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Abstract Understanding the drivers behind fluc-
tuations in fish populations remains a key objective
in fishery science. Our predictive capacity to explain
these fluctuations is still relatively low, due to the
amalgam of interacting bottom-up and top-down fac-
tors, which vary across time and space among and
within populations. Gaining a mechanistic under-
standing of these recruitment drivers requires a
holistic approach, combining field, experimental and
modelling efforts. Here, we use the Western Baltic
Spring-Spawning (WBSS) herring (Clupea haren-
gus) to exemplify the power of this holistic approach
and the high complexity of the recruitment drivers
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(and their interactions). Since the early 2000s, low
recruitment levels have promoted intense research on
this stock. Our literature synthesis suggests that the
major drivers are habitat compression of the spawn-
ing beds (due to eutrophication and coastal modifica-
tion mainly) and warming, which indirectly leads to
changes in spawning phenology, prey abundance and
predation pressure. Other factors include increased
intensity of extreme climate events and new predators
in the system. Four main knowledge gaps were iden-
tified related to life-cycle migration and habitat use,
population structure and demographics, life-stage
specific impact of multi-stressors, and predator—prey
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interactions. Specific research topics within these areas are proposed, as well as the priority to support a sustain-
able management of the stock. Given that the Baltic Sea is severely impacted by warming, eutrophication and
altered precipitation, WBSS herring could be a harbinger of potential effects of changing environmental drivers
to the recruitment of small pelagic fishes in other coastal areas in the world.
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Introduction

Understanding the drivers causing population fluc-
tuations remains a central challenge in fishery science
and in ecology in general. For more than a century,
fishery scientists have acknowledged that recruit-
ment (the number of young fish entering a stock), can
vary up to an order of magnitude from year to year
(Hjort 1914). Such variability has important ecologi-
cal consequences as well as repercussions for fisheries
management and a steady supply of wild-caught fish
worldwide (Shelton and Mangel 2011). Unfortunately,
the capacity to explain past or predict future recruit-
ment is still limited due, in part, to the amalgam of
interacting factors and processes impacting year-class
success. These factors include parental stock size and
structure, condition and number of spawners, and spa-
tio-temporal changes in the environment and prey and
predator fields at multiple life stages. The direction
and magnitude of these factors is context-dependent,
varying across time and space among and within pop-
ulations (Zimmermann et al. 2019). Moving beyond
identification of the drivers through statistical meth-
ods would require gaining mechanistic understanding
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on how they alter fish vital traits (e.g., growth, sur-
vival, reproduction, migration behavior). This cause-
and-effect knowledge could foster the development of
more robust model predictions, improving both short-
term tactical fishery advice via integration into stock
assessment (Kuparinen et al. 2014; Skern-Mauritzen
et al. 2016), and strategic advice by understanding for
instance the medium- to long-term response of fish
populations to changing climate conditions (Koenig-
stein et al. 2016, 2018).

Traditionally, recruitment studies have focused
on the effect of bottom-up factors on pre-recruit life
stages, that is the impact of abiotic factors placing
limits on primary production that propagate to higher
trophic levels leading to resource limitation. Prey avail-
ability and hydrography (i.e., water currents) were first
highlighted as the major factors contributing to larval
survival (Hjort 1914; Cushing 1975; Iles and Sinclair
1982). Also, the potential role of maternal effects (i.e.,
body fat) on offspring fitness was introduced by these
early studies (Hjort 1914), a mechanism that we now
understand better (Hixon et al. 2014). More recent
studies pinpointed the importance of temperature and
other long-term climatic changes to year class strength
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and species shifts (e.g., Takasuka et al. 2007; Cardinale
et al. 2009; Alheit et al. 2012). On the other hand, top-
down factors were only seldom investigated, although
predation has been recognized as (arguably) the major
recruitment driver (Bailey and Houde 1989; Houde
2008). Recent research on the topic has focused on
understanding the impact of fish and jellyfish predation
on early life stages of fish (Pereira et al. 2014; Skaret
et al. 2015; Tilves et al. 2018), but there is still rela-
tively little knowledge on predation mortality, partly
because it is an aspect difficult to assess (Paradis et al.
1996). Most studies suggest that fast-growing individu-
als have an increased chance of survival, because they
spend less time in early stages particularly vulnerable
to predators (Takasuka et al. 2007; but see Robert et al.
2010). Testing these hypotheses empirically in the lab-
oratory or in the field can be challenging due to logistic
and practical constraints (Houde 2008). Besides preda-
tion, fishing can have a direct effect by decreasing the
number of spawners as well as an indirect effect by
changing the stock demographics (Hixon et al. 2014).
To complicate the picture even more, the strength of
the different recruitment drivers may shift from year to
year or under long-term ecosystem changes (Mollmann
et al. 2008). Therefore, a holistic approach that consid-
ers the dynamic interactions of both bottom-up and
top-down factors impacting the spawners and early life
stages (and their complex, intertwined interactions) is
needed to explore changes in recruitment mechanisms
(Voss et al. 2012; Hare 2014; Brosset et al. 2020).
Small pelagic fishes are boom-and-bust species
that play important roles in a wide range of marine
ecosystems (Checkley et al. 2009; Peck et al. 2021).
They have an important ecological role as they are in
an intermediate trophic position, linking plankton to
higher trophic levels and apex predators (as marine
mammals and seabirds). Also, they have been the tar-
get of fishers for millennia and now constitute some
of the biggest fisheries worldwide, with annual land-
ings> 15 million tons (FAO 2018). Stocks of small
pelagic fishes experience natural, large climate-driven
fluctuations in biomass, which can be aggravated by
fishing, leading to stock collapse. Classical exam-
ples of such collapses are Pacific sardine (Sardinops
sagax) in the California Current in the mid-1940s
and Atlantic herring (Clupea harengus) in the North
Sea in the early 1970s (Peck et al. 2013, 2021). The
intermediate trophic role and the rapid population
responses to environmental changes make small

pelagic fishes a particularly suitable case for includ-
ing ecosystem considerations into their management
plans (Siple et al. 2021). While such considerations
have been incorporated for certain stocks (e.g. tem-
perature in Pacific sardine (Zwolinski et al. 2011)),
they were discarded after some years in other stocks
due to the non-stationary nature of the relationship
(e.g. temperature and zooplankton abundance in Gulf
of Riga herring (Arula et al. 2016; ICES 2021a)).
These examples highlight the complexity of ecosys-
tem interactions and the challenge of sustainable fish-
eries management under changing ocean conditions
and growing anthropogenic pressures. Thus, there is
an urgent need to develop methods to detect changes
in productivity and distribution and their underlying
mechanisms as a first step to support a more holistic,
ecosystem-based fisheries management (Karp et al.
2019; Brosset et al. 2020).

Atlantic herring is one of the best-studied spe-
cies worldwide (Geffen 2009; Peck et al. 2021). Its
commercial importance motivated the research on
recruitment mechanisms, leading to seminal recruit-
ment hypotheses, such as the critical period (Hjort
1914) and member-vagrant (Iles and Sinclair 1982),
as well as the establishment of the International
Council for the Exploration of the Sea (ICES) at the
beginning of the twentieth century (Sinclair 2009).
Current knowledge supports that herring recruitment
is set within the first month(s) of life in North East
Atlantic populations, such as those in the Norwe-
gian, North and Baltic Seas (S@tre 2002; Nash and
Dickey-Collas 2005; Oeberst et al. 2009). Bottom-
up factors, such as changes in temperature and shifts
in the abundance and type of prey, have been pro-
posed as potential drivers of recruitment variability
in these populations (Cardinale et al. 2009). Other
studies have suggested that cannibalism and preda-
tion from other forage fishes (e.g., Atlantic mack-
erel, Scomber scombrus) can have a large impact on
larval survival (Allan et al. 2021), but the ultimate
consequences for recruitment and the relative con-
tribution of each process is still largely unknown
(Corten 2013; Skaret et al. 2015; Garcia et al. 2020).
In general, it is now clear that the set of recruitment
drivers is highly context-dependent, varying in time
and space within and among populations (e.g., Zim-
mermann et al. 2019).

