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ABSTRACT: Climate-induced shifts in zooplankton communities can influence the survival and re-
cruitment of commercially important fishes worldwide by altering the prey field, potentially
causing severe food limitation. Due to the recruitment failure of the western Baltic herring stock
over the last decade, we investigated the role of zooplankton and potential environmental drivers
of early life stage survival in a major nearshore nursery area in the western Baltic Sea. The seasonal
synchrony between predator and prey structures annual secondary production. However, studying
the cause-and-effect relations is challenging, as many monitoring programs are static in time and
limited to a short period every year. We analysed weekly data from 2008 to 2020, including zoo-
plankton density and community composition together with herring larvae survival. Larval herring
productivity has been notably low in recent years, particularly since 2014, reaching a record low in
2020. Annual mean total zooplankton density has also decreased drastically, with the largest
decline (~84 %) occurring between 2012 and 2013. This decrease was predominantly seen in small
organisms (copepod nauplii, bivalve veligers, and rotifers). The total density of these major prey or-
ganisms was positively correlated with the larval herring survival index for early herring life stages.
The decrease in zooplankton taxa density was most likely induced by changes in phytoplankton
phenology expressed by earlier seasonal chlorophyll a peaks. Using these high-resolution time
series, we provide a potential mechanism of cascading climate change effects on the survival of
young herring in the western Baltic Sea.

KEY WORDS: Baltic Sea * Climate change * Atlantic herring * Clupea harengus - Larval fish -
Phytoplankton bloom * Zooplankton

1. INTRODUCTION

Changes in zooplankton community structure and
density can affect fish recruitment by reducing the
energy supply available for fish larvae by decreasing
both the quantity and quality of their prey, potentially
impacting their survival (Hjort 1914, Cushing 1990,
Llopiz et al. 2014, Burbank et al. 2023). As a conse-
quence, global fish production, which includes fisher-
ies and aquaculture and is valued at USD 406 billion
(FAO 2022), is absolutely dependent on an adequate
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abundance of zooplankton. As climate change prog-
resses, major challenges to ecosystems are anticipated
(Beaugrand 2004, Beaugrand & Ibafiez 2004, Poloc-
zanska et al. 2016). At the lower levels of the food web,
zooplankton is particularly sensitive to environmental
changes, resulting in temporal shifts in community
composition, structure, and abundance as well as
changes in the timing of life cycle events (Richardson
2008, Ji et al. 2010). Zooplankton in higher latitudes
may be more exposed to climate warming, including
altered seasonal temperature changes. This trend has
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been observed throughout the North Atlantic (Beau-
grand & Ibanez 2004, Morse et al. 2017), the North Sea
(Beaugrand 2004, Belkin 2009, Dutheil et al. 2022), and
the Baltic Sea (Belkin 2009, Dutheil et al. 2022). In par-
ticular, inshore systems such as estuaries, bays, and la-
goons are characterised by both high levels of produc-
tivity and variability in productivity at low trophic
levels. This is due, in part, to factors like terrestrial nu-
trient inputs (Cloern & Jassby 2010, Carstensen et al.
2020) and wind-induced mixing of the water column
(Lehmann & Myrberg 2008). These coastal regions in
temperate and boreal zones are expected to experi-
ence more extreme warming than global averages (Cai
etal. 2011, Wallace et al. 2014). Although coastal zoo-
plankton species have mechanisms to cope with high
environmental variability (Dam 2013, Dam et al. 2021),
such as fast reproductive cycles and the ability to form
resting eggs in adverse conditions, the rapid and in-
tense nature of climate change could outstrip their
ability to acclimate and adapt.

Among such regions experiencing significant
climate-induced impacts, the Baltic Sea stands out
(Reusch et al. 2018). In general, this area has endured
substantial ecosystem regime shifts due to a combina-
tion of warming, overfishing, and eutrophication. Cli-
mate warming in particular has affected zooplankton
in the central Baltic Sea (Mo6llmann et al. 2008), and
declines in marine taxa and large-bodied copepods
have been reported for the 20th century in the north-
ern Baltic Archipelago Sea (Mdkinen et al. 2017). In
the southwestern Baltic Sea, this change has been re-
flected in a decline in copepods, followed by a decline
in rotifers (Feike et al. 2007). This pattern shows how
climate change can alter marine ecosystems and
cause shifts in zooplankton populations. In addition
to direct heat stress, even if compensated by a broad
temperature tolerance range of some aquatic organ-
isms (Bates et al. 2013, Bennett et al. 2018), shifts in
the phenology and corresponding asynchronies in
the timing of life history events can be a challenge for
marine life in temperate latitudes. Phenology plays a
critical role in higher-latitude environments that ex-
perience strong seasonal cycles of production (Hjort
1914, Cushing 1990, Edwards & Richardson 2004,
Winder & Varpe 2020). In these regions, rising spring
temperatures lead to decreasing sea ice cover, a trend
that is expected to continue in the future (Prandle &
Lane 1995, Haapala et al. 2015, Kayhko et al. 2015). As
sea ice cover declines, more solar radiation reaches
the ocean surface, potentially causing key events
such as the spring phytoplankton bloom to occur ear-
lier (Kahru et al. 2016). The seasonal development of
zooplankton, which occupy the trophic level directly

above phytoplankton, is closely tied to the timing of
the phytoplankton bloom (Sommer et al. 2012). Climate
change can disrupt the timing of these biological
events, causing mismatches in phenology that affect
relationships across trophic levels (Koeller et al. 2009,
Durant et al. 2019, Ferreira et al. 2023).

