific dynamic action SDA and the standard respira-
tion rate R;. An activity multiplier k was k= 2.5 during the day
and k=1 during the night following Huebert and Peck (2014).
Since herring larvae are visual predators, their active feeding
was limited to the photoperiod (length of daylight): 12h in
September and 8h in December, respectively. The energy
income C was modeled based on the optimal foraging
approach that mechanistically simulates larval selective feed-
ing based on the relative sizes of a herring larva and its prey
(Letcher et al. 1996). This approach allowed us to study the
variability in larval growth linked to the prey abundance and
size structure, as well as the length of the photoperiod. Meta-
bolic costs R; and AE were temperature- and size-dependent
and allowed to study the influence of temperature on the
growth rate of herring larvae of various initial size. The
detailed description of the model equations is provided in
the supplementary materials (S3 “Model description”).

In each simulation, we initiated one larva per 0.1-mm size
intervals between 5 and 27 mm to cover the observed range in
larval size and simulated 1 day of life of each larva. The larvae
of all size-classes were initiated at each station regardless
whether such larvae were observed at this station or not. The
reason for this was that the observed larval abundance is
already the outcome (survivors) of mortality rates being expe-
rienced by larval cohorts in the field, including starvation
mortality, which we aimed to assess in our study. We esti-
mated the daily specific growth rate (SGR, in percent dry
weight per day, further on % dw d ') from 24-h (1 day and
one night) simulations as:

SGR:100~(W11—W10)~1/W10 (4)

where w;o and w;; were larval weights at the beginning and at
the end of the simulation, respectively. In each simulation and
for each initial larval length, we estimated the ad-libitum larval
growth or the maximal growth capacity (SGRu.x) by gradually
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increasing prey concentration until the modeled growth rate
reached its maximum and stagnated. Herring larvae were con-
sidered to experience starvation if the predicted SGR was <O,
food-limited growth if SGR>0 and SGR <SGR,,,x and prey sati-
ation, that is, ad-libitum growth, if SGR = SGRax.

Model simulations

We conducted three groups of model simulations: (1) diet
preference scenarios, (2) growth predictions using in situ prey
fields, and (3) optimal and future feeding conditions. In the “diet
preference” simulations, we tested two scenarios of larval feed-
ing: (1) “specialist,” where only copepods were included as a suit-
able prey, and (2) “generalist,” where 11 taxonomic groups of
plankton were considered as potential prey. For both scenarios,
we used the average NBSS obtained with corresponding zoo-
plankton organisms and the area-specific median temperatures:
12.3°C for Buchan/Banks and 10.9°C for Downs.

To predict larval growth at in situ prey fields, we simulated
daily SGR of herring larvae at each station using the station-
specific water temperature, zooplankton NBSS slope and biomass
that corresponded to the generalist feeding scenario. The simu-
lated growth rate was expressed as a proportion of SGRyq in
order to isolate the effects of prey limitation from the
temperature- and size- dependency in larval growth. To clearly
demonstrate the differences between spawning seasons/areas,
we pooled predicted growth rates for all stations within each
season and calculated the proportion of stations where the
modeled larvae were predicted to grow at a certain growth rate.

In the simulations of the “optimal and future feeding
conditions,” we first set water temperature to its area-specific
median values and estimated larval growth at a wider range of
the zooplankton concentrations between 0.1 and 1000 mg m >
and a range of the NBSS slope between —1.7 and —0.1, covering
the observed and previously reported variability of the zoo-
plankton size-spectrum slope in the North Sea (Hufnagl and
Peck 2011; Huebert et al. 2018). For each larval length, we iden-
tified two values: (1) the minimal prey biomass required for a
positive larval growth (starvation point, B,), and (2) an opti-
mal NBSS slope that corresponds to the B,,;,,. We further inves-
tigated how B,,;, varies with temperature between 8°C and
17°C, that is, within the range of the observed and future
(projected) temperatures in the North Sea in autumn and win-
ter. The optimal NBSS slope did not depend on temperature or
season, because neither temperature nor light conditions were
included in the formulation of the larval size-based prey selec-
tivity (see S3 “Model description”).