The present study synthesizes the current knowl-
edge on recruitment drivers in the well-studied
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Fig.1 Temporal and spatial characteristics of the life cycle
of Western Baltic Spring-Spawning (WBSS) herring. A Map
of the Western Baltic showing the spawning (light and dark
orange for assumed and confirmed spawning areas, respec-
tively), feeding (yellow) and overwintering grounds (blue)
of WBSS herring. Sampling sites in nursery areas are shown
for the Riigen Herring Larval Survey in Greifswald Bay (GB)
and the GEOMAR-Kiel larval surveys in the Kiel Canal
(KC), and Kiel Fjord (KF). The area surveyed during the Ger-
man Autumn Acoustic Survey (GERAS) is shown in light

Western Baltic Spring—Spawning (WBSS) herring
stock, one of the three major herring stocks in the
Baltic Sea (Fig. 1). This stock constitutes an excel-
lent case study for several reasons. First, recruitment
levels dramatically decreased since the mid-2000s
and have remained low since then (Fig. 2) (ICES
2021b). Spawning stock biomass (SSB) has been low
since 2007 (Fig. 2), leading ICES to advise closing
the fishery since 2019 (ICES 2021b). The condi-
tion of this stock has, thus, alarmed fisheries man-
agers and scientists, which has led to more than 40
peer-reviewed papers published since 2011 address-
ing different aspects of the recruitment dynamics
of this stock using a combination of laboratory and
field experiments, field monitoring, and modelling
approaches. Second, the WBSS herring reproductive
strategy (i.e., benthic eggs coupled with restricted
larval dispersal) makes this stock especially vulner-
able to changing environmental conditions, but at the
same time they are an ideal case study to investigate
the impact of these changes. Third, the Baltic Sea is
characterized by a low species diversity (Mollmann
et al. 2008) which, in principle, simplifies the study
of trophic interactions impacting recruitment; e.g. the
number of predators in the Baltic Sea is limited com-
pared to nearby areas such as the North Sea. Finally,
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Feeding . Wintering Survey

red. Assumed spawning areas are from Clausen et al. 2015
and confirmed spawning areas from published literature (see
“Life cycle and recruitment processes” section). Note, feed-
ing grounds are displayed in yellow for both juveniles (western
Baltic) and > 2 year old herring (Skagerrak, Kattegat and North
Sea) and these are surveyed in June-July within the HERAS
program. B The WBSS herring year cycle, showing the spawn-
ing, feeding and overwintering times, as well as the develop-
mental stages during the first year of life in the inner circle and
when these fish are sampled in the field (in light red)

the Baltic Sea is a semi-enclosed brackish sea more
severely impacted by climate-driven changes includ-
ing warming, acidification and altered precipitation
patterns compared to many other coastal areas sup-
porting herring stocks (Reusch et al. 2018). Thus, the
recent patterns observed in the WBSS herring could
be a harbinger of potential effects of changing envi-
ronmental drivers to the recruitment of small pelagics
in other coastal areas in the North East Atlantic. Pre-
vious efforts to summarize the literature for this stock
were done almost a decade ago (Von Dorrien et al.
2013). Given the extensive knowledge gained in the
most recent decade, we provide an up-to-date synthe-
sis of the available literature on recruitment drivers
for WBSS herring. Our main goals were to identify
knowledge gaps and propose future research avenues
to advance our understanding of recruitment drivers
in this stock and support management and conserva-
tion strategies. We believe this case study exemplifies
the power of using a holistic approach to understand
the complex array of bottom-up and top-down factors
influencing life cycle closure in a marine fish.
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Fig. 2 Status of Western Baltic Spring—Spawning herring
stock: A Times series of the International Council of the
Exploration of the Sea (ICES) recruitment index (mean+95%
CI) and N20 larval index (0 winter-rings) in Greifswald Bay, B
spawning stock biomass (SSB) from ICES database including
main biomass reference points (including limit—By; -, precau-
tionary—B,,- or target reference points—MSY By, refer-
ring to the Maximum Sustainable Yield; for further details see

Life cycle and recruitment processes

WBSS herring are migratory and alternate seasonally
between their spawning, feeding and overwintering
grounds around the Western Baltic, and the Skager-
rak-Kattegat (Bekkevold et al. 2015) (Fig. 1). They
spawn during spring (peak spawning in March-May)
in coastal areas (Fig. 1). In contrast to most other
small pelagic fish species that spawn free-floating
eggs, herring attach their eggs to demersal substrates
such as macrophytes (Balon 1975; Polte and Asmus
2006) or hard substratum, such as pebble or rocks
and gravel areas (Neb 1952). WBSS herring spawn-
ing and nursery grounds comprise estuaries (such as
the Schwentine River or the Warnow River), fjords
(such as Flensburg or Kiel Fjord), artificial water-
ways (such as the Kiel Canal), or shallow bays (such
as Greifswald Bay) (Weber, 1971; Klinkhardt, 1986).
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"Processes influencing spawning biomass and spawning time"
section and www.ices.dk), C relationship between N20 larval
index (age 0) and juvenile abundance (age 1) from the German
Autumn Acoustic Survey (GERAS) with most recent years
highlighted in red (for further details on these metrics see "Life
cycle and recruitment processes" section), D fishery catches
from ICES database

Despite this diversity, most spawning sites are char-
acterized by shallow waters with low salinity (<12),
and the presence of submerged vegetation. These
shallow waters have high primary productivity and
warm quickly in spring, promoting the development
of large quantities of mesozooplankton, especially
calanoid copepods such as Eurytemora affinis and
Acartia tonsa, which are important prey for herring
larvae (Paulsen et al. 2016).

The two most-studied spawning grounds and
nursery areas for WBSS herring are Greifswald Bay
and Kiel Canal. Greifswald Bay is traditionally con-
sidered the major spawning site for WBSS herring,
although other areas can also be important in some
years (Moll, 2018; Moll et al. 2019). This Bay is very
shallow (mean depth of 5.8 m), has a salinity rang-
ing between 6 and 8, and weak tidal currents due to
negligible lunar tides (< 10 cm). Larvae stay within
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the Bay from hatch until they metamorphose into
juveniles, showing stage-specific and multidirectional
habitat selection between upper littoral and pelagic
habitats (Polte et al. 2017). Therefore, Greifswald
Bay can be considered as a “natural mesocosm”. The
Kiel Canal, on the other hand, is an artificial water-
way with an average width of 100 m, a mean depth of
11 m and a salinity ranging from 5 to 12. Within one
year after its opening (1895), large herring schools
and young herring larvae were captured in the Canal
(Hinkelmann, 1897). The water column in the Kiel
Canal is constantly mixed due to intense ship traffic
(https://www.kiel-canal.de/) and is a suitable habi-
tat to examine prey effects on larval fish, due to its
very confined space and weak currents (Paulsen et al.
2014a,b). Eurytemora affinis is the dominant calanoid
copepod species in the Kiel Canal and in the Greif-
swald Bay, but their abundance varies through the
season alternating with those of Acartia tonsa (Diek-
mann et al. 2012; Paulsen et al. 2016).

Herring juveniles leave the nursery areas in late
spring/early summer and seem to remain in the
Western Baltic Sea area the first two years (Fig. 1)
(Nielsen et al. 2001). Once they are adults (age group
3+4), they use the Skagerrak summer feeding grounds
after spawning, where they mix with adjacent herring
populations from the North Sea and Eastern Baltic
Sea (Fig. 1) (Nielsen et al. 2001; Clausen et al. 2015;
Berg et al. 2017). Estimates for biomass, abundance,
length structure and maturity proportion of WBSS
adults in the summer feeding grounds are obtained
within the ICES-coordinated Herring Acoustic Sur-
vey in the Skagerrak and Kattegat (HERAS). After-
wards adults return to the Western Baltic to over-
winter in the sound between Denmark and Sweden
(@resund) (Nielsen et al. 2001) (Fig. 1). Note that
our current knowledge on annual migration patterns
of WBSS herring is predominantly based on inten-
sive mark-and recapture studies in the early 1970s
(Weber 1971; Biester 1979) and the use of “parasite
tags” (e.g., the nematode Anisakis simplex serving
as indicator of North Sea waters, Parmanne et al.
1994; Zander and Reimer 2002). Therefore, there is
an urgent need to revisit this migration pattern and
further explore the migration triggers (see "Processes
influencing spawning biomass and spawning time"
and "Current research needs and future research ave-
nues to support management strategies" sections).
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Previous studies suggest that recruitment success
in WBSS herring is established by the time larvae
reach a total length of 20 mm (Oeberst et al. 2009).
Based on this finding, a recruitment index (the N20)
was created based on the number of larvae reaching
20 mm by the end of the spawning season (i.e., June)
during the Riigen Herring Larval Survey (RHLS)
in Greifswald Bay. This N20 index seems to reflect
well the recruitment dynamics of the whole WBSS
stock and, thus, it has been used within the calcula-
tions of the recruitment index in the WBSS assess-
ment (Oeberst et al. 2009; Polte et al. 2014; ICES
2021b). A second recruitment index, the GERAS age
1 index, is estimated based on the number of 1-yr-
old juveniles observed during the German Autumn
Acoustic survey (GERAS). The GERAS is part of
an ICES-coordinated international program of sur-
veys that provide annual information on stock size
and structure of small pelagic fishes in the Baltic Sea.
The GERAS covers the western Baltic Sea from the
area connecting to the North Sea to the Arkona Sea
(Fig. 1). The GERAS age 1 index is in good agree-
ment with the N20 age 0 index (Fig. 2c) and the year-
class strength estimates obtained from stock assess-
ment (Oeberst et al. 2009).

WBSS herring recruitment has been continuously
low since 2004 (Fig. 2). Current knowledge suggests
that recruitment is impacted by a complex interaction
of factors, including warming, eutrophication, and
habitat degradation. These factors affect spawners,
eggs and larvae in different ways. In the following
we discuss how bottom-up and top-down processes
impact each of these three life stages and what are
their potential consequences for recruitment success
of WBSS herring.