Due to the unique early life strategies that fish
species have evolved in response to prey dynamics
(Cushing 1990, Peck et al. 2012), the impact of shifting
temperature regimes is increasingly evident in higher-
latitude coastal areas, such as Greifswald Bay (Polte et
al. 2021). This bay is a critical spawning ground for
western Baltic herring, a stock currently experiencing
an alarming decline in recruitment (Moyano et al.
2023). This decline compelled the International Coun-
cil for the Exploration of the Sea (ICES) to issue a rec-
ommendation for a complete halt to herring catches
from 2019 to 2024 and ongoing (ICES 2023a). Research
progress indicates that earlier hatching cohorts do not
result in a substantial number of growing larvae, high-
lighting a critical bottleneck phase tied to prey avail-
ability for first-feeding larvae (Polte et al. 2014).

The unexplored connection between larval survival
and zooplankton prey availability in Greifswald Bay
presents an excellent opportunity to investigate the
decline in recruitment. Our 13 yr time series data rep-
resents a unique resource in view of the scarcity of
comprehensive, long-term data. The data was col-
lected weekly during the spring and summer months
from 2008 to 2020 and offers high temporal resolution,
with measurements across 3 trophic levels: phyto-
plankton, zooplankton, and fish larvae. It includes
taxonomic and size-specific information on zooplank-
ton along with size-specific metrics for herring larvae.
Using this data set, we tested the hypothesis that
environmental pressures have driven a regime shift in
the zooplankton community of Greifswald Bay, re-
sulting in changes in its composition and abundance
from 2008 to 2020. Subsequently, we examined the
impact of these changes on the survival of herring lar-
vae in the system.

2. MATERIALS AND METHODS
2.1. Study site

Greifswald Bay (54°14'N, 13°33'E; Fig. 1) is a
514 km? non-tidal, well-mixed, semi-enclosed lagoon
in the southern Baltic Sea with an average depth of
5.8 m (maximum depth: 13.6 m), with salinities be-
tween 7 and 9 and a seasonal temperature range from
sub-0°C in winter to >20°C during summer (German
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Fig. 1. Location of the larvae sampling sites (black dots)

and zooplankton sampling stations (dots with white aster-

isks) in Greifswald Bay and the positioning of the lagoon in

the southern Baltic Sea. The coordinates show the latitude

and longitude (in decimal degrees) of the corresponding
map edges

Hydrographic Institute, https://www.bsh.de/EN/
DATA/Climate-and-Sea/Sea_temperatures/Sea__
surface_temperatures/sea_surface_temperatures__
node.html). Due to its shallow littoral zone, which
serves as a major spawning ground for western Baltic
Sea spring-spawning herring (Polte et al. 2017), this
bay is of particular ecological importance for the sur-
vival of the early life stages of herring. Positioned mid-
latitude, within the northern temperate zone, Greifs-
wald Bay is subject to seasonal ice coverage during
the winter months. However, the extent and duration
of this ice coverage vary each year, influenced by an-
nual variability in weather conditions (Schmelzer et al.
2014, Schwegmann & Holfort 2018). Thanks to these
unique characteristics, the confined waters of Greifs-
wald Bay offer a remarkable opportunity for conduct-
ing in situ studies on herring early life-stage ecology.

2.2. Field sampling and data generation
2.2.1. Herring larvae

Since 1992, Greifswald Bay has been the subject of
regular ichthyoplankton surveys (Fig. 1). These sur-
veys are conducted from February or March to June
each year, depending on the time of ice retreat, and
provide valuable insights over a substantial period
(Oeberst et al. 2009, Polte et al. 2021). The surveys
were conducted weekly across a 35-station grid in the
bay and the connecting sound (Strelasund). To align
larval herring data with the area of zooplankton
sampling, the stations in the sound were excluded in
this study. Bongo nets (mesh size: 335 pm) equipped
with flow meters were used to collect herring larvae
samples, performing double-oblique hauls from the
surface down to 1 m above the sea floor. Upon collec-
tion, all samples were immediately fixated in a 4%
borax-buffered formaldehyde solution and trans-
ported to a laboratory for further analysis. There,
each herring larva was counted and a maximum of
300 larvae per sample were measured to the nearest
1 mm total length (TL). The weekly sampling regime
allowed for studying the detailed succession of larval
survival and growth patterns using the abundance of
early, pre-feeding larval stages as a baseline for calcu-
lating a survival index based on the corresponding
numbers of resulting advanced larval stages later in
the season (see Section 2.3 for details). Due to the way
the survival index was calculated for the explicit year-
class surviving the critical period, it circumvented
potential effects of varying spawning stock biomass
and corresponding variation of spawned egg numbers
and egg mortality.

