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Abstract 

Small pelagic fish have a central position in pelagic food webs, linking plankton production to higher trophic levels. They often favour 
crustacean mesozooplankton and are thought to compete for the same resource, an assumption that relies on microscopy diet iden- 
tification that neglects digested and soft-bodied prey. Here, we aimed to systematically identify the entire resource use and overlap 

among the dominant small pelagic fish in the central Baltic Sea at high taxonomy resolution. The diet composition of two clupeid 

species, herring ( Clupea harengus ) and sprat ( Sprattus sprattus ), and the three-spined stickleback ( Gasterosteus aculeatus ) was as- 
sessed in May and October using DNA metabarcoding, stable isotopes, and microscopy. All three methods gave consistent results. 
The clupeids shared a similar diet in May when prey di ver sity was low, composed mainly of the copepods Pseudocalanus and Acartia , 
whereas three-spined stickleback favoured different copepod species and the rotifer Synchaeta , which was confirmed by a different 
isotopic value as compared to the two clupeids. In October, all forage fish preyed on di ver se zooplankton species, mainly composed 

of the copepods Acartia, Eurytemora , and Temora , while Pseudocalanus was only important for herring. The observed resource use 
partitioning between sprat and herring was confirmed by the stable isotope values from October, suggesting that different prey species 
were targeted during the summer period. Our study highlights that resource use overlaps among small pelagic fish were limited and 

varied with prey availability. This suggests that shifts in zooplankton dynamics, rather than competition for resources, have the potential 
to drive small pelagic fish population fluctuations. 
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Introduction 

Small pelagic fish, also called forage fish, provide multiple 
ecosystem services. They support fisheries, piscivorous fish,
seabirds, and marine mammals, and because of their ability to 

feed directly on planktonic organisms, they exert direct con- 
trol on lower and higher trophic levels (Nissar et al. 2022 ).
Planktivorous fish represent the lowest trophic level with the 
capacity to move against currents, enabling them to actively 
migrate to feeding and spawning grounds (Bakun 2006 ). Their 
recruitment success is highly dependent on environmental 
conditions, which, if unfavourable, can hinder their popula- 
tion fitness (Cushing 1990 , Beaugrand et al. 2003 ). Altogether,
this makes small pelagic fish populations prone to high fluc- 
tuations with consequences for zooplankton and predatory 
fish, marine mammals, and seabirds (Cury et al. 2000 ). Forage 
fish often share a similar diet, consisting mainly of crustacean 

zooplankton prey (Raab et al. 2012 , Bachiller et al. 2021 ).
However, zooplankton species composition is diverse, includ- 
ing not only diverse copepod and cladoceran species but also 

soft-bodied organisms. Moreover, prey availability and diver- 
sity vary throughout the seasons (Fanjul et al. 2018 ), and in 

turn, fish diet composition may also change with prey avail- 
ability (Casini et al. 2004 ). Consequently, it is important to 

assess prey availability and the entire composition of fish diet 
at high taxonomy resolution over the seasons to identify re- 
© The Author(s) 2025. Published by Oxford University Press on behalf of Interna
article distributed under the terms of the Creative Commons Attribution License
reuse, distribution, and reproduction in any medium, provided the original work
ource use overlap that may lead to competition among small
elagic fish. 
Fish populations are strongly driven by environmental pa- 

ameters, particularly temperature, and by the spatial and tem- 
oral co-occurrence with their plankton prey (Beaugrand et 
l. 2003 , Mackenzie et al. 2007 , Ferreira et al. 2023 ), as fish
ecruitment depends on the synchronization of reproduction 

iming with periods of high prey availability, both in terms
f quantity and quality (Cushing 1990 ). Copepods are often
ominating the prey composition of small pelagic fish, but in
oastal areas, other taxa, including cladocerans, rotifers, and 

enthic organisms, can substantially contribute to the biomass 
f available prey (Jan et al. 2024 , Maathuis et al. 2024 ). More-
ver, in seasonal systems, zooplankton are fuelled by a suc-
ession of phytoplankton pulses (Behrenfeld and Boss 2014 ,
jerne et al. 2019 ), and their availability for upper trophic lev-

ls varies throughout the year (Eloire et al. 2010 ). These dy-
amics can affect small pelagic fish diet composition, which 