Processes influencing spawning biomass
and spawning time

For most fish species and stocks, the relation-
ship between the SSB and number of offspring is
extremely variable and poorly explained by predictive
models. This is especially true for small pelagic fishes
(Cury et al. 2014). However, a minimum number of
spawners is, in any case, needed to ensure a recruit-
ment high enough to sustain the stock. For WBSS
herring, the stock assessment and the corresponding
specific reference points were re-evaluated in 2018
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Fig. 3 Conceptual figure showing the phenology of tempera-
ture, phyto- and zooplankton bloom and herring spawning
during A a long, cold winter (e.g. season 1995/1996) and B
a short, warmer winter (e.g. season 2019/2020), based on the
dynamics described for Greifswald Bay (Sect. 3, Polte et al.
2021). The figure displays temperatures below 4 °C (blue),
phytoplankton bloom (green), zooplankton bloom (yellow),
presence of spawners (dark orange), yolk-sac larvae (light

by ICES (ICES 2018a). The assessed SSB is now
clearly below the biomass limit reference point (By;,
of 120 000 t, Fig. 2B), defined as the threshold below
which the recruitment must be assumed impaired due
to an insufficient number of spawners (ICES 2021b).
The fecundity and maturity of WBSS spawners is
known to vary interannually (Grohsler and Miiller
2004) and most likely even differs between spawn-
ing cohorts within the same year. This variability is
expected to have a profound effect on egg survival.
For example, work on Baltic herring spawning in the
Finnish Archipelago by Laine and Rajasilta (1999)
reported that survival and hatching success of eggs
was higher in females with better body condition and
lipid profile. Female condition, in turn, depends on
the feeding conditions experienced the previous sum-
mer (Rajasilta et al. 2019). Unfortunately, extensive
studies on potential consequences of parental condi-
tions for reproductive success are still lacking for

[ SPAWNERS

[ 1 YOLK-SACLARVAE [ | FEEDING LARVAE
ZOOPLANKTON BLOOM

orange) and exogenously-feeding larvae (white) in the Bay.
Presence of spawners is estimated from landings and observa-
tions from recreational fishers in the area (Polte et al. 2021).
Presence of larvae is derived from the observations during the
Riigen Herring Larval Survey. Note in warm years the plank-
ton bloom starts earlier but the zooplankton bloom has a much
lower magnitude

WBSS herring. A low SSB alone may not explain
the low recruitment of herring in the Western Baltic
Sea during the last decade, but it probably magnifies
the effects of unfavorable environmental conditions,
particularly if fishery-induced demographic changes
decrease the resilience of this stock to adverse envi-
ronmental conditions.

WBSS herring are highly migratory fish, and par-
ticular environmental signals are probably involved
in the initiation of spawning migrations. However,
these aspects are not well studied yet. Some studies
suggest that spawning is triggered by certain tem-
peratures or light regimes. For example, the onset of
spring spawning in Greifswald Bay seems to consist-
ently start once temperature exceeds the threshold
of approximately 4 °C (Klinkhardt 1986; Polte et al.
2021). The latter authors have shown that the first
day of the year when this 4 °C threshold is reached
in Greifswald Bay is occurring earlier every year,
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due to a higher frequency of mild winters that start
later and last shorter. Ongoing work also suggest that
earlier spawning is strongly related to warmer tem-
perature during the previous autumn cooling period
(N. Ory, C. Clemmesen, unpublished data). Both late
winter onset and short duration seem to negatively
impact WBSS herring reproductive success and lar-
val and juvenile production (N20 age 0 and GERAS
age 1 indices), potentially due to a temporal mismatch
between exogenously feeding larvae and their suitable
prey. For example, 1996 was an exceptionally good
recruitment season, preceded by a long, cold winter
(i.e., temperatures <4 °C) that lasted for 4 months
(Fig. 3). Hatching started in early May and feeding
larvae only appeared in late May after the onset of the
zooplankton bloom in this area. In contrast, 2020 had
the lowest recruitment on record in the time series.

This year was an example of a milder winter with
a late winter onset (February) and a short duration
(1 month). If hatching starts to occur in March, larvae
may not be able to find enough prey in April (Fig. 3).
This agrees with the observations that the contribu-
tion of the early spawning cohorts to the surviving
year class is fading, simultaneously to the decrease
of the overall recruitment strength (Polte et al. 2014).
Given the potential consequences of this shift in the
phenology of spawning and early larval feeding, fur-
ther research on the topic is needed both regarding
cues that initiate spawning and environmental con-
trols on lower trophic level production driving poten-
tial match-mismatch between herring larvae and their
prey (see "Processes influencing spawning biomass
and spawning time" and "Bottom-up and top-down
processes impacting embryonic stages" sections).

BOTTOM-UP

survival & growth

reproductive success
spawning migration cues

choice

TOP-DOWN

Survival & growth
Migration routes & cues

— 1-2 studies

= 3-6 studies

I > 7 studies

— potentially crucial

not analyzed here

Survival & development
Predation

Growth & survival
Habitat use
Predation

J i

% S0
e

Fig. 4 Bottom-up and top-down factors influencing Western
Baltic Spring-Spawning herring life cycle and recruitment.
Line thickness indicates the number of studies (included in this
review) that explored the corresponding driver. Line color indi-
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cates major knowledge gaps, with red being more important.
Dashed lines indicate drivers not specifically studied for this
herring population
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Bottom-up and top-down processes impacting
embryonic stages

WBSS herring eggs are attached to benthic substrates
such as macrophytes. This non-drifting embryonic
life-stage minimizes the risk of individuals being pas-
sively dispersed into unfavorable habitats, but the fate
of these embryos completely depends on the prevail-
ing local environmental factors and local predation.
Local environmental factors are probably more varia-
ble and potentially extreme in shallow coastal spawn-
ing areas, such as Greifswald Bay and Kiel Fjord,
compared to deeper waters farther offshore. So far,
the best studied bottom-up factors impacting embryo
development and survival in WBSS herring are
related to the physicochemical environment, such as
eutrophication, habitat modification and temperature
(Fig. 4, "Environmental factors" section). In terms
of top-down factors, the interaction with the resident
coastal fauna (i.e., predation) has also been addressed
("Predation" section).

Quantity and quality of spawning grounds

WBSS herring display high site fidelity for spawn-
ing grounds, where adequate spawning substrates are
required (Kanstinger et al. 2018; von Nordheim et al.
2018). For this stock, spawning habitat degradation
is a serious threat, either due to coastal modification
(e.g., dredging activities) or eutrophication. Although
Neb (1952) reported that WBSS herring used hard
substrates for spawning in the Kiel Fjord, field obser-
vations on spawning behavior in Greifswald Bay
showed a clear preference for vegetation (von Nor-
dheim 2019). Macrophytes are probably the most
important spawning substrate for WBSS herring, but
their coverage has dramatically decreased in some
areas of the western Baltic. For example, Kanstinger
et al. (2018) estimated a reduction of 95% in the mac-
rophyte coverage in Greifswald Bay in the past cen-
tury caused by increased water turbidity linked to
eutrophication (Munkes 2005). The macrophyte com-
munity is nowadays restricted to the littoral zone shal-
lower than 3.5 m depth (Moll et al. 2018; Kanstinger
et al. 2018). This spatial compression goes hand in
hand with a reduced availability of the macrophyte
species that herring could use as spawning substrates.
In eutrophicated waters, certain algae, such as the epi-
phytic brown algae Pylaiella littoralis, can have mass

occurrences in herring spawning areas, which can
lead to massive egg mortalities up to 100% in Greif-
swald Bay (von Nordheim et al. 2020) and other Cen-
tral Baltic spawning grounds (Aneer and Nellbring
1982). These negative effects on herring eggs are
likely related to the release of algal biotoxic exudates
(Aneer 1987), as has also been suggested for the red
algae Furcellaria spp. in the eastern Baltic (Rajasilta
et al. 1989, 2006; Rajasilta 1993). Besides macro-
phyte species, substrate structural complexity is also
important. In a field experiment, von Nordheim et al.
(2018) showed that mean egg mortality can be up
to three times higher on substrates with lower com-
pared to higher complexity. This effect was more pro-
nounced at the end of the season when temperatures
increased, highlighting the importance of accounting
for interacting factors.

Due to increased eutrophication and the loss of
vegetated spawning grounds, herring eggs are con-
centrated into smaller spatial aggregations in shallow
spawning beds (up to 1.5 m depth). This can amplify
the negative impact of other factors such as smoth-
ering due to oxygen depletion by multi-egg layering
(see Sect. “Environmental factors”), increased preda-
tion pressure at high egg densities (see "Predation”
section) and mechanical damage due to storms. Field
experiments investigating the impact of storm events
in Greifswald Bay reported that approximately one
third of all eggs could be detached from the substrate
in a shallow spawning bed and be partly washed
ashore (Moll et al. 2018). Given current projections,
the increased frequency of storm events (Coumou
and Rahmstorf 2012) and eutrophication will remain
major issues in the Baltic Sea (Andersen et al. 2017).
Both factors will interact with others (e.g., macro
algal blooms, reduced substrate complexity, multi-
egg layering and increased predation pressure) likely
leading to negative, synergistic effects impacting on
herring egg survival in Baltic spawning areas in the
future.

Environmental factors

Temperature

Temperature has direct and indirect effects on the
pace of embryonic development of marine fishes

(Peck et al. 2012a). WBSS herring eggs show high-
est hatching rates between 7 and 13 °C (ca. 7-12 days
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after fertilization), but eggs still display hatching
rates > 50% between 5 and 19 °C (Peck et al. 2012b).
This thermal tolerance is well within the tempera-
ture ranges herring eggs experience in Greifswald
Bay and Kiel Canal during spring, and thus direct
negative effects of temperature on egg survival and
development are not expected (Dodson et al. 2019;
Polte et al. 2021). However, temperature may have an
important indirect impact on egg survival. For exam-
ple, increased temperature leads to a shorter length-
at-hatch which can impact larval survival through
various mechanisms such as decreased yolk reserves
and mouth gape (Busch 1996). Also, temperature can
interact or modulate other factors, such as hypoxia
sensitivity (see "Oxygen" section), or feeding rates
and abundance of predators (see "Predation" sec-
tion). Therefore, gaining further knowledge on the
combined effects of temperature and other stressors is
essential.