2.2.2. Zooplankton

Between 2008 and 2020, zooplankton was sampled
weekly from February to June. Vertical Apstein net
(mesh size: 55 pm; net mouth diameter: 0.1 m) tows
were carried out in 4 different monitoring stations
(Fig. 1). At these monitoring stations, the tows were
conducted from 1 m above the bottom to the surface.
Following the guidelines of the Helsinki Commission
(HELCOM 2021) for monitoring mesozooplankton,
we preserved the samples in a borax-buffered 4% for-
maldehyde solution and later analysed them in a lab-
oratory using a light microscope (Leica DMIL LED).
Zooplankton was manually sorted to the lowest poss-
ible taxonomic level to determine the species com-
position and the individual abundance of each species.
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Within the copepods, we differentiated developmental
stages: nauplii, copepodites (early stages C1—C3 and
late stages C4—C5), females, and males. Protozoans,
meroplankton, and very rare taxa in the samples were
not included in the analysis. Because of either their re-
duced densities due to the low salinity levels or their
size and mobility resulting in sporadic catches, ex-
cluded taxa were Acari, Amphipoda, Annelida, Ap-
pendicularia, Chaetognatha, Cnidaria, Decapoda,
Echinodermata, Gastropoda, Insecta, Isopoda, Nema-
toda, Nemertea, Ostracoda (‘Other' in Table S1 in the
Supplement at www.int-res.com/articles/suppl/m764
pO075__supp.pdf).

Over the years, the temporal coverage of the zoo-
plankton data proved to be not uniform across the
time series. This inconsistency was caused by several
factors. In recent years, as the sea surface temperature
(SST) increased, sampling began earlier. There were
also instances when certain sampling cruises had to
be cancelled due to adverse weather conditions or
technical issues (Table S2). To reduce the impact of
any inconsistencies caused by shifting start times and
interruptions and achieve more consistent temporal
data coverage for calculating the annual mean spring
zooplankton density, we limited the data to the period
between calendar weeks 13 (late March) and 25 (mid-
June). For simplification purposes, we use ‘'mean zoo-
plankton density' throughout the paper.

2.3. Data preparation and numerical analyses

An annual survival index for herring larvae in the
bay was calculated using the following procedure: As
a baseline for the annual survival, the number of lar-
vae that hatched in the system was calculated as the
weekly median of 9 mm larvae per m® (a proxy for
stage 4 first-feeding larvae with seasonal variable
length ranging from 8 to 10 mm according to Fisch-
bach et al. 2023, V. Fischbach et al. unpubl. data) of
the 30 stations sampled in the Bay, summed over the
number of weeks sampled per year (calendar weeks
13—25; see Polte et al. 2014 for details). A similar
procedure was applied to herring larvae in stage 10
(Fischbach et al. 2023) within the size classes 19—
20 mm (TL), which were determined survivors of the
critical period (Fischbach et al. 2023, Fischbach et al.
unpubl. data). This length class also shows a strong
positive correlation to the 1 yr old juveniles as
sampled in the hydroacoustic surveys in the outer
western Baltic Sea 1 yr later (Polte et al. 2021). The
percentage of these survivors of the initial number of
hatchlings was used in this study as a survival index

which is considered independent of spawning stock
biomass and egg mortality.

To assess the normal distribution of the zooplank-
ton data, the Shapiro-Wilk test was used (p < 0.09).
Several of the taxa exhibited a right-skewed density
that was not normally distributed. To further normal-
ise and stabilise the variance, the original values were
fourth-root transformed. To remove extreme outliers
from the data of overall zooplankton density (not for
each taxon separately), we determined a cut-off value
corresponding to the 99™ percentile of the densities
and removed the highest 1% of values, applying a
trimming method by removing. The selection of the
trimming percentage was based on a thorough exam-
ination of the data distribution (Wilcox 2017). These
high values were identified as rotifers Synchaeta spp.
in the spring of 2011 and were removed due to their
ability to rapidly reproduce parthenogenetically and
massively increase in numbers under favourable con-
ditions (Walz 1995). First, we used the trimmed data
set to calculate the total zooplankton density per m®
for each sampled station. Then, the arithmetic mean
and standard deviation were calculated for each week
of each year. The data was aggregated by calculating
the mean abundance for each taxon per week, taking
into account the available replicates for each week.
The weekly averages were further aggregated to cal-
culate the annual arithmetic mean density and its
standard deviation for each year. This technique
reduces the extreme values more moderately than a
log transformation. The fourth-root transformation is
used to minimise the impact of extreme values while
preserving the integrity of underlying data relation-
ships (Osborne 2002).

Certain categories of organisms were combined into
larger groups for simplification. Copepod species were
grouped according to their developmental stage (nau-
plii, C1—C3, and C4—CJ5), and both male and female
copepodswere combined into a single ‘adult’ category.
Rotifera species were combined due to inconsistent
taxonomic resolution over the years and included
mostly Synchaeta spp., but also Brachionus spp., Fili-
nia spp., Keratella spp., and Notholca spp. Diplostraca
(formerly Cladocera) included Bosmina spp., Cercop-
ages pengoi, Chydorus sphericus, Daphnia spp., Evadne
spp., Leptodora kindtii, Podon spp., Pleopis polyple-
moides, and Sididae (Table S1). Zooplankton group
data were fourth-root transformed, and weekly and
yearly community similarity was assessed using the
Bray-Curtis similarity index. Non-metric multidimen-
sional scaling (nMDS) allowed visualisation of annual
similarities based on weekly and annual zooplankton
community data. The stress value indicated how faith-
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fully the 2D ordination plots represented the high-
dimensional relationships observed among the
samples (Clarke & Warwick 1994). To test whether the
2 distinct time periods of zooplankton community den-
sities revealed by the hierarchical clustering analysis
(constrained incremental sum of squares, CONISS)
and the breakpoint analysis were significantly differ-
ent, we used a 1-factor non-parametric multivariate
permutation analysis (PERMANOVA) on weekly and
yearly zooplankton community densities (Anderson et
al. 2008). Data were fourth-root transformed and a
Bray-Curtis similarity matrix was generated. Prior to
performing the PERMANOVA, we ran a distance-
based test for homogeneity of multivariate dispersions
(PERMDISP) to evaluate the homogeneity of the data,
which were non-significant for weekly (F; 55 =1.679,
p(perm) = 0.283) and yearly data (F;;; = 0.217,
p(perm) = 0.701). Similarity percentage analysis
(SIMPER) was used to identify the species or zooplank-
ton groups that contributed the most to average com-
munity similarities between periods, both before and
after the zooplankton shift (Clarke & Warwick 1994).