ay have different favoured prey depending on the fish size
Barnes et al. 2010 ), selectivity, and prey availability (Casini
t al. 2004 ). Density-dependent processes and resource use 
verlap can lead to competition among forage fish (Möllmann 

t al. 2005 , Casini et al. 2006 , Pedraza-Garcia and Cubil-
os 2008 ), eventually driving the system into a new regime
haracterized by alternative dominant species and trophic 
tional Council for the Exploration of the Sea. This is an Open Access
(https://creativecommons.org/licenses/by/4.0/), which permits unrestricted
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nteractions (Tomczak et al. 2022 ). Such fluctuations are ex-
ected to be exacerbated due to climate change, notably by
hifting the phenology of fish and their plankton prey (Moy-
no et al. 2022 ), and by altering fish prey species and size com-
osition, potentially leading to a mismatch between energy
emand and resource availability (Richardson 2008 , Thack-
ray et al. 2016 , Asch et al. 2019 , Hedberg et al. 2024 ). Hence,
hanges in prey species composition can have unexpected con-
equences on the entire trophic network if species interac-
omes are not well understood. 

Currently, most of the knowledge on fish trophic inter-
ctions relies on identification of undigested parts, such as
xoskeletons, bones, and otoliths, by microscopy (Baker et
l. 2014 ). This results in observations at broad taxonomy
esolution neglecting digested and soft-bodied prey (Hyslop
980 ). Traditional methods can be complemented with DNA
etabarcoding and stable isotope analyses to obtain further

nformation on species interactions (Hardy et al. 2010 , Miya
022 ). DNA metabarcoding, similarly to microscope obser-
ations, identifies a snapshot of the fish diet but at a much
igher taxonomic resolution and is not biased towards hard-
odied prey (de Sousa et al. 2019 ). Bulk stable isotopes allow
o estimate seasonal or annual trophic niches based on the
atio of heavy to light carbon and nitrogen isotopes in fish tis-
ues and provide an integrated measure of resource use over
ime (Boecklen et al. 2011 ). Despite the increasing accessibility
f such molecular techniques (van Dijk et al. 2014 ) and their
romising application for management purposes (Jacquemot
t al. 2024 , Kelly et al. 2024 , Urban et al. 2024 ), they are
till underused for investigating trophic interactions, and es-
ecially the link between plankton and fish. 
Two clupeid species, the Atlantic herring ( Clupea haren-

us ; herein referred as herring) and the European sprat ( Sprat-
us sprattus ; herein referred as sprat) that are both filter
nd particulate feeders (Blaxter and Hunter 1982 ), and the
hree-spined stickleback ( Gasterosteus aculeatus ) that uses a
articulate-feeding strategy (Tugendhat 1960 ), are coexisting
n the pelagic Baltic Sea. Over the last decades, clupeids have
een the dominant forage fish species in terms of biomass, but
prat and herring stocks have recently declined while three-
pined stickleback has increased (Olsson et al. 2019 , Olin et
l. 2022 , ICES 2024 ). The latter contributes now to more
han a tenth of the total small pelagic fish biomass in the
elagic Baltic Sea (Olsson et al. 2019 ). Based on the recent fish
ynamics and their shared diet preferences, previous studies
uggested that competition for resources has impacted small
elagic fish populations (Jakubavičiūtė et al. 2017b , Olsson et
l. 2019 , Donadi et al. 2024 ). In the central Baltic Sea, sprat
nd herring generally favour mesozooplankton prey, such as
he copepods Pseudocalanus , Temora , and Acartia , yet species
xhibit different diet composition across seasons and loca-
ions (Möllmann et al. 2004 ). Moreover, sprat is reported to be
trictly planktivorous, whereas herring commonly consumes
ektobenthos (Casini et al. 2004 ), linking benthic and pelagic
roductions (Kiljunen et al. 2020 ). While Pseudocalanus are
ainly consumed in spring in the pelagic (Bernreuther et al.
018 ), the copepod Eurytemora is a key prey species for both
lupeids in summer in coastal areas (Ojaveer et al. 2018 ).
akubavičiūtė et al. ( 2017b ) reported seasonal patterns from
oastal locations where three-spined stickleback and clupeids
hared similar resources, especially in autumn when all species
onsume cladoceran prey. However, only few studies have ex-
lored the diet of the three-spined stickleback, and most of
hem are restricted to the coastal areas (Jakubavičiūtė et al.
017a , Jakubavičiūtė et al. 2017b ) or gulfs of the Baltic Sea
Peltonen et al. 2004 , Lankov et al. 2010 ), albeit three-spined
tickleback spend most of their life cycle in the pelagic Baltic
ea, where they share the same feeding grounds as herring and
prat (Olin et al. 2022 ). Consequently, resource use overlap
mong the three dominating fish remains to be investigated at
 larger spatial scale in the pelagic Baltic Sea. 