Oxygen

Shallow WBSS herring spawning grounds are usu-
ally well-oxygenated due to the wind-induced ver-
tical mixing (Polte et al. 2014). However, hypoxic
events can occur at small spatial or temporal scales
due to eutrophication and habitat degradation, due
to, for example, multi-egg layers on existing veg-
etation, thick algal mats or strong phytoplankton
blooms. WBSS herring eggs seem to be able to tol-
erate hypoxic conditions (to some extent) for hours
or days. Experimental work has shown that hatch-
ing success remained high for oxygen saturations
down to 20%, although size-at-hatch was affected by
oxygen level (Braum 1973). Eggs exposed to lower
oxygen levels (15-20% oxygen saturation) showed
embryo malformations, lack of heart contractions and
no larval hatching (Braum 1973, 1985). Note these
experiments were done at relatively cold temperatures
(8 °C), so further research is needed to fully under-
stand the combined stress of hypoxia and warming
for the different egg cohorts throughout the spawning
season.

Despite some capacity to deal with hypoxic con-
ditions, large egg mortalities have been reported in
relation to multi-egg layers or particle deposition on
the surface of WBSS herring eggs. Several herring
populations, including WBSS herring, have been
observed to spawn their eggs in multiple layers due to
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a reduced availability of suitable spawning substrates
(see "Quantity and quality of spawning grounds"
section) and successive spawning cohorts re-using
substrates (Parrish et al. 1959; Hempel and Schu-
bert 1968; Messieh and Rosenthal 1989). Laboratory
experiments in WBSS herring revealed that egg sur-
vival significantly decreased with increasing egg lay-
ering (Finke et al. 2022). Similarly, the deposition of
organic particles on the egg surface can also lead to
problems with surface gas exchange and smothering
(Braum 1985; Klinkhardt 1986). The reported effect
of mineral particles (e.g., sand particles resuspended
by coastal modification, dredging operations, and/or
wind-induced hydrodynamics) on herring embryos
varies within the different studies. While Kigrboe
et al. (1981) observed no changes in embryonic devel-
opment in Baltic eggs exposed to different levels of
silt (5-500 mg L"), another study on Pacific herring
(Clupea pallasii) reported lower hatching success and
increased deformities at concentrations >250 mg L~!
(Griffin et al. 2009).

pH

Ocean acidification is a global stressor to marine
environments that can have deleterious effects espe-
cially on early stages of fish, for example during the
gastrulation phase (Dahlke et al. 2017). Experimen-
tal work performed on herring eggs from the Kiel
Fjord suggests that they are tolerant to elevated CO,
levels (~1000 patm pCO, expected to occur by the
end of the century (RCP 8.5, IPCC 2019). But even
elevated pCO, levels (up to 4600 patm) did not influ-
ence embryogenesis (fertilization success, embry-
onic developmental time, embryo malformation and
mortality, hatching rate, length and weight and yolk
area at hatch, otolith size) of herring eggs incubated
at 14 °C (Franke and Clemmesen 2011). Additionally,
the RNA:DNA ratio, a biochemical proxy for growth,
of newly hatched larvae was also not influenced by
elevated pCO, up to 2900 patm but decreased slightly
at 4600 patm. A follow-up study reported that spawn-
ing time modulates egg tolerance to pCO, levels,
as offspring originating from late spawning events
(May) showed decreased fertilization success and
increased mortality with increased pCO, (380 to 4000
patm) compared to offspring from mid-season spawn-
ers (April) (Bodenstein 2012). The author also did
not find significant changes in the number and size of
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chloride cells (the ion regulatory organs in embryos
until gills are developed) during embryogenesis up to
4000 patm.

WBSS herring eggs seem to be more tolerant to
high pCO, than those from other herring popula-
tions. For example, Norwegian spring spawning her-
ring showed increased malformation at hatch when
reared at 1000 patm (Leo et al. 2018), and mortality
of Pacific herring eggs increased at 1200 patm com-
pared to those at ambient conditions but only when
reared at warm temperatures (16 °C) (Villalobos et al.
2020). Franke and Clemmesen (2011) suggested that
the high tolerance of WBSS eggs may be related to
the high natural variability of pH in the Baltic Sea. In
the Kiel Fjord, pH varies between 8.2 and 7.6 during
the herring reproductive season in spring, and pCO,
levels >2300 patm have already been registered dur-
ing late summer (Thomsen et al. 2010; Melzner et al.
2013; Reusch et al. 2018).

Chemical contaminants

Herring eggs in spawning beds close to urban cent-
ers with industrial areas and intensive farming are
generally exposed to relatively high concentrations
of pollutants and hazardous compounds (Reindl et al.
2015). Heavy metals, for example, can have a severe
impact on fertilization, egg development and hatching
success, depending on exposure time and concentra-
tion levels (Rosenthal and Alderdice 1976). In labora-
tory experiments with WBSS herring eggs, negative
effects on egg survival were more pronounced for
copper than for cadmium and lead (von Westernhagen
et al. 1979). Larvae showed reduced embryo survival
(<10% viable hatch) at concentrations of 16.7 pg
L~', which is a lower threshold than that for other
fish species (von Westernhagen 1988). Experiments
with other pollutants, such as ferric hydroxide (“red
mud”, a by-product in the aluminum production) and
sulfuric compounds (a by-product of fossil fuel com-
bustion), reported reduced WBSS herring egg sur-
vival (e.g. 50% survival at 1 ml L™! ferric hydroxide;
Rosenthal 1971), and the presence of malformations
in newly hatched larvae at relatively low concentra-
tions (e.g. body shrinkage and bending at dilutions
1:8000 of sulfuric pollutants; Kinne and Rosenthal
1967).

Numerous pollutants (e.g. herbicides, pesti-
cides) are often highly persistent in the environment,

accumulating in fat tissues of fish, such as in WBSS
herring adults (Hansen et al. 1985; Karl and Ruoff
2007). These compounds are transferred to the
gonads, which can reduce egg production up to 80%
(von Westernhagen 1988) and larval survival (Schu-
bert et al. 2016). Polychlorinated Biphenyls (PCBs)
and other chlorinated hydrocarbons (such as Dichlo-
rodiphenyltrichlorethane, DDT), were detected in the
gonads of ripe and running WBSS herring females
(Hansen et al. 1985). Although the PCB concentra-
tions observed in the female gonads were variable
(19241 ng g7 '), the majority of the samples was
below the assumed threshold for acute toxicity and
mortality (< 120 ng g~!) (Hansen et al. 1985). How-
ever, note that the levels of organochlorine concentra-
tions (DDTs, PCBs) seem to be strongly correlated
with age and lipid content (Perttild et al. 1982), indi-
cating a negative impact on older herring females that
generally display higher fecundity (Kéndler and Dutt
1958).

Chemical warfare agents can be another important
source of pollution near specific dumping sites in the
Baltic Sea, such those in the Bornholm and Gotland
Basins. These areas have high genotoxicity risk due
to the presence of genotoxic agents (e.g. sulfur mus-
tard or arsenic-containing compounds) (BarSiené
et al. 2014). The authors reported higher environmen-
tal geno- and cytotoxicity levels near the dumping
sites, although their ultimate effect on WBSS herring
reproduction success remains unknown.

The impact of oil spills has not specifically been
studied for WBSS herring, but studies on Pacific her-
ring and other Baltic herring populations have shown
devastating effects of oil exposure on developing
eggs. Intensive research after the spills from “Exxon
Valdez” in 1989 and the “Cosco Busan” in 2007 on
the western coast of the USA reported high mortal-
ity rates, significant deformities, and cytogenetic
abnormalities in Pacific herring eggs and larvae (e.g.
Incardona et al. 2012 and references herein). In the
Baltic Sea, reduced hatching success (50%) and high
number of larval malformations has been observed in
areas affected by oil spills (e.g. “Tsesis” in 1977 and
“M/T Antonio Gramsci” in 1987) compared to simi-
lar areas without oil pollution (Aneer and Nellbring
1982; Rahikainen et al. 2017). These results are in
line with a laboratory study revealing that most Baltic
herring larvae exposed to crude oil constitutes died or
displayed malformations (Lindén 1978). Considering
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the steady increase in marine shipping traffic in the
Baltic Sea (HELCOM 2018), oil spills pose an
immense risk to the marine environment and can have
severe impact on the successful reproduction of eco-
logically and economically important fish species,
such as herring. In a recent, global review of research
conducted on small pelagic fishes since the new mil-
lennium, the direct effect of pollution was one of the
least studied factors (Peck et al. 2021).