To identify the subset of environmental variables
that best explained the variation of the zooplank-
ton community, we used the BIOENV procedure
(PRIMER 7). It searches for high matrix correlations,
rank-based, between a similarity matrix (Bray-Curtis
similarity) of the zooplankton community and the
resemblance matrix (Euclidean distance) generated
from a normalised suite of environmental variables
(Table S3); namely, the weekly peak chlorophyll a
(chl @) timing and peak chl a concentration, the annual
number of ice days, daily mean SSTs and hourly total
sunshine duration). Unfortunately, data on the sea-
sonal timing of ice days was not available. All analyses
were performed using R software (v.4.1.2, R Core Team
2022) and PRIMER (v.7.0.24) with PERMANOVA
(Anderson et al. 2008).

To visualise the contribution of the main taxonomic
groups to the annual variability in mean zooplankton
density, we generated a heatmap (see Fig. 4). The col-
our code of the heatmap, which indicates the value
magnitude, was based on 5 evenly spaced intervals
that were consistent across all taxa and years. This ap-
proach divided the range of values into 5 equal parts,
with each part being assigned a specific colour. To ac-
count for short-term data fluctuations, taxonomic
groups were sorted using their 5 yr rolling window
standardised mean. This method calculates the mean
zooplankton density for each taxonomic group over a
5 yr period, advancing the window yearly. The mean
values were then standardised by subtracting the
overall mean and dividing by the standard deviation.

2.4. Environmental data

We aimed to understand how the magnitude and
timing of phytoplankton blooms, represented by peak
chl a concentration and timing of this peak, could af-
fect zooplankton dynamics. We used multiple data
sources to examine the relationship between zoo-
plankton dynamics in Greifswald Bay and various
environmental factors (Table S3). Firstly, we analysed
chl a concentration data (mg m~—3) from the Plymouth
Marine Laboratory for the period 2008 to 2020 with
spatial coverage between 54.14°N, 13.06°E and
54.39°N, 13.72°E (https://polarwatch.noaa.gov/erd
dap/griddap/pmlEsaCCI600ceanColor8Day.html).
We selected data for January through June to align
with our zooplankton sampling efforts. We created 2
variables: '‘peak chl a concentration’, the highest aver-
age chl a level across the bay each year, and ‘peak chl
a timing', the day of the year (DOY) when this peak
concentration occurs (Ji et al. 2010). Secondly, we
sourced 'annual number of ice days' from the German
Weather Service, covering ice conditions in the Meck-
lenburg-Vorpommern region (DWD Climate Data
Center, opendata.dwd.de). Next, we included ‘mean
SST' data from the UK Met Office, with the same tem-
poral coverage as previous data sets (Copernicus Mar-
ine Service, doi:10.48670/moi-00165). We calculated
the annual mean SST for this period. Lastly, we calcu-
lated the annual sunshine hours from hourly sunshine
duration data from the German Weather Service for
2008—2020, likewise acquired for January to June
(DWD Climate Data Center, dataset ID: urn:x-
wmo:md:de.dwd.cdc::obsgermany-climate-daily-
solar). To measure variation in our environmental par-
ameter data, we used the 'scale' function to calculate
anomalies. These represented the deviation of each
yearly measurement from the mean, expressed in
terms of standard deviation units.

2.5. Changepoint analyses

We used 2 different methods to identify change
points in zooplankton taxa density data: constrained
hierarchical chronological clustering using the 'Rioja’
package and the pruned exact linear time (PELT) algo-
rithm in the ‘changepoint’ package, both implemented
in Rv.4.1.2 R (Core Team 2022). By using 2 different
methods, we aimed to provide a robust comparison
and increase the confidence in our results. The input
data was the fourth-root-transformed zooplankton
taxa density, organised in a temporally ordered Eu-
clidean distance matrix. The constrained hierarchical
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chronological clustering followed an agglomerative
bottom-up approach, treating each year as an individ-
ual cluster and preserving the order. As the hierarchy
was constructed, pairs of years were merged using the
CONISS algorithm, which measures the variability of
observations within each cluster. For additional sup-
portin identifying change points, we applied the PELT
algorithm. We used the multivariate species composi-
tion from multiple factor analysis as input data, focus-
ing only on the first dimension, which accounted for
56.7% of the variance. The PELT algorithm calculated
the location and number of changes in the mean of a
time series and a confidence value for