Building on a study conducted in the southern Baltic Sea
howing that three-spined stickleback and clupeids used dif-
erent resources in spring (Novotny et al. 2022 ), we aimed to
etter understand their resource use before and after the sum-
er zooplankton peak, when prey diversity and availability
iffer. We hypothesized that clupeids and three-spined stick-

ebacks vary in diet composition and that their resource use
verlap decreases with increasing prey diversity. We examined
mall pelagic fish trophic interactions in May and October us-
ng DNA metabarcoding, stable isotopes, and microscopy, and
urther estimated resource use overlap and relative prey selec-
ivity. 

ethods 

ampling 

prat, herring, and three-spined stickleback were collected
uring the Sprat Acoustic Survey (SPRAS) in May 2022 and
023 and during the Baltic International Acoustic Survey
BIAS) in October 2022 in the Gotland Basin (ICES subdi-
isions 27 and 28.2; Fig. 1 a) using a pelagic fishing trawl.
ampling protocol was approved by Göteborgs djurförsök-
etiska nämnd and was conducted according to the ethical
ermit Dnr 5.8.18-09 303/2024. Overall, sprat dominated the
atches in May, whereas three-spined stickleback represented
ore than half of the sampled individuals in October ( Fig.
 b–d, Table S1 ). For diet analysis, the three fish species were
andomly subsampled from all trawling events, defined as in-
tances where the pelagic trawl was lowered and retrieved,
nd total length was measured to the nearest 0.5 cm. Anal-
sed three-spined stickleback ranged from 4 to 8 cm, sprat
rom 8 to 13.5 cm, and herring from 14 to 19.5 cm in total
ength ( Fig. S1 ). During the SPRAS, fish guts were dissected on
oard, and during the BIAS, whole fish were frozen at −20◦C
n board, and dissection was performed in the laboratory. In
ddition, zooplankton samples were collected in vertical tows
sing a 90 μm-WP2 net during the SPRAS, with a sampling
epth of 80–0 m in 2022 and 60–0 m in 2023. Fish gut and
ooplankton samples were stored in 95% ethanol at −20◦C
ntil further analyses. 

NA metabarcoding 

ut content of three individuals per species and per trawling
vent was removed and homogenized. Half of the content was
ixed with 360 μl ALT lysis buffer for DNA extraction, and

he other half was preserved in 95% ethanol for microscope
ounts. A subsample of 1 ml of homogenized plankton sam-
les was concentrated to remove the ethanol and mixed with
60 μl ALT. DNA was then extracted using QIAmp DNA Mi-
ro Kit (Qiagen) with an additional glass bead beating step. 

A first PCR reaction was performed on a 400 bp long frag-
ent of the V4 region of the 18S rRNA gene (18S) target-

ng all eukaryotic prey using the primers 528F and 706R (El-
ood et al. 1985 ) and on a 313 bp long fragment of the

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf122#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf122#supplementary-data


Limited resource use overlaps among small pelagic fish species in the central Baltic Sea 3

Figure 1. Map of the study area and average relative proportions of forage fish in each trawl per ICES st atistical rect angle. (a) Sampling locations in the 
ICES subdivisions 27 and 28.2 (grey shaded area) in the Baltic Sea. Filled points denote the May and October surveys; cross symbols show the locations 
from where stable isotope analyses were performed. (b–d) Average proportion of caught forage fish abundance in each ICES statistical rectangle during 
the surveys in May 2022 and 2023 and October 2022. 
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mitochondrial cytochrome c oxidase I (COI) targeting meta- 
zoans prey using mlCOIintF and dgHCO2198 (Leray et al.
2013 ) as described in Novotny et al. (2022) . Indexes and Il- 
lumina adapters were then added in a second PCR reaction 

as described in Zemora-Terol et al. (2020) . Pair-end Illumina 
sequencing was performed on MiSeq v3-600 (2 × 300 bp 

reads) with addition of 10% PhiX, and demultiplexing was 
performed using bcl2fastq (v. 2.20.0.422) from the CASAVA 

software suite at the National Genomics Infrastructure, Stock- 
holm, Sweden. 