Predation

Distinct herring groups use a broad variety of differ-
ent coastal ecosystems for spawning, which leads to
differences in potential spawn predators. For example,
Pacific herring spawns preferably on intertidal spawn-
ing beds along the North American coast. Their eggs
are primarily preyed on by gulls and other marine birds
(Bishop and Green 2001; Lok et al. 2008), but also
by terrestrial predators visiting the shoreline during
low tide. In contrast, WBSS herring eggs are mainly
spawned on permanently submerged beds, being out
of reach for non-diving birds or terrestrial predators.
Consequently, fishes and diving ducks are the main
predators of WBSS herring eggs (Tibbo et al. 1963;
Richardson et al. 2011; Stempniewicz 1995). Several
investigations in the Baltic Sea (including Greifswald
Bay) have supported the assumption that diving water
fowls, such as the long-tailed duck Clanguela hyema-
lis, switch from their usual prey (molluscs) to her-
ring eggs in spring (Leipe 1985; Stempniewicz 1995)
and aggregate on known spawning beds for feeding
(Zydelis and Esler 2005). Since long-tailed duck popu-
lations are at a long-term low in the Baltic, this species
no longer represents a major threat to herring eggs.
Resident fishes have been observed to feed on her-
ring eggs (Scabell 1988; Rajasilta 1993), but attempts
to quantify the impact of those predators on the over-
all early life survival are extremely rare (Kotterba
2015). In Greifswald Bay, the three-spined stickle-
back (Gasterosteus aculeatus) represents a dominant
fish species during the herring spawning time. Com-
bining laboratory and field experiments, Kotterba
et al. (2014, 2017a) demonstrated that sticklebacks
have the potential to consume a substantial amount
of herring eggs, while other predators such as river
perch (Perca fluviatilis) were of minor importance.
At the beginning of the spawning season, when
predator numbers are still very low and herring egg
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concentrations extremely high, the predation impact
on egg survival was negligible. However, later in
the season (i.e., May) egg mortality due to predation
could rise to 40%. Predation experiments showed a
fourfold increase in the daily herring egg consump-
tion by sticklebacks at 15 °C compared to 11 °C (Kot-
terba et al. 2014). Another important aspect is that the
egg predation rate was higher when the initial number
of eggs offered to the predators was high, suggesting
that habitat compression and fragmentation of mac-
rophyte beds may also trigger predation rates. These
patterns are particularly interesting because interan-
nual recruitment variability in recent years seems
to be related to the fate of the larvae hatched in the
second half of the spawning season (when predation
is higher) (Polte et al. 2014). Altogether, these find-
ings further highlight that an amalgam of interacting
stressors (i.e., predation rate, temperature, habitat
destruction) combine to influence early life stages
survival and recruitment success.

As in other estuarine systems, the fish community
within the Baltic Sea underlies a strong seasonality
(Elliot and Hemingway 2008). The observed shifts
in the phenology of WBSS herring spawning time
(Fig. 3) may thus lead to rather unpredictable changes
in the community and abundance of egg predators.
This is especially true for the current invasion of
diverse non-indigenous species in the Baltic Sea. One
example is the round goby (Neogobius melanosto-
mus) that has become very abundant during the last
decade in many different Baltic habitats including
herring spawning beds. Juvenile individuals of this
species have been observed feeding on herring eggs
(Wiegleb et al. 2018) and, assuming a further spread
of this species, might represent a future threat to her-
ring reproduction. So far, it cannot be predicted how
the introduction of non-indigenous species, climate
change and other ongoing, substantial alterations
of the coastal ecosystems might influence top-down
mechanisms that regulate herring egg survival.

Bottom-up and top-down processes impacting
larval stages
Prey abundance and type

The spatio-temporal match with food of adequate
type and quality (e.g. size, species, nutritional value)
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and quantity is a prerequisite for the survival of early
life stages of marine fishes. After hatch (typically
around 6-7 mm standard length, Peck et al. 2012a),
WBSS herring larvae fuel their metabolism exclu-
sively with energy from their yolk sac, which lasts
for about 70 degree-days (e.g., 7 days at 10 °C, IlI-
ing et al. 2015). As the yolk sac is consumed, the
esophagus progressively opens, enabling the larvae
to feed externally (Busch 1996). At the onset of first
feeding (around 8.5 mm larval length at 10 °C, Illing
et al. 2015), esophagus diameter (rather than maximal
mouth gape) limits the prey size larvae can ingest. At
this stage, ingested particles can be as small as 5 pm
(nanoplankton fraction), although larger particles
(77-104 pm, microplankton fraction) are preferred.
Later, larvae of 8—10 mm in length selectively feed
on metazoan microzooplankton: copepod nauplii,
mostly Acartia spp. (80-87% of the stomach contents
in Greifswald Bay), and rotifers from Synchaeta spp.
(Busch 1996; Hesse 2010).

The range of preferred prey size of WBSS her-
ring larvae is positively correlated with mouth gape
size through ontogeny. While esophagus diameter
is the major limitation to prey size for early larval
stages, prey escape behavior (e.g., copepod jump-
ing) becomes more important in later larval stages.
Therefore, early larvae typically forage on prey that
is about 60% in length of the mouth gape opening
(Pepin and Penney 1997; Hufnagl and Peck 2011). As
larvae grow, they add various other items to their diet,
such as Acartia spp. and Eurytemora affinis cope-
podites, cladocerans, cirriped nauplii, and gastropod
and bivalve veliger larvae (Spittler et al. 1990; Busch
1996; Hesse 2010; Lindegren et al. 2011; Arula et al.
2012; Paulsen et al. 2016). Studies on herring popu-
lations elsewhere suggest that larvae can be very
selective feeders targeting certain copepod species
and stages (Checkley 1982; Pepin and Penney 1997;
Robert et al. 2014). Yet field studies in Greifswald
Bay and Kiel Canal suggest more general foraging
patterns and consumption of the most abundant spe-
cies in the nursery habitat (Paulsen et al. 2014b, 2016
and references herein). These studies suggest that
WBSS herring larval growth in Kiel Canal and Greif-
swald Bay is more strongly related to high density of
prey, but that high food quality (DHA fatty acids) can
compensate for low food quantity and vice versa, at
least during the two studied springs (Paulsen et al.
2014a,b).

Copepods and other metazoans have been the focus
of most diet studies in larval fishes, but protists, such
as ciliates and dinoflagellates, can play an important
role in many species, including herring (Montagnes
et al. 2010 and references herein). For example, pro-
tists can upgrade the trophic level of copepod nauplii
(Veloza et al. 2006). Laboratory experiments with
first-feeding WBSS herring larvae have shown that
matching phytoplankton, protists and copepod nauplii
during spring increases the “window of opportunity”
for larvae to switch from yolk-sac to external feeding
(Illing et al. 2015). Although modelling studies sug-
gest that protists alone cannot sustain larval herring
growth over the long term (Bils et al. 2017), protists
can complement metazoans in the diet and improve
the nutritional quality of consumed prey.

Current changes in the spawning phenology of
WBSS herring have cascading effects, influencing
match-mismatch dynamics of larvae and their prey
(Fig. 3). As previously explained, mild winters have
been more frequent in recent years, causing an earlier
spawning and thus an earlier presence of feeding lar-
vae in the system. These larvae may find themselves
not matching their planktonic prey, as the produc-
tion (and succession) of the zooplankton bloom is not
only driven by temperature, but also by phytoplank-
ton abundance and day length among others (Diek-
mann et al. 2012). This mismatch has negative conse-
quences for larval growth, condition and survival, as
has been shown for herring in the Gulf of Riga (Arula
et al. 2016). For example, feeding onset in WBSS
herring was delayed by up to 4 days at low com-
pared to high prey concentrations (7.5 vs. 120 cope-
pod nauplii L™!) (Kigrboe et al. 1985). Subsequent
laboratory experiments indicated that feeding rate and
growth rate is limited at densities < 30-50 nauplii L™
(Munk and Kigrboe 1985; Kigrboe and Munk 1987).
More recent laboratory experiments have shown that
WBSS herring larvae have developed mechanisms
to cope with prey-poor environments (e.g. lowering
their standard metabolic rate and swimming activ-
ity (Illing et al. 2018; Moyano et al. 2018), but they
will need to find suitable prey before 100 degree-days
when they will reach their “point of no return” (Blax-
ter and Hempel 1963; Illing et al. 2018). Long-term
datasets on prey type and abundance through the
spawning season in Greifswald Bay and Kiel Canal
are not available at the moment but there is work in
progress (L. Livdane, C. Clemmesen, pers. comm.).
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These datasets will be valuable to test the importance
of starvation-driven mortality during the larval stages
and its variability within and across years. Previous
short-term studies suggested that the Kiel Canal had
higher prey abundance associated with faster larval
growth rates in early spring (up to late May) com-
pared to larvae in Greifswald Bay, which had bet-
ter prey fields later in the season (Peschutter 2008;
Paulsen et al. 2014b). This would underpin observa-
tions of higher survival in late rather than early larval
cohorts in Greifswald Bay (Polte et al. 2014), despite
increased egg predation rates and increased metabolic
demands due to the warmer temperatures later in the
spring (Kotterba et al. 2017a; Moyano et al. 2020).

Environmental factors
Temperature

Within certain limits, warmer temperatures support
more rapid rates of growth and development, and
result in larvae reaching faster important morpho-
logical landmarks (e.g., notochord flexion, increased
myotome height) associated with increased swim-
ming performance, supporting more efficient forag-
ing, and the capacity to escape predators and avoid
passive transport into unfavorable areas (Moyano
et al. 2016). However, warmer temperatures also
imply increased metabolic needs and, thus, higher
prey densities are required to support growth (Allan
et al. 2022).