3.2. Shift in zooplankton dynamics

The dominant zooplankton taxa found during Feb-
ruary to June were copepod life stages of the genus
Acartia spp., Rotifera, and Bivalvia larvae. The annual
mean total zooplankton density and its variability
generally decreased from 2008 to 2020. An excep-
tionally high density was recorded in 2011, while the
lowest density was recorded in 2013 (Fig. 2C). No-
tably, between 2012 and 2013, the mean (*+SD) zoo-
plankton density decreased from 659 534 = 154 599 to
79199 = 5173 ind. per m®. This corresponds to a de-
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the herring larvae and the availability
of their prey, we summed the mean
densities of different small-sized zoo-
plankton species and their various de-
velopmental stages, including rotifers,
bivalve veligers, and copepod nauplii
and copepodites C1—C3. All of these
organisms are small enough to serve as
prey for larval herring. We used the
Spearman rank correlation coefficient,
anon-parametric measure that captures
both the strength and direction of the
association between the variables.

3. RESULTS
3.1. Herring larvae survival decline

Over the 13 yr period from 2008 to
2020, the total median abundance of
the 9 mm length class larvae of the
western Baltic spring spawning herring
was highly variable (Fig. 2A). However,
the percent of survival into the 19—20
mm length class ranged between 4 and
119% from 2008 to 2013 and dropped to
0—2.6% from 2014 onward (Fig. 2B).

101
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o
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16e+6] ©) T
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2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Year

Fig. 2. (A) Annual total abundances of herring larvae in length class (LC) 9 mm

(sum of weekly medians), (B) percentage of survival of 9 mm herring larvae

into LC 19 and 20 mm (based on the annual sum of weekly medians), and (C)
zooplankton yearly mean density from 2008 to 2020. Error bars: 95% CI
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crease of 1 order of magnitude or 84% decrease in
zooplankton density between those particular years.

Two main clusters in the zooplankton density data
were identified by the CONISS hierarchical chro-
nological clustering algorithm. The analysis showed
that (1) data variability decreased within each
cluster from 2016 onward and (2) there was a shift
from high densities until 2012, decreasing from 2013
onward (Fig. 3A). The change between 2012 and
2013 was also confirmed by the PELT changepoint
algorithm, with a confidence value of 0.77, indicating
moderately high confidence in the detected change
point (Fig. 3B). Visualising the shift and the 2
periods in zooplankton community data, nMDS
showed the differentiation on weekly and yearly
data (Fig. S1). The zooplankton community com-
positions were significantly different between the 2
periods (2008—2012 and 2013—2020) (PERM-
ANOVA; pseudo-Fj 155 weekty = 48.841; p(perm) =
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Fig. 3. Mean and change in zooplankton density. (A) Den-
drogram of constrained hierarchical clustering analysis (CO-
NISS) showing a significant change in the zooplankton com-
munity between 2012 and 2013. (B) Changepoint algorithm
(PELT) including a Multi Factor Analysis (MFA) with first di-
mension factor scores (Dim 1) identifying the transition be-
tween 2 different mean zooplankton densities, represented
by the red lines (and the identified change point as indicated
by the blue vertical lines between 2012 and 2013)

0.001; permutation: 999; pseudo-F; 11 anpuany = 24.411;
p(perm) = 0.001; permutation: 700). Small-sized
organisms, such as Rotifera, Copepoda nauplii,
Bivalvia veliger, and Copepoda C1—-C3 were pri-
marily driving this drastic change and contributed
71% to the differences between the 2 periods (Fig. 4,
SIMPER Table S4). These taxa have relatively high
densities until 2012, with a minimum value of 229
ind. m~® and a maximum value of 813469 ind. m~3.
However, after 2012, these values sharply de-
creased, with a minimum of 9 ind. m~ and a maxi-
mum of 22227 ind. m~>. The decrease in Copepoda
nauplii was not entirely reflected in the subsequent
developmental stages. Although copepodites C1—
C3 generally decreased in density, with the excep-
tion of 2015 and 2017, there was no clear trend
observed for copepodites C4—C5 and adult stages.

3.3. Correlation between herring
larvae prey and survival

To evaluate the putative relationship between prey
availability and survival of herring larvae, we used
the sum of the mean densities of prey zooplankton
species — Bivalvia veliger, Copepoda nauplii and
copepodites C1—C3, and Rotifera— and survival into
the 19—20 mm length class percentage of the total
abundance of 9 mm length class larvae. We found a
significant positive correlation between these 2 vari-
ables (r = 0.56, p = 0.04) and a positive linear regres-
sion (R? = 0.62, p = 0.001), suggesting that an in-
crease in the density of these ephemeral development
stages and rotifer taxa is favourably linked to the sur-
vival of herring larvae.