Processing of the raw fastq data was facilitated using the nf- 
core/ampliseq pipeline (Ewels et al. 2020 , Straub et al. 2020 ).
Different versions of the pipeline were used to process the 
SPRAS 2022 (v. 2.8.0) and the SPRAS 2023 and BIAS 2022 

(v. 2.9.0) sequencing data. Briefly, primers were trimmed with 

Cutadapt (Martin 2011 ), and DADA2 (Callahan et al. 2016 ) 
was used to infer amplicon sequence variants (ASV) in R (R 

Core Team 2024 ). Taxonomy assignment was then performed 

against the PR2 (v. 5.0.0; Guillou et al. 2012 ) database for 
18S, and the COI amplicons were assigned against a custom 

reference database combining the MARine Eukaryote Species 
(MARES) database (Arranz et al. 2020 ) and a 636 bp se- 
quence of Synchaeta baltica retrieved in GenBank (accession: 
MK905848; Wilke et al. 2020 ). 

Microscope counts and stable isotopes 

Microscope counts and stables isotopes were performed for 
the samples collected in 2022. A fraction of the gut content 
was identified under a stereomicroscope at the highest taxo- 
nomic resolution possible. For the WP2 samples, zooplankton 

abundance was estimated by counting a minimum of 1 ml of 
sample and at least 100 individuals from the most abundant 
genera. For stable isotopes analyses, stomach tissue from nine 
(eight for herring collected during SPRAS) individuals per fish 

species and surveys in 2022 were rinsed with Milli-Q water 
and oven-dried at 60◦C for 24–48 h until completely dried and 

ground to a fine powder using a mortar and a pestle before be- 
ing encapsulated in tin capsules. Stable carbon and nitrogen 

isotopic compositions were determined using a Thermo Delta 
V continuous flow isotope ratio mass spectrometer coupled to 
 Thermo FlashEA1112 elemental analyser at Center for Phys- 
cal Sciences and Technology, Vilnius, Lithuania. Stable car- 
on and nitrogen isotopic compositions were calibrated rela- 
ive to the VPDB and AIR scales using USGS24, IAEA-CH3,
AEA-N-1, IAEA-N-2, and IAEA-600. Precision (u(Rw)) was 
etermined to be ± 0.12‰ for δ13 C and ± 0.18‰ δ15 N on the 
asis of repeated measurements of calibration standards and 

ample replicates. The total analytical uncertainty was esti- 
ated to be ± 0.16‰ for δ13 C and ± 0.20‰ for δ15 N. 

ata analysis 

ata were analysed and visualized in R (v. 4.3.3; R Core Team
024 ) using the tidyverse core packages (v. 2.0.0; Wickham et
l. 2019 ) if not specified otherwise. Metadata, ASV, and tax-
nomy tables were processed using the phyloseq R package 
v. 1.46.0; McMurdie and Holmes 2013 ). ASVs assigned to
eleostei (18S) or to the host fish genus (COI) were removed,
nd a standardized subsampling of 10 000 reads was per-
ormed to limit the bias caused by uneven sequencing depth
cross samples. For each barcode, dominant prey ASVs, de- 
ned as occupying at least 0.1% of the read counts in at least
0% of the samples for each forage fish collected during each
urvey, were kept for further analyses. Samples with less than
000 reads after these filtering steps were discarded. Rarefac- 
ion curves showed that all samples reached a plateau after
hese processing steps ( Fig. S2 ). Phyloseq-class objects were
hen converted to data frames to be analysed as relative read
bundance at the taxon level ( Table S2 ). Non-metric multi-
imensional scaling (NMDS) was performed based on Bray–
urtis distances using the function metaMDS with the default 
arameters from vegan (v. 2.6.4; Oksanen et al. 2022 ). To test
hether the diet differed among fish species, permANOVAs 