A recent statistical analysis of larval herring abun-
dance and distribution in Greifswald Bay reported
the highest abundance of yolk-sac larvae within an
optimal thermal window of 9 to 13 °C (Dodson et al.
2019). The authors point out that this window has
exhibited a major temporal contraction between 1995
and 2000, which may have contributed to the lower
herring recruitment observed after 2000. Highest
abundances of preflexion and postflexion larvae were
observed between 10 and 13 °C and between 14 and
19 °C, respectively. Parallel laboratory experiments
reported cardiac problems (arrhythmia) already at
19 °C, and loss of equilibrium (critical thermal maxi-
mum, CT,,,) appeared at 21 °C (Moyano et al. 2017,
2020). These high temperatures have been rarely reg-
istered in Greifswald Bay and Kiel Canal, and are,
thus, unlikely to impact larval survival in nature.
However, temperatures exceeding the optimal thermal
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range can have a large impact on larval growth and
survival, as observed in herring larvae in the Gulf
of Riga (Arula et al. 2015). Based on cardiac and
growth estimates, 16 °C has been identified as an
optimum temperature for herring larvae obtained
from strip spawning Greifswald Bay adults (Moyano
et al. 2020). These authors reported that the number
of days above this 16 °C threshold have significantly
increased in this area in recent years ("Processes
influencing spawning biomass and spawning time"
section), and used this variable to create a thermal
threshold index. This physiological indicator has been
related to the drop of the N20 age 0 and GERAS age
1 recruitment indices. Taken together, the temporal
match between larvae and warmer water temperature
and plankton blooms seems to be of high importance
for rapid growth and development, allowing larvae to
reach a state of competent swimming which supports
foraging, selecting favorable habitats, and reduces
predation risk.

Other environmental factors

Most studies exploring effects of environmental fac-
tors other than temperature in WBSS herring have
focused on the egg stages rather than larvae. For
example, no experiments have yet investigated the
effect of acidification on WBSS herring exogenously
feeding larvae. Previous work on Norwegian spring
spawning herring larvae (up to 40 days post-hatch)
reported negative impacts above 1800 patm pCO, on
growth, development, condition, and tissue formation
(Frommel et al. 2014), although other traits such as
swimming behaviour and proteome structure were
unaffected in fish from the same experiment (Maneja
et al. 2015). At lower pCO, (900 patm), larvae were
not impacted by increased pCO, (Sswat et al. 2018b),
and in fact, larval survival increased 19% at high
pCO, (760 patm) during an in-situ mesocosm study
due to increased prey abundance at those condi-
tions (ambient temperature from 8 to 15 °C, Sswat
et al. 2018a). While the conditions in the WBSS
herring nursery grounds have a highly variable pH
that would in principle lead to a higher tolerance
(see Sect. “pH”), the combination with temperatures
above 16 °C would need to be assessed in the future,
considering both the direct and indirect (food medi-
ated) effects.
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Previous studies on salinity tolerance of herring
larvae from several North and Baltic Sea populations,
including WBSS herring, suggest a hard-wired salin-
ity threshold of 1.9 to 2.7, which increased with body
size (Illing et al. 2016). Although salinity projec-
tions from that study suggest that Greifswald Bay and
Kiel Canal will likely not experience salinities <2
by the end of the century, freshening is already pos-
ing serious problems to other Baltic populations via
direct effects on the fish (increased energy needed
for osmoregulation) or via changes in the prey com-
munity (e.g., Bothnian Bay in Finland, Rajasilta
et al. 2019). Such salinity-induced changes in the
prey community may be relevant to larval growth
and survival as the copepod production in the Baltic
is strongly affected by their salinity tolerance (e.g.
Temora longicornis vs Eurytemora affinis (Diekmann

et al. 2012).
Predation

Predation is arguably the primary mortality driver for
larval fishes (Bailey and Houde 1989; Fuiman and
Magurran 1994). For populations of small pelagic
fishes, predation on their larval stages can play a criti-
cal role and have implications for recruitment dynam-
ics (Engelhard et al. 2014). For example, opportunis-
tic feeding of Atlantic mackerel (Scomber scombrus)
on Atlantic herring larvae has been observed in the
Norwegian Sea at rates large enough to regulate
year class strength (Skaret et al. 2015; Garcia et al.
2020). In the Baltic Sea, however, predation mortal-
ity of herring larvae in their coastal habitats seems
to be mostly related to the temporal match-mismatch
dynamics with gelatinous rather than piscine preda-
tors (Kotterba et al. 2017b).

Similar to herring eggs, fishes consuming Baltic
herring larvae are most commonly the three-spined
stickleback and river perch (Kotterba 2015). However,
stomach analysis of both species suggest that they
ingest negligible amounts of larvae (Kotterba et al.
2014, 2017b), as opposed to eggs (see Sect. “Preda-
tion”). Filial cannibalism, another potential cause
for predation mortality of fish larvae, seems to be of
minor importance in Greifswald Bay (Kotterba 2015).
Altogether, these findings highlight that the transi-
tional waters of Greifswald Bay seem to provide suffi-
cient shelter from predation to WBSS herring larvae,
as gelatinous predators (e.g., moon jellyfish Aurelia

aurita and the non-indigenous ctenophore Mnemiop-
sis leidyi) appear later in the system (Kotterba et al.
2017b). On the contrary, A. aurita co-occurs with
larval herring in late spring on other WBSS spawn-
ing grounds (e.g., Kiel Bight and Kiel Fjord), and
can significantly reduce larval herring abundances
by efficiently utilizing dense prey patches (Moller
1984; Schneider and Behrends 1998; Titelman and
Hansson 2006). M. leidyi and the hydromedusa Sar-
sia tubulosa have also been observed in recent years
during the entire herring larval season in the Kiel
Fjord, sometimes at very high densities (C. Clem-
mesen, F. Mittermayer unpublished data). Ongoing
work suggests that both species can potentially prey
on herring larva, even in the presence of other prey
(I. Stoltenberg, F. Mittermayer, unpublished data).
With predicted warmer winters and a potential shift
to jellyfish-dominated food webs, the role of jellyfish
predators may become increasingly important for the
recruitment dynamics of WBSS herring due to the
competition for copepods and the direct predation on
larval herring (Moller 1984; Ramirez-Romero et al.
2018).

From single factors to complex interactions
and cumulative effects

The present review highlights the breadth of knowl-
edge on WBSS herring recruitment gained in the last
decade. Since 2011, 40 studies (out of the 68 specifi-
cally on WBSS herring cited here) have been pub-
lished on WBSS herring early life (31 studies) or later
stages (9 studies). Most of these studies conducted
field sampling / experiments (48%) or laboratory
experiments (28%). This research stresses that no sin-
gle, dominant driver is responsible for the recent low
recruitment in WBSS herring but that several inter-
acting bottom-up and top-down factors affect each
life stage differently. For example, the combination of
warming and habitat degradation is leading to an ear-
lier spawning in a restricted habitat, which magnifies
the negative effects of storms, chemical contamina-
tion, predation or mass algal blooms on egg develop-
ment and hatching success. However, our understand-
ing of the extent of these interactions is still limited,
hampering our ability to quantify their cumulative
effect on herring recruitment. Most experimental
studies have so far focused on single factors (e.g.
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temperature, spawning substrate type), although com-
plex and unexpected interactions may occur between
two or multiple stressors (Catalan et al. 2019). Fur-
ther experimental work is thus needed to elucidate
the magnitude of these interactions. Such information
could be then applied to parameterize numerical mod-
els, which can be used to generate and test hypotheses
to identify the most influential factors and/or most
uncertain processes in field data (Ihde and Townsend
2017). So far these models, both statistical and mech-
anistic, only constituted 11 of all 68 studies on WBSS
herring cited here, but advancing these tools will be
the next logical step for future research effort.

One widely applied method to examine the pos-
sible influence of environmental factors on recruit-
ment is including them in stock-recruitment (SSB-R)
models to generate hypotheses about major bottom-
up and top-down processes (e.g. Subbey et al. 2014;
Szuwalski et al. 2015; Akimova et al. 2016b). Previ-
ous studies demonstrated a substantial improvement
of stock-environment-recruitment models over con-
ventional stock-recruitment relationships in WBSS
herring. Cardinale et al. (2009) and Groger et al.
(2014) reported a significant influence of the Baltic
Sea Index (BSI) on the goodness-of-fit of the SSB-R
relationships in this stock. The BSI was defined as the
difference in the sea level pressure anomalies between
Oslo in Norway and Szczecin in Poland. It was intro-
duced to characterize the dominant water circulation
pattern (negative phase—outflow, positive phase—
inflow) over the Skagerrak/Kattegat and the western
Baltic Sea (Lehmann et al. 2002). In a later study,
Péchuchet et al. (2015) identified nitrate concentra-
tion, water currents and salinity as key explanatory
variables able to explain 80% of the residual variance
in the SSB-R relationships in WBSS herring. The
total zooplankton biomass and temperature were not
significant factors in that study.