Results

Observed plankton and herring larvae

The total plankton biomass B, of all 11 taxonomic groups in
the range of sizes between 20 and 2000um was, on average,
3 times lower in winter in Downs (median of 3.4 mgm* Fig. 2f)
than in autumn in Buchan/Banks areas (median of 9.4 mg m ).
The mean NBSS slope was significantly (t-test, {[280]=9.64,
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Fig. 2. Mean normalized biomass size spectra (NBSS, $,) obtained with 11 prey taxa (a—September, b—December), and with only copepods (e—
September, d—December). Circles display the mean observed normalized biomass averaged over all stations within the season/spawning area measured
with a Flowcam (orange) and Zooscan (blue). The size of the circles is proportional to the log-abundance of the zooplankton organisms in corresponding
size-bins. Under-sampled size-classes were excluded (see text). Red dashed lines show the weighted linear regression fitted to the observed NBSS. Gray bars
indicate the zooplankton size-classes used in the “generalist” and “specialist” feeding model scenarios. ESD stays for the equivalent spherical diameter. The
distributions of the observed NBSS slope and the total zooplankton biomass with 11 prey taxa (e and f) and with only copepods (g and h) are shown for
both seasons/spawning sites (teal—September [Buchan&Banks], cyan—December [Downs]). The zooplankton biomass B, in f and h is in mgm .

p<0.01) steeper in December (—0.99; Fig. 2b) than in Septem-
ber (—0.71; Fig. 2a). Copepods were the most abundant taxa
(between 73% and 100% of the biomass) of the
mesozooplankton but their proportion decreased toward the
low end of the size-spectra (i.e., ESD <200 um). No copepods
with ESD smaller than 40 um were observed (Figs. 2¢,d and
S4), therefore, all size-classes smaller than 40um were
excluded from the size-spectra used in the “specialist” feeding
scenario simulations (Fig. 2c,d, gray bars).

Larval length-frequency distributions as well as the propor-
tion of the yolk-sac larvae differed among the spawning areas
(Fig. 3). In the Buchan/Banks area, herring larvae up to 26 mm
were observed and the largest yolk-sac larvae were recorded in
the size-class between 9.7 and 10.8 mm (Fig. 3a). As for the
Downs area, a larger proportion of smaller larvae was observed
in the English Channel in comparison to the Southern Bight
(Fig. 3b,c). The largest yolk-sac larvae were reported in the size
class between 11.9 and 13.0 mm in both subareas.

Simulation 1 “diet preference”: Model sensitivity to the
choice of the larval feeding scenario

Larval growth rates obtained in the specialist and generalist
scenarios varied with larval length and differed between the
spawning seasons/areas (Fig. 4). In the specialist scenario (blue
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Fig. 3. The mean length-frequency distributions of yolk-sac (orange)
and post-yolk (blue) herring larvae observed in the Buchan/Banks areas
in September (a), in the English Channel (b) and the Southern Bight
(c) in December. Larval length was corrected accounting for the shrink-
age occurring during preservation. Larval abundances were averaged
over the 2013-2019 period. Arrows indicate the largest size-classes of
the observed yolk-sac larvae and the corresponding size-range is
annotated.
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Fig. 4. Simulated larval specific growth rate (SGR in % dw d™"), obtained in the generalist (orange) and specialist (blue) feeding scenarios with the mean
normalized biomass size-spectra in September (a) and December (b). Black dashed curves show the modeled “ad-libitum” growth at the corresponding
environmental conditions (Buchan/Banks areas — T = 12.3°C, photoperiod = 12 h; Downs — T = 10.9°C, photoperiod = 8 h). Black solid lines identify
zero-growth. Orange and blue circles indicate minimal larval length, at which modeled larvae were able to sustain a positive growth in corresponding

feeding scenarios.

curves in Fig. 4), herring larvae smaller than 10.5 (12.5) mm
in September (December) were not able to sustain their
growth (predicted growth rates were negative). In the general-
ist scenario (orange curves in Fig. 4), our model predicted a
positive growth for smaller larvae in comparison to the spe-
cialist scenario in both spawning seasons (8.8 mm in
September and 10.5 mm in December).

The maximal-growth capacity SGR;,.x (black dashed curves
in Fig. 4) changed with larvae size in a similar way in both sea-
sons, but was reduced by almost half in December (between 7%
and 13% dwd ', Fig. 4b) compared to September (between 12%
and 25% dwd ™!, Fig. 4a) due to a combined effect of a lower tem-
perature and a shorter photoperiod. Independently of the season,
the growth rate predicted in the specialist scenario was about 40%
that in the generalist scenario. At the mean prey concentrations
tested, herring larvae were predicted to be food-limited in both

feeding scenarios until they reached the length of 16.3 and
20.5 mm in September and December correspondingly.