3.4. Key drivers of zooplankton dynamics

To investigate the decrease in zooplankton density
and determine its potential causes, we analysed im-
portant environmental variables and calculated ano-
malies for these key determinants (Fig. 5). Our ana-
lyses initially focused on chl a as an indicator of
phytoplankton blooms. We introduced 2 variables:
peak chl a concentration, the highest annual average
level in the bay, and peak chl a timing, the DOY when
this peak is observed. During the studied season from
January to June, the peak chl a timing noticeably
shifted to an earlier date from 2008 to 2020. The mean
+ SD DOY for peak concentration was 99.80 = 63.47
from 2008 to 2012, but advanced to a mean DOY of
43.13 = 16.51 from 2013 to 2020, resulting in a shift of
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Fig. 4. Heatmap of the fourth-root-transformed original abundance data, divided into 5 intervals and sorted by the 5 yr stan-

dardised mean. The plot highlights a yellow-hued cluster in the upper-right corner, representing low values for the small-sized

organisms (Bivalvia veliger, Copepoda nauplii, and Rotifera) after 2012. N: nauplii; 1—3 and 4—5: copepod developmental stage
groups (copepodites C1—C3 and C4—CJ5); Ad: adults

approximately 57 d. The mean for peak chl a concen-
tration was 12.85 = 6.72 mg m~ from January to June
between 2008 and 2020. The mean concentration de-
creased from 21.47 = 10.77 mg m~° in 2008—2012 to
12.85 + 6.72 mg m~ in 2013—2020, which is a reduc-
tion of about 9 mg m~3. However, a higher peak was
recorded in 2020. We identified a critical relationship
between the timing of peak chl a concentrations and
zooplankton densities. Specifically, earlier chl a
peaks are strongly correlated with lower densities of
key zooplankton taxa such as Copepoda nauplii,
Bivalvia veliger, and Rotifera (r = 0.60, 0.58, and 0.58,
respectively; p <0.05) (Fig. 6). Conversely, later peaks
coincided with higher densities of these taxa. In sum-
mary, an earlier chl a peak negatively affected the
density of these specific developmental stages and
rotifer taxa. The multivariate BIO-ENV procedure
revealed a positive correlation between the Bray-Cur-
tis similarity matrix of Rotifera, Copepoda nauplii,
and Bivalvia veligers and the environmental distance
matrix. The best correlation coefficient (0.343) was
found with the peak chl a concentrations. The other 4
environmental parameters did not increase the expli-
cative power. The annual number of ice days, with a
mean of 16.20 d for the period 2008—2020, has
decreased over the observational period. Specifically,
the mean decreased from 25.13 = 21.66 d in 2008—

2012 to 10.62 = 7.47 d in 2013—2020 (Fig. 5). This
decrease coincided with lower Rotifera densities (r =
0.59, p < 0.05), whereas the correlations with other
zooplankton taxa were variable and not significant
(Fig. 6). Meanwhile, both mean SST (10.19°C, Jan—
Jun) and total sunshine duration (mean: 56 559 min,
Jan—Jun) have been trending upwards in recent years
(Fig. 5). Negative correlations were observed be-
tween SST and small zooplankton, such as Rotifera,
Copepoda nauplii, and Bivalve veligers; however,
these were not significant (r = —0.4 to —0.1; p>0.05).

4. DISCUSSION
4.1. Zooplankton decline

We identified a decrease in the mean annual total
zooplankton density during the 13 yr between 2008
and 2020. This decrease, however, was not continuous.
It was driven by a drastic and sudden shift in zoo-
plankton densities between 2012 and 2013, as demon-
strated by the CONISS and changepoint analyses.
The decrease in zooplankton was predominantly at-
tributed to small-sized zooplankton organisms, in-
cluding Rotifera, Bivalvia veligers, and Copepoda
nauplii, mainly including nauplii and early copepo-
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age, temporal resolution, and spatial coverage can be found
in Table S3

dites (C1—C3) of Acartia spp. Particularly surprising
is the decrease in Rotifera abundance, as they can re-
produce asexually. This capability leads to high turn-
over rates and enables them to respond rapidly to en-
vironmental changes (Mo6llmann & Diekmann 2012).
Moreover, rotifers can emerge from resting eggs in
sediment under suitable light and temperature condi-
tions (Gilbert & Schroder 2004), usually coinciding
with periods of high biomass of utilisable food (Stark-
weather 1980). Despite these adaptive traits, the
multi-annual decline in Rotifera may indicate a limit
to their ability to adapt to a rapidly shifting environ-
ment early in the year. This concept was supported by
positive correlations between rotifer density and the
later chl a peak as well as a trend that higher chl a

peaks produce higher Rotifera density. However, in
the years from 2013 onward, the chl a peaks were
lower than the mean peak concentration and occurred
very early. Therefore, light and temperature condi-
tions may have been inadequate for resting eggs to
emerge, resulting in low Rotifera densities.

We also observed a significant reduction in the
abundance of early life stages of Copepoda, such as
nauplii and copepodites C1—C3. This trend did not
extend to later copepodite stages and adults. One
possible explanation is that under the current condi-
tions, copepods, such as the dominant species Acartia
spp., prioritise survival and somatic growth over re-
production (Croll & de Roos 2022). In other words,
while Acartia spp. may reproduce less, their survival
rates remain high. This resource allocation trade-off,
favouring somatic growth over reproduction, could
potentially create a negative feedback loop. Reduced
reproduction could result in lower genetic diversity,
making the population more susceptible to environ-
mental changes and ultimately leading to a decrease
in overall population density. It appears unlikely that
the peak hatching of nauplii would occur as early as
January and February, making it improbable that the
sampling surveys missed it. Our sampling survey
starts when water temperatures reach about 4°C each
year, typically aligning with March (calendar weeks
9—11; Table S1). We then continue with weekly samp-
ling until the end of June. Given the low success rate
of egg hatching for A. bifilosa and A. tonsa at tempera-
tures of 5°C and below (Chinnery & Williams 2004,
Holste & Peck 2006), it seems improbable that a sig-
nificant proportion of the nauplii would have reached
later developmental stages by March. A. bifilosa per-
forms optimally at 10°C and A. tonsa at 20°C (Castro-
Longoria 2003, Chinnery & Williams 2004). Although
our data set lacks information from the late summer
months of July and August, accelerated development
into the first copepodite stage could potentially have
a greater impact on Acartia spp. nauplii during that
period. Moulting rates are known to increase with ris-
ing temperatures, and the transition from the naupliar
to the first copepodite stage can occur in fewer than
7 d at 17°C (Peterson 2002). As a result, there may be
only a brief window during which nauplii are present
in the environment. This rapid development could
hinder their detection despite rigorous weekly samp-
ling efforts.