ollowed by pairwise comparison using pairwiseAdonis (v.
.4.1; Arbizu 2017 ) were performed for each survey and bar-
odes. Differences in variance among groups were tested us- 
ng the function betadisper from vegan (Oksanen et al. 2022 ).
esource use overlap among all samples was calculated based 

n the relative read abundance with the Schoener’s D index
Schoener 1968 ) using spaa (v. 0.2.2; Zhang 2016 ). 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf122#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf122#supplementary-data
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We used a modified Chesson index ( α; Chesson 1978 ) to es-
imate the relative selection for each prey taxa ( i ) among fish
pecies that takes into account the relative prey read abun-
ance in the fish gut ( Ri ) in relation to a pooled diet com-
osition ( Rpool ) (Equation 1 ). This pooled diet composition
ontained all consumed prey taxa and represented the aver-
ge diet composition of all fish species at a given time and
ocation. For this analysis, protists were excluded as they are
ikely occurring in the fish gut due to secondary predation,
s well as unspecified copepods, crustaceans, insects, arthro-
ods, and unassigned reads. Relative selectivity was compared
ith absolute selectivity calculated using the Chesson index,
hich compares Ri against the relative read abundance in the

nvironment instead of Rpool . The neutral selection threshold
 α0 ) was calculated for each month and barcode as α0 = 1 

m 

,
here m represents the total number of prey taxa. To esti-
ate the significance of the divergence from neutral selec-

ion, we calculated the 95% confidence interval (CI) for αi of
ach prey taxon using 1000 bootstrap iterations. Values of
i ± CI > αi indicate that relative selectivity for a prey taxon is
igher than would be expected under random feeding, termed
ositive selection, αi ± CI < α0 indicate negative selection, and
i − CI ≤ α0 ≤ αi + CI indicate neutral selection. Fish prey
elative selectivity was visualized as a network with the link
eing proportional to the average αi using igraph (v. 2.0.3;
sardi and Nepusz 2006 ). 

αi =
Ri 

Rpool ,i 
∑ m 

i 
Ri 

Rpool ,i 

. (1) 

Relative 18S and COI read abundances and relative mi-
roscope counts for total copepods, cladocerans, and rotifers
ere compared using Spearman’s rank correlations. P -values
ere then adjusted using the false discovery rate method to

ccount for multiple testing. 
Difference in δ13 C and δ15 N values among forage fish

pecies were assessed for each season separately, due to the
otential change in baseline values using one-way ANOVAs
ollowed by Tukey’s honestly significant difference (HSD) tests
ith the stats R package (R Core Team 2024 ). 

esults 

NA metabarcoding 

etabarcoding produced 12.08 and 15.73 million reads for
he 18S and COI, respectively. After quality filtering and sub-
ampling, 218 out of 245 samples for the 18S and 228 out of
44 samples for the COI were retained for further analyses
 Table S3 ). 

In May, the zooplankton community in the water column
as dominated by copepods (18S: 56.1%; COI: 28.6%), espe-

ially Temora and Pseudocalanus , and rotifers (18S: 30.1%;
OI: 69.0%), but their relative abundances differed between

he two barcodes ( Fig. 2 ). Both 18S and COI comprised ben-
hic organisms albeit at low relative abundance (18S: 1.57%;
OI: 1.33%), including the annelids Marenzelleria and Byl-
ides and the mollusc Macoma , suggesting meroplanktonic
ife stages of these organisms in the water column. The 18S
arcode also identified protist reads, including dinoflagel-
ates and ciliates that were on average five times more abun-
ant in 2023 than in 2022, and gelatinous plankton, such as
tenophores that represented on average up to 1.60% of the
eads. During both May surveys, the COI had a higher tax-
nomic resolution for non-copepod species and identified ro-
ifers to Synchaeta and cladocerans mainly to Evadne and to
leopis in 2023. 
DNA metabarcoding showed the dominance of copepod

eads in the diet composition for all three fish species in May
nd October ( Fig. 2 ), but the taxonomic composition of their
iet differed across all surveys among fish species with both
OI and 18S barcodes (permANOVA: R2 ≥ 0.29, P ≤ .001).