The role of the microzooplankton in larval foraging was
assessed from the generalist feeding scenario. The foraging
niche was found to broaden with increasing larval size and to
narrow when the food availability increased. At two tested
prey concentrations (0.3 and 6.3 mg m~>), which correspond
to the 2.5th- and 50th-percentiles of the observed biomass in
both seasons, larvae of all size-classes were predicted to
include microplankton prey in their diet (Fig. 5). The propor-
tion of microplankton in the larval diet decreased with the
larval size and constituted, for example, 38% and 4% for an
8-mm and a 23-mm larva, correspondingly. Only at the
highest observed zooplankton biomass (90.9 mg m>), larger
larvae (> 18 mm) were predicted to exclude microplankton
from their diet.

1500
0.3 mg m=3
% 90.9 mg m-
e 100 01 1 10 100
N -3
= B, (mgm™)
& 500 I
—

13 18 23
larval length (mm)

Fig. 5. The width of the foraging niche of an 8-, 13-, 18-, and 23-mm herring larva obtained in the simulations with the minimal (0.3 mg m~3; blue),
median (6.3 mg m~3; orange) and maximal (90.9 mg m~3; gray) observed prey biomass and a constant NBSS slope of —0.77, which was the median of
all observed slopes. The black dashed line indicates 200 ym as a separation between micro- and meso- plankton. The inlet shows the frequency distribu-
tion of the observed zooplankton biomass (B;) and the color bars show the corresponding prey biomasses used to calculate the foraging niches.
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1ooa Buchan/Banks areas (September) mob Downs area (December)
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Fig. 6. The fraction of stations (in %) where the modeled larvae of different length were predicted to experience starvation (SGR <0, gray), food-limita-
tion (SGR >0 and SGR < SGRmax, beige) or to growth at their maximal temperature-, light- and size-dependent growth capacity (SGR = SGRmax, brown).
The composites for Buchan/Banks in September (a) and Downs in December (b) are shown. Black dashed lines show the length ranges, where the largest
yolk-sac larvae were observed and which were used as a proxy for the largest larval length-at-first-feeding (LFF) in this study. Black solid lines show larval
LFF calculated after Hufnagl and Peck (2011) and dotted lines depict LFF reported by Blaxter and Hempel (1963).

Simulation 2: Predicted larval growth at the observed proportion of starving larvae decreased with increasing larval
feeding conditions size but this decrease was faster in September (Fig. 6a) than in

Predicted growth rates of herring larvae differed between = December (Fig. 6b). For example, herring larvae smaller than
the spawning areas and seasons. In both seasons, the 8 mm were predicted to starve at more than 74% of the

Zooplankton biomass Predicted larval growth

8-mm larvae 13-mm larvae 18-mm larvae

2016 2016

2019

B
0 05 1 15 | © starvation food-limitation ~ © ad-libitum growth]
l0g (8

Fig. 7. The observed plankton biomass (8, mg m~3) in 2016 (a), 2017 (e) and 2019 (i) and corresponding larval growth predicted for 8-mm (b, f, j),
13-mm (c, g, k) and 18-mm herring larvae (d, h, I). Color coding resembles one of Fig. 6. Please find the corresponding figure for the years 2013, 2014
and 2018 in the supplemental materials (Fig. S5).
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stations in the Buchan/Banks area, whereas this percentage
decreased to 5%-10% for the bigger first feeding larvae of 9.7-
10.8 mm, observed in the survey (dashed lines in Fig. 6a). The
proportion of stations supporting “ad-libitum” larval growth
increased over 50% for larvae larger than 15 mm and the vast
majority of 18-mm larvae were well-fed. In Downs, over 60%
of the stations did not provide enough food to support sur-
vival of potentially first feeding larvae smaller than 11.9-
13.0 mm, which was the maximal larval LFF observed in the
December survey (dashed lines in Fig. 6b). Even larvae larger
than 18 mm experienced starvation at more than 35% of the
stations. The proportion of stations supporting an “ad-
libitum” growth of herring larvae increased with the larval size
but remained below 40% of all stations sampled in Downs
during winter (Fig. 6b).