The decline in zooplankton density could poten-
tially be due to increased predation from fish; how-
ever, our data indicate otherwise. A recently
published study shows that adult herring consume
virtually no food during their stay in the spawning
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area and can therefore be ruled out as a controlling
top-down factor (Kotterba et al. 2024). Another fish
species that must be considered as an important zoo-
plankton predator simply because of its regional
dominance in the area is the three-spined stickleback
Gasterosteus aculeatus. Although in some years
sticklebacks show a high spatio-temporal overlap with
herring larvae, their diet comprises less than 20%
copepods during the herring spawning season (Kot-
terba et al. 2017), making this species an unlikely
major predator of zooplankton. Given this evidence
and the fact that jellyfish (mainly Aurelia aurita) ob-
viously appear very late in the season (Kotterba et al.
2017), top-down mechanisms appear less likely to be
driving the observed decline in zooplankton density.
Typically, reduced predator abundance would result
in stable or increased prey numbers (Abrams 2000);
however, this is not what we observed. Therefore, bot-
tom-up processes emerge as the more plausible expla-
nation for the decline in zooplankton density.

4.2. Earlier phytoplankton blooms linked
to zooplankton decline

We identified the shift in phytoplankton bloom
phenology as the strongest predictor of changes in
zooplankton density. Notably, the mean timing of the

phytoplankton peak advanced by an astounding 59 d
between 2014 and 2020 compared to the earlier time
period from 2008 to 2013. Accompanied by a decrease
in peak concentration, this advancement is a substan-
tial change in primary production. A significant rela-
tionship supports this finding: an earlier phytoplank-
ton peak correlates with reduced zooplankton
density. Earlier bloom initiation is shown in most
ocean regions; however, changes vary by region
(Yamaguchi et al. 2022).

The advanced timing of the mean phytoplankton
peak in this coastal and shallow bay outpaces the phe-
nological shifts observed in the Baltic Proper and the
Bay of Mecklenburg (Kahru et al. 2016, Wasmund et
al. 2019). It is important to note that the seasonal
cycle governs most of the environmental variability
encountered by individual organisms at mid and high
latitudes (Ji et al. 2010, Kahru et al. 2016). In these
latitudes, the development of phytoplankton in
spring is primarily limited by light availability (Ed-
wards et al. 2016). Once sufficient light levels (above
50 uE m~2s7!) are reached (Chen & Su 2020), phyto-
plankton can respond to other environmental factors
such as nutrient availability and temperature. As uni-
cellular autotrophic organisms, phytoplankton then
have the remarkable ability to rapidly reproduce and
can double several times a day (Flynn & Raven 2017).
At this point, we can only speculate that earlier phyto-
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plankton peaks are a consequence of rare ice-cover
events that are also much shorter, if they occur at all.

On the other hand, the reproduction of multicellular
zooplankton, such as copepod Acartia spp., is largely
temperature-dependent. Zooplankton increase fec-
undity with rising temperatures, and successful hatch-
ing typically occurs when the water temperature ex-
ceeds 10°C (Castro-Longoria 2003, Chinnery &
Williams 2004). In particular, the emergence of Acartia
nauplii from egg banks in the sediment requires a tem-
perature of around 14°C to contribute to population
recruitment (Glippa et al. 2014). At that point, the
transformation of these zooplankton from egg to nau-
plii to copepodite unfolds over several days (Peterson
2002). This disparity in reproduction mechanisms may
lead to zooplankton struggling to synchronise with the
phytoplankton bloom shifting to earlier in the year and
colder water temperatures. Small zooplankton, par-
ticularly those with short life cycles or those of ephem-
eral development stages, depend on phytoplankton
blooms for sustenance, making the seasonal synchron-
isation critical for their survival (Starkweather 1980,
Berggreen et al. 1988, Turner et al. 2001, Suchy et al.
2022). Declines in zooplankton productivity due to
shifts in the phenology of primary producers could
have broader implications for marine ecosystems, con-
sidering the crucial role zooplankton play as a primary
food source for higher trophic levels.