n May, sprat and herring shared a similar diet composi-
ion, different from that of three-spined stickleback in both
ears ( Table 1 ). The copepods Acartia and Pseudocalanus con-
ributed to more than half of herring and sprat diet in May,
ndependently of the barcode used ( Fig. 2 ). Gelatinous plank-
on and benthic organisms, identified with 18S, represented
ogether on average up to 12.7% of the clupeid diet reads
nd were at least twice as abundant in 2023 as in 2022. The
hird most dominant copepod associated with sprat and her-
ing was Temora , contributing to more than a tenth of the 18S
eads but to less than 4% of the COI reads. In contrast, the
ominant copepods associated with three-spined stickleback
ere Temora , Eurytemora , and Acartia , whereas Centropages

nd Pseudocalanus together contributed to a lower propor-
ion of three-spined stickleback diet in May ( Fig. 2 ). Rotifers
ontributed up to a quarter of the 18S reads and half of the
OI reads in three-spined stickleback guts, while they repre-

ented less than 1% and 7% of the 18S and COI reads associ-
ted with clupeids, respectively. The remaining prey associated
ith three-spined stickleback comprised cladocerans and few
enthic organisms that together represented less than 2% of
he reads. 

In October, the diet composition differed among all fish
pecies (pairwise permANOVA: R2 ≥ 0.19, P ≤ .004; Table
 ; Fig. 2 ). The copepods Temora , Eurytemora , Acartia , and
entropages dominated in the diet of all fish species inde-
endently of the barcode used, but their relative contribu-
ion varied across species. These four copepod genera con-
ributed to more than 93.4% of the reads associated with
prat and three-spined stickleback and up to 61.8% of reads
n herring diet. The remaining prey taxa for herring were
he copepod Pseudocalanus (18S: 20.4%; COI: 28.7%) and
tenophores (18S: 20.4%), and to a lesser extent the cnidar-
an Aurelia and cladocerans that each represented up to 1.5%
f the reads. Despite sharing similar prey taxa, they varied
n their relative abundance between three-spined stickleback
nd sprat. For three-spined stickleback, 18S identified twice
s many Temora reads associated with three-spined stickle-
ack (43.9%) as with sprat (23.4%), about the same Eury-
emora contribution (sprat: 32.8%; three-spined stickleback;
0.1%), and a 5-fold difference in Acartia relative abundance,
hich represented more than a third of sprat gut content and
nly 6.6% of the reads associated with three-spined stickle-
ack. COI showed a clear preference of Eurytemora (59.1%)
ver Temora (24.3%) and Acartia (11.0%) for three-spined
tickleback, while sprat favoured Acartia (40.4%) and Eury-
emora (36.4%) at similar levels, followed by Temora , which
ontributed to about a fifth of the read counts of their diet. 

The ordination of the fish diet composition visualizes re-
ource use partitioning among the fish species ( Fig. 3 a–f). In

ay, sprat and herring diets overlapped but differed for three-
pined stickleback, while diet overlap among all three fish
pecies was low in October, although three-spined stickleback
iet composition was more similar to that of clupeids than
t was in May. The dissimilarity between three-spined stickle-

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf122#supplementary-data
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Figure 2. Relative 18S (upper panels) and COI (lower panels) read abundances of herring, sprat, and three-spined stickleback diet composition and prey 
availability in the water column (WP2) in May (averaged for 2022 and 2023) and October 2022. Each point represents a unique biological sample, and the 
larger points represent the average read contribution for each prey group. Prey taxa are ordered from the overall highest average diet contribution to the 
lowest. 

Table 1. Pairwise PermANOVA output of diet composition between her- 
ring, sprat, and three-spined stickleback for the May 2022 and 2023 and 
October 2022 surveys. 