To depict the spatial pattern in predicted larval growth we
used 3 years with the full plankton data coverage (2016, 2017,
and 2019). Other years are shown in supplementary
materials (S5 “The modelled larval growth in 2013, 2014, and
2018”). The observed prey biomass in all 3 years had a similar
spatial pattern with the highest prey biomass in the northern
North Sea (in Buchan/Banks areas) and the lowest prey con-
centration in the English Channel in winter (Fig. 7a,e,i). The
zooplankton biomass observed in the Southern Bight in
December was comparable with that in the Buchan/Banks

Food limitation of winter fish larvae

areas in September. In all sampled years, prey biomass had a
patchy structure with up to 10-fold differences in biomass
between neighboring stations. This patchiness was reflected in
the spatial distribution of predicted larval growth, which was
particularly obvious for the smaller herring larvae. In agree-
ment with Fig. 6, only 26% of all stations supported growth
and survival of 8-mm larvae and those stations were broadly
distributed across the sampling area (Fig. 7b,f,j). Larger larvae,
as it is shown using an example of 13 mm (Fig. 7c,g k) and
18 mm (d, h, and 1) larvae, found enough food to grow at
almost all observed stations, except those in the English
Channel. The low zooplankton biomass (<2 mgm %)
observed there caused a strong food deprivation of herring lar-
vae of all tested sizes.

Simulation 3: Optimal and future feeding conditions

The minimal zooplankton biomass B, required by a her-
ring larva to sustain its growth varied with larval size and with
the slope of the zooplankton size-spectrum (Fig. 8). As we can
see from the example of an 8-mm larva (Fig. 8a,d), Buin
reached its absolute minimum at a slope of —0.93 (considered
to be “optimal”) and was higher at the steeper and shallower
slopes. Similar patterns of B,,;, were obtained for larger herring
larvae (see Fig. 8b,c,e,f), although an asymmetric distribution
was observed with increasing larval size, that is, a higher

Prey biomass (mg m'3)

SGR (% dw d™")

-1.5 -1 -0.5 -1.5 -1

NBSS slope

NBSS slope

-0.5 -1.5 -1 -0.5
NBSS slope

Fig. 8. Modeled growth rate of herring larvae of 8 mm (a and d), 13 mm (b and e) and 18 mm (c and f) length foraging at various prey conditions
(prey biomass and NBSS slope) in Buchan/Banks in September (a—c) and in Downs in December (d—f). Colors identify simulated specific growth rates
(SGR in % dw d~"), gray color marks the area where the predicted growth rate was negative (SGR < 0), that is, the larvae starved. The minimal biomass
Bmin required by a larva to sustain its growth and the corresponding optimal NBSS slope are marked in the panel a. Larval growth was modeled at the
mean observed temperature and light conditions in corresponding spawning areas (Buchan/Banks: T=12.3°C, photoperiod =12 h; Downs: T=10.9°C,
photoperiod = 8 h). Black dots depict the observed prey fields (NBSS slope and biomass) in all sampled years and stations within corresponding spawning

areas. Dashed vertical lines identify the median observed NBSS slope.
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biomass was required at steeper slopes (those
approaching —1.7) than at shallower ones (approaching —0.1).
In September, the median observed slope was shallower than
the optimal NBSS slope for an 8-mm larva (Fig. 8a), but close
to the optimal slope predicted for larger larvae (Fig. 8b,c). In
contrast, the median observed NBSS slope in December was
close to the optimal slope for smaller 8-mm larvae but steeper
than the optimal slope predicted for the larger larvae
(Fig. 8d-f). In agreement with Fig. 6, a larger proportion of sta-
tions provided insufficient prey (the observed biomass below
Bpin) to support larval growth in Downs in December
(Fig. 8d-f) compared to Buchan/Banks in September
(Fig. 8a—c).

The optimal NBSS slope was found to increase with larval
length from —1.0 to —0.7 for 5-mm to 27-mm larvae (Fig. 9a)
and was within the observed range of the NBSS slope. The
Bin exponentially decreased with the larval length (Fig. 9b):
the smallest (5mm) larvae required at least 67 mgm > to sus-
tain their growth, whereas larger larvae (e.g., 20 mm) required
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Fig. 9. (a) Optimal NBSS slope in September as a function of the initial
larval length (optimal NBSS slope in December was identical). (b) Minimal
required biomass B, obtained with the mean environmental conditions
in September (teal, T=12.3°C, photoperiod =12 h) and December (cyan,
T=10.9°C, photoperiod =8 h). Please note the log-scale along the y-axis.
(c) Minimal required biomass By, predicted for a 13-mm herring larva in
the model simulations with the photoperiod of 12h (teal, September),
and 8h (cyan, December) but with water temperature varying between
9°C and 16°C. The vertical lines depict current (dotted) and projected
(dashed) mean temperatures in the Buchan/Banks (teal) and the Downs
(cyan) areas.