SSB-R models have been extensively used to iden-
tify the impact of relevant physical and biological
variables. They mainly rely on correlations between
environmental and stock parameters, and seldom
can pinpoint an exact mechanism behind those cor-
relations. Also, currently used statistical models
struggle to include non-linearities in the form of
thresholds and thus they do not perform well in the
event of drastic changes in environmental conditions
and/or regime shifts (unless these are incorporated
in the model formulations as in Casini et al. 2010).
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Therefore, decision-making processes require a more
mechanistic understanding of the relevant top-down
and bottom-up drivers and a tool for testing scenarios
to ensure future sustainable exploitation (Karp et al.
2019). The emergence of biophysical individual-
based models (IBMs) in fish ecology in the 1990’s
was a pivotal development in recruitment research.
Highly flexible IBMs are well-suited to explore how
individuals respond to the biotic and abiotic environ-
ment and how factors and processes interact impact-
ing population dynamics. These IBMs have been a
popular tool applied to generate and/or test hypoth-
eses on key processes such as transport (retention or
advection), starvation (prey availability) and/or pre-
dation (Werner et al. 2001; Peck and Hufnagl 2012).
Some of the first IBMs were developed for Atlantic
herring and other small pelagic fishes because of the
strong responses of these species to changes in bot-
tom-up (physical and biogeochemical) forcing. Those
IBMs used a great variety of approaches to simulate
fish early-life stages, e.g. a lagrangian particle track-
ing approach combined with temperature-dependent
growth and mortality (e.g. Akimova et al. 2016a,
b), foraging bioenergetic models of fish larvae (e.g.
Daewel et al. 2011), dynamic energy budget (DEB)
models for the full life cycle (e.g. Bueno-Pardo et al.,
2020), and models of active behaviour and migra-
tion (e.g. Huse and Fiksen 2010). More recently,
IBMs have been created to explore how simultane-
ous changes in abiotic and biotic factors affect larval
survival (e.g., temperature X transportXprey (Hin-
richsen et al. 2012), transport X predation (Akimova
et al. 2019)). Several IBMs have been constructed for
Atlantic herring. For example, a seminal modeling
study by Bartsch et al. (1989) explored the hydrody-
namic transport of herring larvae in the North Sea.
Hufnagl et al. (2015) and Fiksen and Folkvord (1999)
used larval bioenergetic models to study larval starva-
tion and growth in the North Sea and on the Norwe-
gian shelf, respectively.

In the western Baltic Sea, Bauer et al. (2013, 2014)
used particle backtracking to infer strong retention of
young herring larvae and spawning site selection in
Greifswald Bay. Hufnagl and Peck (2011) applied a
1D larval physiological model to investigate the suit-
able spawning times of herring populations in the
North Atlantic, including WBSS herring. Later this
model was combined with laboratory experiments
to investigate the role of behavioral and metabolic
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adaptation of WBSS herring larvae to suboptimal
feeding conditions (Illing et al. 2018). However,
no model has attempted to simulate in situ forag-
ing success and survival of WBSS herring larvae.
Given recent advances in larval herring IBMs and a
large number of observational studies (e.g. pheno-
logical shifts in spawning time, prey and predator
fields), applying mechanistic models appears to be the
next, logical step to study cumulative impacts on the
recruitment success of WBSS herring.

Current research needs and future research
avenues to support management strategies

Despite the significant advances in knowledge
reported above on the ecology of WBSS herring and
the potential drivers impacting the recruitment pro-
cess, it is still difficult to precisely identify where the
bottleneck lies. Furthermore, from a management
standpoint, it remains challenging to translate the out-
comes of existing research into a clear, unified set of
equations/indicators useful for stock assessment and
advice. However, we have clear indications on pri-
orities for further work. In the following, we have
summarized which avenues future WBSS herring
research should address and, specifically, the work
that would be most impactful and relevant to support
the sustainable management of this stock (Table 1).

WBSS herring is currently managed using a single
area, single species and single spawning component
assessment model (ICES 2021b). Similar to most
other stock assessments, the model for WBSS herring
does not incorporate any environmental or ecosystem
processes beyond the variable weight-at-age relation-
ships. Since the last benchmark, the model has been
extended to include exploitation by multiple fishing
fleets attached to different areas (ICES 2018a). While
this has helped to support the complications of a sci-
entific advice across multiple fishery management
areas and capture some aspects of the seasonal avail-
ability of the stock to the different fisheries, it did
not explicitly address the complexity of spatial use
in WBSS herring and associated population mixing
described above. In this sense, there are two major
critical knowledge gaps that should be prioritized
to provide science-based advice to management: i)
research on migration pathways and ii) meta-popula-
tion structure (Table 1).

Migration is a strong life history trait in WBSS
herring and it is plausible that population variabil-
ity and productivity is linked to one or more of the
many aspects related to migration, such as changes
in energy allocation to reproduction and growth as
suggested for other herring stocks (dos Santos et al.
2021). WBSS herring surveys are static in seasonal
coverage (Fig. 1) and thus they probably fail to cap-
ture changes in migration pathways. Our current
knowledge on migration routes in WBSS herring
relies on telemetry data from the 1970s and most
likely does not reflect the present stock situation and
migration patterns ("Life cycle and recruitment pro-
cess" section). For example, the GERAS has since
2016 identified distinctly lower abundances of her-
ring in the @resund (overwintering ground) during
autumn. While the survey indices are in line with
other data sources indicating a decline in spawning
adult abundance, it is unclear whether a temporal
and/or spatial shift of the overwintering migration or
habitat use might have occurred. Revisiting migra-
tion routes, their timing and the environmental cues
that trigger them is therefore urgent. This knowledge
could be directly used in the assessment process, for
example, to improve survey-based estimates of abun-
dance or to generate environmentally-based estimates
of overwintering areas that are later used to modify
the spatial coverage of the GERAS survey and com-
mercial sampling each year, as it is done with the
spawning habitat of Pacific sardine (Sardinops sagax)
in the California Current during the spring acoustic
surveys (Zwolinski et al. 2011). Recent technologi-
cal advances, such as the use of stationary, autono-
mous echosounders in key positions (e.g., Greif-
swald Bay, @resund) could help in identifying and
quantifying migration movements. Using modern
telemetry techniques, one could explore the inter-
individual responses to environmental cues and how
these responses relate to the different spawning waves
observed in Greifswald Bay. In this sense, it is still
unknown whether the spawners belonging to the same
wave have the same age, size-class or condition, and
the potential consequences this could have for off-
spring fitness (Huang et al. 2022). Also, do all spawn-
ers come back to the same spawning grounds where
they were born? Homing to natal spawning area was
observed to be relatively high (70%) in Greifswald
Bay using otolith microchemistry (Moll 2018), but
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Table 1 (continued)

Priority for

manage-
ment

Potential approaches Outcomes relevant for management

Objectives

Knowledge gap

Average

Develop indicators based on zooplank-

Analyze historical zooplankton sam-

Characterize spatio-temporal changes

Predator—prey interactions

ton abundance and/or diversity and

ples available for Greifswald Bay and

Kiel Canal

in prey fields in terms of abundance,

type and quality
Reevaluate the hypothesis of food limi-

test their relevance for the assessment

models

Apply a physiological-based model to

explore whether in situ prey fields

tation in the nursery grounds across

different years and cohorts

can support observed larval growth

rates

Average

Estimate top-down control on eggs and Develop predation mortality indicators

larvae combining spatio-temporal

Reevaluate the impact of top-down

and test their relevance for the assess-

ment models

effects on egg and larval mortality
across different years and cohorts

overlap analyses, feeding experiments

and predator fields

further information expanding on different spawning
areas is needed.

Gaining a holistic understanding of population
structure, demographics, and associated temporal
fluctuations is the second key aspect that requires
further research. WBSS herring is considered a meta-
population and, as such, its productivity depends
on the relative, dynamic contribution of the differ-
ent spawning components. The productivity of these
components may, in fact, change in response to dif-
ferent drivers, providing a higher resilience towards
changing conditions to the overall metapopulation.
For example, autumn spawners were a dominant fish-
ery target in the Baltic Sea until the late 1960s (Weber
1971), but their abundance drastically declined in
subsequent decades. Recurrent sampling of large,
post-flexion larvae (>30 mm) during late winter in
Greifswald Bay, confirmed as autumn-spawned larvae
by otolith age reading (Janke 2019), indicated that
autumn herring still reproduce in the Western Baltic
Sea. This raises the question of whether the current
environmental conditions would favor autumn- over
spring-spawning for WBSS herring and under which
mechanism(s) such a shift in phenology would occur.
These potential shifts in seasonality and productivity
call for a detailed monitoring of the different spawn-
ing components as currently done for other stocks
(e.g. North Sea Autumn Spawning herring).

Another essential aspect that deserves further
attention is assessing the level of mixing with neigh-
boring herring stocks (i.e. Central Baltic Spring
Spawners, North Sea Autumn Spawners, Norwegian
Spring Spawners). Molecular methods have been
used to obtain snapshots of this mixing in certain
regions in the Skagerrak, Kattegat, and western Bal-
tic (Bekkevold et al. 2015). Since these components
regularly mix in commercial fish catches and fisher-
ies-independent observations, the development and
validation of indicators based on simple metrics rou-
tinely collected (e.g. age, length) would be very use-
ful to support management. For example, increasing
numbers of Central Baltic herring have been migrat-
ing into the western Baltic in recent years. A stock
separation function to distinguish WBSS and Cen-
tral Baltic herring based on growth parameters has
been developed (Grohsler et al. 2013) and applied in
the years 2005-2020 in the GERAS survey (Schaber
and Grohsler 2021), which is routinely used as tun-
ing index in the WBSS herring assessment (ICES
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2021b). This method still needs to be validated
(e.g., genetics, otolith microchemistry) and the tem-
poral stability of mixing assessed before it could be
routinely implemented to partition the commercial
catches in the area by stock (ICES 2018b). Overall,
increasing our understanding of spawning migration
cues and meta-population structure and demograph-
ics would likely help disentangle factors leading to
the current low SSB levels. It is worth noting that one
of the challenges of WBSS herring compared to the
neighboring herring stocks is that the relatively short
time series available (starting in 1992) that has only
recorded a steady decrease in recruitment and SSB,
making it difficult to speculate about reference levels
representative of a good status of the stock. Moreover,
we want to emphasize the importance of the WBSS
herring fishery closure under the current conditions
to avoid potential issues with hyperstability (CPUE
remains high although population size declines), as
has been observed in North Sea herring in the 1970s
(Bjgrndal 1989). Although hyperstability would not
directly impact the assessment, which is mainly based
on fisheries-independent data, it would still impact
the management of the stock as the fishery would be
able to maintain profitability despite overexploiting
the population.