Survey Species Herring Sprat Stickleback 

May 2022 Herring − 0.02 0.40 ∗
Sprat 0.03 − 0.40 ∗
Stickleback 0.27 ∗ 0.36 ∗ −

May 2023 Herring − 0.01 0.34 ∗
Sprat 0.02 − 0.35 ∗
Stickleback 0.29 ∗ 0.37 ∗ −

October 2022 Herring − 0.23 ∗ ! 0.22 ∗ ! 
Sprat 0.39 ∗ ! − 0.28 ∗
Stickleback 0.19 ∗ 0.26 ∗ −

Upper diagonal shows R2 values based on COI, and lower diagonal is based 
on 18S relative read abundance. Significance is indicated with the asterics 
( ∗when P < .05). Differences in variance among fish species are shown with 
!, indicating that outcomes need to be interpreted with caution, as variance 
also drives the statistical output. 
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back and clupeid diet composition in May is supported by low 

Schoener’s D indices for both barcodes (median Schoener’s 
D ≤ 0.31), but were higher between sprat and herring (me- 
dian Schoener’s D ≥ 0.47) and comparable to their intraspe- 
cific diet overlap (median Schoener’s D ≥ 0.46; Fig. 3 g, h).
In October, sprat and three-spined stickleback had the high- 
est median interspecific Schoener’s D (18S: 0.48; COI: 0.57),
indicating some resource overlap, which was, however, lower 
than their respective intraspecific diet overlap ( Fig. 3 i). The 
high variance of herring diet composition compared to the 
other fish ( Table 1 ) was reflected by the lowest intraspecific 
(median Schoener’s D ≤ 0.35) and interspecific diet overlap 

index ( Fig. 3 c, f, i). 
In May, both relative and absolute selectivity indices identi- 
ed similar patterns and showed different feeding preferences 
etween three-spined stickleback and clupeids ( Fig. 4 a, b; Fig.
3 ). Three-spined stickleback had on average a higher relative
electivity than the neutral selection based on 18S ( α0 = 0.09)
or rotifers ( α ± CI ≥ 0.16), cladocerans ( α ± CI ≥ 0.12), and
he copepods Temora ( α ± CI ≥ 0.11) and Eurytemora ( α ±
I ≥ 0.11). Selectivity indices based on COI ( α0 = 0.1) were

n line with 18S but showed a neutral relative selection for
urytemora ( α ± CI = [0.1, 0.14]), while revealing relative 
ositive selections for Synchaeta ( α ± CI ≥ 0.2) and Evadne 
 α ± CI ≥ 0.14). However, absolute selectivity revealed that 
ladocerans and Eurytemora were positively selected by three- 
pined stickleback with both barcodes. Sprat and herring had 

n average a positive relative selectivity for the copepods Pseu-
ocalanus ( α ± CI ≥ 0.15) and Acartia ( α ± CI ≥ 0.1). In
ddition, 18S identified clupeid positive relative selectivity for 
tenophores ( α ± CI ≥ 0.14) that was consistent with the ab-
olute selectivity index. COI showed differences in benthic or 
eroplanktonic relative prey selectivity, three-spined stickle- 
ack selected for Marenzelleria ( α ± CI ≥ 0.12), while clupeids 
howed positive selection for Bylgides ( α ± CI ≥ 0.11). How- 
ver, no absolute prey selectivity was observed for benthic or
eroplanktonic prey. In October, less taxa were selected by 

ll fish species, increasing the neutral selection threshold to α0 

 0.14 and α0 = 0.13 for COI and 18S, respectively ( Fig. 4 c,
; Fig. S3 ). Sprat showed positive selection for the copepod
cartia ( α ± CI ≥ 0.15) and the cladocerans Bosmina (18S; α
CI ≥ 0.2) and Pleopis (COI; α ± CI ≥ 0.15), and negative se-

ection for Pseudocalanus ( α ± CI ≤ 0.06). Herring had a pos-
tive selection for Pseudocalanus ( α ± CI ≥ 0.15), and three- 
pined stickleback had a positive selection for the copepods 

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf122#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf122#supplementary-data
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Figure 3. Sprat, herring, and three-spined stickleback diet composition ordination and resource use overlap. (a–f) NMDS plot of diet composition by 
species for 18S (a–c) and COI (d–f) in May 2022 (a, d) and 2023 (b, e), and October 2022 (c, f). (g–i) Diet composition overlap among and across each fish 
species is represented by the Schoener’s D index in May 2022 (g) and 2023 (h) and October 2022 (i) for the 18S and COI barcodes. Dots represent 
sample combinations, the violin represents data distribution, and the vertical line the median. The diagonal represents the intraspecific diet overlap. A 

Schoener’s D index of 0 denotes no overlap, and 1 denotes full overlap. 
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urytemora ( α ± CI ≥ 0.19) and Temora ( α ± CI ≥ 0.15),
nd negative for cladocerans ( α ± CI ≤ 0.11). 