Food limitation of winter fish larvae

10-fold lower prey biomass (1.66mgm ). On average, By,
was 19% higher in December than in September due to a
shorter photoperiod in winter compared to autumn. Further-
more, B,;; was predicted to increase with temperature in both
areas (Fig. 9¢), but the rate of increase was slightly different
due to different photoperiod and, thus, a duration of the
active feeding in autumn and winter. Given a projected 2°C
increase of the mean water temperature in the North Sea by
the end of the 21st century, our model predicted that B,,;, for
a 13-mm larva would increase from 5.6 to 7.6 mg m~3 (+35%)
in the Downs and from 5.0 to 6.4 mgm’3 (+28%) in the
Buchan/Banks.

Discussion

To improve our understanding of biotic and abiotic factors
affecting marine fish recruitment, there is a need to better
resolve processes impacting larval growth and mortality, which
is challenging in marine ecosystems (Pepin et al. 2015;
Hinchliffe et al. 2021). Here, we addressed two major gaps in
knowledge regarding feeding and growth of larval fish: (1) the
difference in energetic needs between a specialist vs generalist
feeding strategy, and (2) the food-limited growth and starvation
during periods of low secondary productivity (e.g., wintertime
in temperate ecosystems). The approach taken here of combin-
ing simultaneous sampling of fish larvae and their planktonic
prey with physiological modeling seems to be a plausible
method to explore larval growth and its variability particularly
in a food-limited environment. We argue that covering a wide
size-range of potential prey is necessary to properly assess feed-
ing conditions experienced by fish larvae. Using automated
identification and size measuring would be a recommended
approach as it is substantially less time-consuming compared to
classical microscopy (Orenstein et al. 2022) but still provides
sufficient information to accurately estimate larval growth by
means of bioenergetic modeling. It is well suited to expand the
existing larval monitoring programs providing estimates of lar-
val abundance for the routine stock assessments toward more
holistic ecosystem surveys.

Feeding modes of herring larvae and the role of
microplankton

Previously reported field-based estimates of prey preference
of herring larvae agree poorly. Some studies reported a clear
preference of larvae for copepods, with a shift from smaller to
larger stages or species of copepods with increasing larval size
(e.g., Kigrboe et al. 1988; Wilson et al. 2018). More recent stud-
ies suggested that young herring larvae are generalist foragers,
ingesting a wider range of proto- and microplankton organisms
(de Figueiredo et al. 200S; Bils et al. 2016; Denis et al. 2016).
Our feeding scenarios provided some insight on a likely feeding
strategy of larvae from the bioenergetic perspective.

Our results suggest that “specialist” feeders (only copepods)
needed to be, on average, 2-mm larger on the onset of the
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exogeneous feeding than “generalist” feeders to sustain posi-
tive growth and survive (Fig. 4). Moreover, growth rates of
young herring larvae were, on average, 40% lower in the “spe-
cialist” compared to the “generalist” scenario. Similar esti-
mates of reduced growth were obtained by Bils et al. (2016).
Such difference in growth may result in substantial reductions
in larval survival since mortality rates are believed to decrease
rapidly with increasing larval size (Houde 2002). Payne et al.
(2013) estimated that a 10% reduction in growth can result in
a 60-80% reduction in the number of herring larvae surviving
to metamorphosis. Our results suggest that focusing only on
copepods as a prey item of herring larvae (as Kithn et al. 2008,
Alvarez-Fernandez et al. 2015, or Hufnagl et al. 2015) could
potentially lead to an underestimation of larval growth and
survival, particularly when early-feeding herring larvae are of
concern.