Besides increasing our knowledge on migration
routes and population demographics, there are other
aspects related to the ecology, basic biology and/or
physiology of WBSS herring that will be relevant for
effective conservation and management of this stock.
These aspects comprise:

e Gaining a more profound understanding of life-
stage specific physiological limits and plasticity
to anticipate the effects of climate variability and
change in WBSS herring productivity. Warming,
oxygen limitation linked to eutrophication, chemi-
cal contamination and many other environmental
factors discussed in sections "Processes influenc-
ing spawning biomass and spawning time" to
"Bottom-up and top-down processes impacting
larval stages" can seriously threaten WBSS her-
ring productivity through reducing the survival of
specific life stages, and the potential interaction of
these stressors is still unknown for many commer-
cially important fish and shellfish (Catalan et al.
2019). Experiments exploring the mechanisms
behind these processes can be used to define

@ Springer

physiological thresholds and create useful indica-
tors for management and conservation purposes
(e.g., Moyano et al. 2020; Karp et al. 2019). For
example, species distribution models based on
historical spatial observations for Pacific sardine
and anchovy (Engraulis mordax) in the California
Current displayed lower predictability skill under
heatwave scenarios outside the observed tempera-
ture range in the past, underscoring the need for
integrating physiological limits in these models to
make them more robust towards a rapidly chang-
ing environment (Muhling et al. 2020).
Characterizing larval prey fields in the spawning/
nursery grounds. Research is underway to explore
prey fields in Greifswald Bay and Kiel Canal over
several years and match them with observed larval
survival and growth estimates (C. Clemmesen, L.
Livdane, unpublished data). This information will
allow investigating how potential food-limitation
during the entire spawning season affects in situ
larval abundances in both nursery grounds, and,
ultimately, recruitment indices (N20 age 0 and
GERAS age 0). Such analysis would specifically
support our understanding of density-dependent
processes, such as local prey depletion, and intra-
specific competition that are likely important but
understudied in most small pelagic fishes (Peck
et al. 2021) and allow to assess a cumulative effect
of the warming and prey-field changes observed in
recent decades in these nursery areas. For exam-
ple, if prey abundance displays a clear relation-
ship with larval production (e.g. N20), it could
be used directly as an indicator in the assessment
models as has been done in other herring stocks
(e.g. Gulf of Riga herring, Arula et al. 2016; ICES
2021a) or as part of a more holistic, integrative
approach incorporating multiple factors affecting
the recruitment process, from spawners to larval
stages (e.g. Brosset et al. 2020).

Incorporating mesocosm experiments as a pow-
erful tool to explore the direct and indirect (via
food web) impacts of multiple stressors. Such
mesocosm experiments have been successfully
used in other herring populations to demonstrate,
for example, that beneficial indirect effects via
increased prey abundance can compensate for the
limited negative direct effects of acidification in
Norwegian spring-spawning herring (Sswat et al.
2018a).
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e Reevaluating the impact of top-down effects on
egg and larval mortality (i.e., predation, intraspe-
cific competition). Some of this work is already
ongoing to evaluate the current phenology changes
of different jellyfish species that now coexist with
WBSS larval herring in the nursery grounds (F.
Mittermayer, C. Clemmesen, unpublished data).
Once the key players in predation mortality have
been identified, their abundance could be inte-
grated as a mortality term in the assessment
models as it is done for other herring stocks (e.g.
Atlantic cod, Gadus morhua, predation on Central
Baltic herring, Skern-Mauritzen et al. 2016; ICES
2019, 2021a).

The mechanistic understanding of the recruitment
process gained through research proposed in this sec-
tion has important value in the stock assessment for
WBSS herring as currently done, and also to incorpo-
rate considerations towards ecosystem-based fisher-
ies management (Table 1). First, this information can
have an important direct value for calculating the bio-
logical reference points later used in the assessment
models, as understanding the drivers of productivity
is necessary to evaluate the status of the stock and
to provide scientific advice to governmental bodies.
Second, we hope that such mechanistic information
(e.g., physiological indicators) can be directly imple-
mented in the assessment and forecasting to help
ensure population diversity and resilience are realized
in management actions. Although one may think that
reliable climate forecasting may hinder the applica-
tion of some of these physiological indicators in sin-
gle-species assessment, seasonal forecasting has been
successfully used to provide advice at operational
time-scales relevant to specific fisheries (e.g., Hobday
et al. 2018).

Management of WBSS herring is not trivial as the
stock is of a metapopulation with a high spatial het-
erogeneity, returning to specific spawning grounds in
shallow coastal areas but using more offshore areas to
feed and overwinter, across national boundaries and
fisheries management areas. Thus, an effective man-
agement of this population requires a close collabo-
ration between ICES-coordinated management efforts
and coastal zone management plans. WBSS herring
spawning grounds have been reduced and fragmented
due to anthropogenic stressors such as eutrophica-
tion and coastal modifications (e.g., construction of

harbors). However, a proper evaluation of such habi-
tat fragmentation, as well as its consequences for fish
use and successful reproductive output, is lacking.
Therefore, it is essential to carefully assess potential
impacts of future coastal activities on these spawn-
ing grounds and establish monitoring programs to
evaluate how habitat use by fish may have changed
(Rosenthal et al. 1995). Future projects are essen-
tial to build a bridge between coastal planning and
fisheries management. We want to emphasize the
importance of developing frameworks that allow an
integration of our current understanding of the eco-
system functioning at different geographical scales.
There are already examples for species with complex
life cycles, such as Atlantic salmon (Salmo salar),
in which current stock management measures are
integrated from local rivers to regional, national and
ocean basin scales (Bull et al. 2022). Such a tiered
management system will require new levels of coop-
eration at the regional, national and international lev-
els, which could also advance the implementation of
more ecosystem-based fisheries management consid-
erations. Additionally, these latter authors describe
how the assessment process for Atlantic salmon will
soon implement a life cycle approach, which should
provide more opportunities to integrate specific
parameters to the different life stages and follow the
multi-step approach to study the recruitment process
(Hare 2014; Brosset et al. 2020).

Lessons learned from WBSS herring recruitment
research

Coastal ecosystems are particularly exposed and sen-
sitive to climate change and anthropogenic pressure
(Reusch et al. 2018). The present review exemplifies
the complexity in which these stressors (e.g., habitat
degradation, warming, eutrophication) interact and
differently impact each life stage of a small pelagic
within a relatively simple food web. Such complex
interactions have also been observed in stocks of other
coastal small pelagic fishes. For example, the decline
in productivity of Scotian Shelf-Bay of Fundy her-
ring was associated with warming, decreased preda-
tion (leading to density-dependent competition during
the larval stages) and increased fishing (Boyce et al.
2021), whereas prey mismatch and temperature have
been suggested as major drivers of recruitment in the
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Gulf of Riga herring (Arula et al. 2015). The com-
plex nature of the interactions among drivers (e.g.,
direct vs indirect effects of warming) calls for mecha-
nistic approaches to inform models to help under-
stand and disentangle these effects. Using mechanis-
tic approaches is particularly important because the
most dominant drivers may be non-stationary and
change over time. For example, the impact of mack-
erel predation is now considered a major driver of
recruitment success in Norwegian spring spawning
herring, as mackerel continues expanding its distribu-
tion to higher latitudes due to ocean warming (Garcia
et al. 2020). In this sense, we believe that the holistic
approach (laboratory, field, modelling efforts) used in
the last decade to investigate bottom-up and top-down
factors impacting WBSS herring recruitment is the
first step to generate knowledge and tools that support
the challenges ahead while developing a more inte-
grative, ecosystem-based fisheries management and
promoting conservation of the stock.

Some of the identified knowledge gaps proposed
here for WBSS herring exist for most small pelagic
fish populations (Peck et al. 2021). For example, the
need to further study the role of density-dependence
in (meta-)population dynamics, the development of
further mechanistic model approaches (to comple-
ment correlative statistics) to explore the influence of
climate variability, and the use of mesocosm experi-
ments were general recommendations as future ave-
nues of research in small pelagic (Clupeid) fishes.
However, WBSS herring research is already address-
ing many of these general recommendations, such as
using a holistic approach to advance our understand-
ing of bottom-up drivers, the sampling of juveniles
and adults during the GERAS, and the use of otolith
microchemistry to ascertain migration patterns. These
points underscore that WBSS herring constitutes a
well-studied stock, where the existing knowledge and
holistic approach, together with existing knowledge
gaps, can provide a powerful example when devel-
oping programs to study population productivity and
recruitment in other fish stocks. Moreover, given the
severe anthropogenic impacts in the Baltic Sea com-
pared to other coastal areas, WBSS herring could
be a harbinger of potential bottom-up impacts to the
recruitment of other coastal small pelagic fish.
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