4.3. Implications of zooplankton decline
on herring recruitment

The larval herring survival index used in this study
represents the annual abundance of advanced larvae
resulting from the number of hatchlings in the sys-
tem. This index is, in our opinion, the sharpest metric
for describing annual reproductive success, provided
that larval export from this sheltered non-tidal system
is negligible (Bauer et al. 2013). As the annual portion
of the spawning stock spawning in the bay is un-
known —and even if it were, egg mortality is pro-
bably variable — the direct relation of hatchling with
advanced larval stages might deliver the strongest
proxy for the number of larvae surviving critical
periods in larval development (e.g. the transition of
yolk consumption to exogenous feeding) until their
ability to swim —and therefore hunt, migrate, and
escape more efficiently —increases significantly
after the formation of the caudal fin (Moyano et al.
2016, Fischbach et al. 2023). Indeed, this is underlined
in the study, as the annual abundance time series of
hatchlings (Fig. 2A) is unrelated to zooplankton

abundance, and the interannual variability of hatched
larvae offers an integral over spawning stock size and
egg mortality dynamics. Given that the surviving her-
ring larvae from Greifswald Bay are strongly corre-
lated with the number of 1 yr old juveniles in the west-
ern Baltic Sea occurring 1 yr later (Polte et al. 2021,
ICES 2023b), the investigated bottom-up mechanism
can be assumed to be an important driver of recruit-
ment strength on stock level. Zooplankton was moni-
tored simultaneously with larval herring in their
major spawning and nursery area. The zooplankton
size class that declined in this study represents the
main food source for early herring larvae in the sys-
tem during the critical period when they start exo-
genous feeding (Busch 1996). Lower prey density
might limit energy availability for these early feeding
stages, which have been identified as a survival
bottleneck in the study area (Polte et al. 2014). This
could subsequently lead to lower recruitment success
(Peck et al. 2013). Polte et al. (2021) showed that a
series of mild winters negatively affected herring
recruitment in the western Baltic Sea. However, at the
time, they could only speculate on the specific mech-
anisms driving these patterns. This study provides
first insights into specific bottom-up processes re-
lated to the changing climate regime. We found a sig-
nificant correlation between the survival index of her-
ring larvae and the abundance of prey species,
implying an increase in herring larvae survival as the
density of ephemeral development stages and rotifer
taxa increases. The decline in nauplii of the dominant
copepod Acartia spp. is particularly concerning,
given that herring larvae are known to preferentially
select copepod nauplii, as shown by stomach content
analysis (Checkley 1982, Busch 1996, Hesse 2010,
Hufnagl & Peck 2011, Robert et al. 2014). Investigat-
ing the processes driving the recruitment failure of
western Baltic herring in the context of bottom-up
processes is the subject of ongoing research. Never-
theless, this study indicates that shifts in the timing of
primary production cascade along the regime, result-
ing in a decrease in larval herring year-class strength.
The annually aggregated data used in the current ex-
ploratory analysis effectively conveyed the generally
negative trend in zooplankton abundance over more
than 10 yr and its dependence on environmental con-
ditions. There remain, however, unexplained pat-
terns, such as the lag phase between the zooplankton
decline (2012) and the decline of larval herring
survival (2013). This might be a result of specific
predator—prey match events in particularly signifi-
cant weeks which cannot be captured by annual data
aggregation. Therefore, future studies should use a
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narrower temporal scale to analyse seasonal changes
in phytoplankton, zooplankton, and ichthyoplankton
dynamics, along with the resulting spatio-temporal
overlap. Accurately capturing the peak timing of
these different trophic levels (phytoplankton, zoo-
plankton, ichthyoplankton) is crucial to quantify mis-
matches that may be exacerbated by low abundance
(Durant et al. 2005, 2007, Moyano et al. 2023).

The interplay between feeding conditions and re-
cruitment success of fish, as seen in Atlantic herring
larvae in the Baltic and North Seas (Alvarez-Fernan-
dez et al. 2015, Paulsen et al. 2017, Burbank et al.
2023), is not confined to these regions or species
alone. Expanding the scope, a similar interplay
between feeding conditions and recruitment success
has also been observed in Pacific herring Clupea pal-
lasii (Schweigert et al. 2013, Asch 2015). In tropical
regions, the future of small pelagic fish communities
is imperilled by declining biomass and nutritional
value of prey, potentially exacerbating the antici-
pated decline in small pelagic fish biomass by 2100
(Heneghan et al. 2023). These fundamental ecological
processes are of global concern, particularly in light
of ongoing climate change driven by continuously
rising CO, emissions (Friedlingstein et al. 2022).
However, it is crucial to consider that specific impacts
will be influenced by local ecological conditions,
species-specific traits, and differing adaptability of
species (Peck et al. 2013, Wilson et al. 2018).

5. CONCLUSIONS

The zooplankton community in Greifswald Bay, a
major spawning area for zooplanktivorous herring
Clupea harengus, has undergone a regime shift in
2013, marked by the lowest levels of zooplankton
abundance in the past decade. This significant de-
crease in zooplankton abundance is primarily
attributed to climate change-induced earlier shifts in
phytoplankton blooms. These changes in the food
web could have critical implications for higher tro-
phic levels, such as the Atlantic herring, and urgently
require further investigation. To better understand
these ecological dynamics, high-resolution temporal
monitoring becomes indispensable. Although associ-
ated with high costs, long-term investments in moni-
toring promise substantial benefits. Advancements in
technological solutions, such as machine learning
algorithms for image analysis, offer increasingly cost-
effective data analytics (Lombard et al. 2019, Giering
et al. 2022, Orenstein et al. 2022, Chong et al. 2023). It
is essential to recognize that these changes could

have severe consequences not only for Greifswald
Bay but also for the remaining substantial portion of
the herring stocks in the Baltic Sea. Should similar
ecological shifts manifest in other critical spawning
and nursery grounds, the ramifications for Baltic Sea
herring could be devastating.
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