A higher survival potential and faster growth of herring lar-
vae in the generalist scenario was mainly due to the broader
range of microplankton prey species included in the larval
diet. According to our observations, copepods formed on aver-
age only 20% of the observed biomass of microplankton (20
to 200 pm) suitable for larval foraging (Fig. S4), other 80%
mainly consisted of diatoms, bivalve larvae, foraminiferans,
and ciliates. Our estimate of 38% of microplankton in the diet
of an 8-mm larva was well within 19-71% proportion of
microplankton prey in the diet of herring larvae reported by
de Figueiredo et al. (2005). Larger herring larvae were
predicted to be able to reach their maximal growth capacity
by feeding only on copepods (Fig. 4). This was in agreement
with Denis et al. (2016) who showed that protists constituted
a relevant part of the diet of Downs herring larvae smaller
than 12 mm, whereas bigger larvae were selective toward
copepods and dinoflagellates. We need to keep in mind, how-
ever, that field studies of larval diet are generally associated
with challenges including the identification of small, rapidly
digested planktonic prey (e.g., naked dinoflagellates,
appendicularians or other microplankton) in the gut of a fish
larva (Llopiz et al. 2010; Denis et al. 2016; Suthers et al. 2022).
The consumption rates reported for those prey organisms in
field-caught larvae are probably often underestimated, as
suggested in de Figueiredo et al. (2005).

Observed feeding conditions and modeled larval growth
According to the 7 years of observations used in this study,
different feeding conditions (i.e., temperature, photoperiod,
zooplankton biomass) in Buchan/Banks and Downs areas
yielded different growth and survival potential of herring lar-
vae (Fig. 6). Even in the most favorable “generalist” feeding
scenario, food limitation was an important factor affecting
small larvae in both areas. Larger larvae (>18 mm) were
predicted to experience food-limitation in winter at Downs,
but not in autumn at Buchan/Banks, where larvae approached
their maximal temperature- and size-specific growth capacity
at the vast majority of the stations. These results agree well

Food limitation of winter fish larvae

with Kigrboe et al. (1988) and Buckley and Durbin (2006) who
showed a strong prey-limitation of young larvae, but not of
larger larvae captured at the same station.

Our findings for the Buchan/Banks areas are in line with
the “critical period” hypothesis, which postulates an excep-
tionally high starvation mortality of first-feeding fish larvae in
marine ecosystems (Hjort 1914). Alvarez-Fernandez et al.
(2015) and Fassler et al. (2011) supported the importance of
the first-feeding period for the recruitment success of herring
in the North Sea. In contrast to the autumn larvae, the winter
larvae in the Downs area in our study had a substantial proba-
bility of starvation over a wider range of larval lengths and,
therefore, well beyond the first-feeding period (Fig. 6). This
suggests that survival of winter herring larvae is not driven by
a short “critical” event but by continual losses due to starva-
tion over the protracted overwintering period in agreement
with Hufnagl et al. (2015). Our findings, however, showed
that only the English Channel was characterized by low zoo-
plankton concentrations and, thus, a high proportion of starv-
ing larvae over the observed period, whereas the zooplankton
availability in the Southern Bight was rather similar to those
in Buchan/Banks (Fig. 7). Given the prevailing direction of
water currents (Fig. 1) in this area, herring larvae hatched in
the English Channel are gradually transported to the Southern
Bight (Hufnagl et al. 2015) where, according to our results,
they would find more favorable feeding conditions. However,
herring larvae of all size classes between 5 and 24 mm were
observed in the English Channel and those larvae were proba-
bly strongly affected by starvation.

A higher probability of starvation predicted for Downs
compared to Buchan/Banks larvae is difficult to reconcile with
the increasing relative contribution of Downs larvae to the
overall NSASH recruitment in the most recent years
(ICES 2022). One possible explanation is that the increased
risk of larval starvation is counterbalanced by a decreased risk
of predation mortality of young herring larvae during winter.
Indeed, Pepin (1991) and Akimova et al. (2016) suggested a
reduced predation pressure on fish early-life stages during win-
ter due to a decrease in activity, appetite and feeding rate of
predators at cold temperatures. Another possible explanation
could be a recent decrease in the relative proportion of
Buchan/Banks larvae due to a decline in their survival. Our
simulations predicted a rapid decrease in the probability of
starvation with increasing larval size, suggesting that larger
first-feeding larvae have a substantially better chance of sur-
viving (finding enough food to support their growth) in this
area compared to their smaller siblings. The observed tempera-
ture increase in the Buchan/Banks area during the last decade
(e.g., Fassler et al. 2011) could potentially cause a decrease of
the LFF of herring larvae (Geffen 2009; van Damme
et al. 2009; Peck et al. 2012) and, thereby, augment larval sus-
ceptible to starvation. Our results underscore the need for up-
to-date and quality-assured estimates of the hatch and first-
feeding lengths of herring larvae from different spawning
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components in the North Sea (and probably, elsewhere) in
order to accurately estimate larval starvation mortality. Novel,
mobile mesocosm experimental setup with underwater video
recordings (e.g., Sswat et al. 2018) could help to overcome the
problem that herring larvae often lose their yolk-sac if
handled.

Optimal and future foraging of herring larvae

The modeled growth rate of herring larvae was sensitive to
both plankton biomass and size structure (NBSS slope). The
sensitivity of young herring larvae to changes in the NBSS
slope (Fig. 8) was due to the fact that the proportion of zoo-
plankton biomass within a suitable size-range available for lar-
val foraging depended on the NBSS slope. If the slope was too
shallow (less steep than the optimal) the number of prey
smaller than the larval gape opening was insufficient to sup-
port larval growth. If the slope was too steep, there was too
few larger energy-rich prey organisms available for larvae. Her-
ring larvae were predicted to become less sensitive to the less
negative slopes (more larger prey items) as they grow, because
larger larvae become more efficient in utilizing larger prey
organisms (Fig. 8). This also explains why the optimal NBSS
slope becomes less negative as the larval size increased
(Fig. 9a). The importance of the zooplankton size structure for
larval growth has been previously emphasized by Urtizberea
and Fiksen (2013), David et al. (2022) and Huebert and Peck
(2014), although the results of the latter were somewhat dif-
ferent from ours (see more details in the supplementary
materials S6 “Model sensitivity to NBSS slope”). Furthermore,
Suthers et al. (2022) hypothesized a key role of the slope of
the zooplankton size spectra in shaping growth and survival
of fish larvae in marine ecosystems. Such dependency of larval
growth and survival on zooplankton size structure could
potentially provide a new context in quantifying or predicting
fish recruitment.

The minimal biomass of micro- and mesozooplankton in
the size range between 20 and 2000 ym required to support
larval growth was shown to decrease with the larval size,
despite of the fact that bigger larvae require a higher absolute
amount of consumed food to grow. This can be explained by
a limited ability of small larvae to utilize their prey field due to
their limited motility. A more detailed explanations is pro-
vided in the supplementary materials (S7 “Minimal prey bio-
mass required for a positive larval growth”). Furthermore, our
bioenergetic model predicted that the minimal prey biomass
required for larval growth was, on average, 19% higher in
December than in September (Fig. 9b). The reason for the
higher prey requirements in winter, despite colder tempera-
tures, was the relatively short photoperiod and, thus, longer
period of time when larvae do not gain energy from prey but
continue to pay for metabolic costs. The energy savings
afforded by colder temperatures in December does not fully
compensate for the increased loss of foraging time at the rela-
tively short, wintertime photoperiods. Projected warming will

Food limitation of winter fish larvae

increase energetic costs and, therefore, be particularly chal-
lenging for larvae experiencing short photoperiods. We esti-
mated that a 13-mm herring larva will require 28% (35%)
higher prey biomass in the Buchan/Banks (Downs) area to sus-
tain their growth in the 2°C-warmer North Sea. It remains an
open question whether the productivity of the North Sea will
increase in the future, or Atlantic herring will adapt its
spawning strategy, including phenology and/or distributional
shift, to promote larval survival as it is known for various
marine fish species (e.g., Bakun 2006; Ottmann et al. 2021).
Long-term climate variability have caused past shifts in the
spawning season of herring in different ecosystems
(ICES 2005; Moyano et al. 2023) and the ongoing global
warming could potentially drive the shifts in phenology
(or prey requirements) beyond tolerable thresholds for the per-
sistence of some populations in the future. Therefore, feeding
processes and adaptation strategies are of great interest in spe-
cies with considerable plasticity such as Atlantic herring.

Uncertainties and critical knowledge gaps
Limitations of the bioenergetic model

Although the model used in this study yielded a good com-
parison with larval growth reported by previous laboratory
and field studies (Hufnagl and Peck 2011; Bils et al. 2016;
Illing et al. 2018), there are some important limitations to our
modeling approach. First, zooplankton traits relevant for larval
foraging (i.e., those impacting a larva’s visual detection, cap-
ture success and handling time of prey) were considered solely
size-dependent and not impacted by prey species (53 “Model
description”). Size is likely an important factor in larval prey
selectivity and the modeled foraging niche compares well with
the observed one (Hufnagl and Peck 2011), nonetheless, this
assumption probably oversimplifies the complexity of prey-
predator relationships in marine larvae. A number of previous
studies have shown that fish larvae consistently select certain
zooplankton species over others, probably because of their
lower motility, shorter handling time (including pursue, cap-
ture and digestion) or better visibility (i.e., pigmentation) in
comparison to other species of the same size (see review papers
of Nunn et al. 2012, Litchman et al. 2013, and Robert
et al. 2014). Such species-specific traits, as far as are known,
can be incorporated in a mechanistic foraging model as one
used by Petrik et al. (2009) and can potentially alter predicted
larval growth depending on the relative abundance of the pre-
ferred prey of herring larvae. In our opinion, further field for-
aging studies combining multiple approaches (such as visual
gut content analysis, DNA metabarcoding and isotope analy-
sis) will be required to validate such models and to better
understand dietary preferences of herring larvae at various
feeding conditions.

Second, the metabolic rates used in this study were
temperature- and size-dependent (see S3 “Model description”),
and did not consider metabolic down-regulation of herring
larvae at poor feeding conditions. Kigrboe et al. (1987) and
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Illing et al. (2018) reported the metabolic rates of a starving
larva being 8-34% lower than those of a well-fed one. Such
energy-saving mechanism is probably linked to the starvation
resistance of herring larvae that allow them to survive at zero-
growth rates in laboratory experiments whereas larvae of other
species such as cod need to maintain a positive growth
(e.g., 3% d 1) to survive (Folkvord et al. 2015). However, the
positive effects of such metabolic down-regulation on larval
survival remain questionable. Low or zero-growth increases a
size-dependent predation pressure on larvae in agreement
with the “bigger is better” and “stage duration” hypotheses
(Anderson 1988; Houde 2008). A better understanding of a
decreased performance of starved larvae and larval resilience
to unfavorable feeding conditions (e.g., duration to point-of-
no-return of yolk-sac and pre-flexion larvae) will be required
to estimate larval mortality in different seasons.

Prey field

Although we applied a novel sampling strategy that simul-
taneously captured larval fish and a broad range of planktonic
prey sizes, there are several limitations to our approach. First,
some microplankton organisms in the 20-55 ym range were
missing in the samples due to the mesh size of 55 ym and
some soft-bodied microplankton organisms were lost due to
the preservation in formalin (see S1 “Plankton data”). This can
potentially cause a positive bias of the slope (shallower slopes)
of the NBSS built on those data and an underestimation of the
prey biomass available for larval feeding and growth. We
expect this to be particularly important for the smaller, poten-
tial first-feeding larvae that were predicted to be more suscepti-
ble to starvation in both spawning areas/seasons.

Moreover, one needs to be aware that our net sampling rep-
resents an “average” prey concentration across ~ 2 km tow dis-
tance at each station. Despite finding substantial variability in
the distribution of zooplankton biomass between sampled sta-
tions (Fig. 7), our data provide no information about a small-
scale (10s of meter) plankton patchiness that has been
suggested to enhance growth rates and sustain survival of lar-
val fish experiencing suboptimal feeding conditions
(e.g., Davis et al. 1991; Pitchford and Brindley 2001; Pepin
et al. 2015). Alternative observational methods, for example, a
Video Plankton Recorder (Davis et al. 2005; Lough and
Broughton 2006) or similar equipment could be used in the
future to resolve the fine-scale patchiness in the distribution
of fish larvae and their prey. This information is particularly
valuable for the food-limited environments such as the winter
North Sea.

Our modeling approach did not consider the impact of lar-
val feeding on zooplankton and the ability of herring larvae to
overgraze its zooplankton prey. Pepin and Penney (2000) and
Llopiz et al. (2010) found it rather unlikely that the foraging
of larval fish can significantly reduce zooplankton standing
stocks, whereas Cushing (1983) and Maar et al. (2014)
suggested the opposite. Although larval prey consumption will

Food limitation of winter fish larvae

likely have little impact if foraging occurs in a patch of high
zooplankton biomass, intraguild competition and overgrazing
may increase the risk of larval starvation when prey availabil-
ity or productivity is low. To our knowledge, such feedback
has been largely ignored in individual-based bioenergetic
models of marine fish larvae. To add more realism to larval
foraging models, such density-dependent effects and feedback
loops on the prey field need to be considered in future studies.

Data Availability Statement

Herring larvae and hydrographic data are available from
the ICES data portals (https://www.ices.dk/data/data-portals/
Pages/Eggs-and-larvae.aspx) and (https://www.ices.dk/data/
data-portals/Pages/ocean.aspx), respectively. Zooplankton data
are available via Figshare Data portal (https://doi.org/10.6084/
m9.figshare.23506629.v1).
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