icroscope counts 

icroscope counts confirmed the dominance of copepods in
erring and sprat diet. In contrast, three-spined stickleback
iet was dominated by rotifer eggs, while mature Synchaeta
ere identified in the water column in May ( Fig. S4 ). Out of

he 113 gut contents from May 2022, three were identified
s empty, four were filled with unidentifiable crustacean ex-
skeletons, and about two-thirds of the copepods could not
e identified at genus level due to high degradation. Similarly,
ut of the 54 samples from October 2022, three were empty,
nd 49 guts contained unidentifiable copepods or exoskeleton.
he relative diet proportion for crustaceans and rotifers was

ound to be similar using microscopy and DNA metabarcod-
ng (Spearman’s ρ ≥ 0.27; Fig. 5 a–c). However, weaker cor-
elations between relative microscope counts and read abun-
ances were observed for the prey availability in the water
olumn ( Fig. 5 d–f). 

table isotopes analysis 

alues of δ15 N and δ13 C differed among fish species dur-
ng both surveys ( Fig. 6 ). In May, mean fish δ15 N val-
es ranged from 9.67 to 10.1‰ with no difference among
sh species (ANOVA: F2,23 = 0.58, P = .569), contrarily
o δ13 C that differed among fish species with three-spined
tickleback having lower δ13 C values (mean ± standard de-
iation: –21.7 ± 0.17‰) than herring ( −20.8 ± 0.10‰)
nd sprat ( −20.9 ± 0.23‰; Tukey’s HSD: P ≤ .0096).
n October, isotopic values differed among all fish species,
oth for δ15 N (ANOVA: F2,24 = 11.6, P = .0003) and
13 C (ANOVA: F2,24 = 3.51, P = .046). Herring and sprat
ad different δ15 N values (Tukey’s HDS: P = .0002), with the
ighest (9.20 ± 0.30‰) and lowest (7.37 ± 0.14‰) δ15 N, re-
pectively, and three-spined stickleback had intermediate δ15 N
alues but not different from the two clupeids (Tukey’s HSD:
 ≥ .058). Sprat had lower δ13 C values ( −24.4 ± 0.25‰)

han three-spined stickleback ( −23.1 ± 0.47‰; Tukey’s
SD: P = .0484) but were similar to herring δ13 C values

 −23.4 ± 0.36‰; Tukey’s HSD: P = .14). 

iscussion 

e used DNA metabarcoding, bulk stable isotope analyses,
nd microscopy to assess the diet composition of three dom-
nating small pelagic fish species under different regimes of
rey availability and diversity before and after the summer
ooplankton peak production in the central Baltic Sea. All

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf122#supplementary-data
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Figure 4. Prey selectivity for herring, sprat, and three-spined stickleback. The link widths are proportional to the average Chesson index for each fish 
species in May (a, b) and October (c, d) based on the 18S (a, c) and COI (b, d) reads. Asterisks represent prey taxa observed only in one season for each 
barcode. 
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three approaches consistently revealed that resource use dif- 
fered among these forage fish species, suggesting that com- 
petition for resources is limited among sprat, herring, and 

three-spined stickleback. The two clupeids, sprat and herring,
had the strongest resource use overlap in May, but their diet 
composition diverged with increasing zooplankton diversity 
in October. Three-spined stickleback had a distinct diet com- 
position compared to the clupeids throughout the sampled 

months with a preference for the rotifer Synchaeta and the 
copepod Eurytemora . Our findings show that identification of 
prey at high taxonomy level and the inclusion of overlooked 

prey, such as soft-bodied and gelatinous plankton, are impor- 
tant to detect differences in species-specific trophic interac- 
tions between fish and their plankton prey. 

We found overall limited diet overlap among the three for- 
age fish species, although all three fish species relied on meso- 
zooplankton. This challenges the assumption that forage fish 

compete for their resource, which has been suggested for her- 
ring, sprat, and three-spined stickleback in the Baltic Sea (Olin 

et al. 2022 ) and in other seas with coexisting small pelagic fish 

species (Palomera et al. 2007 , Raab et al. 2012 ). Our contrast- 
ing results may be explained by the fact that comparisons of 
diet composition among these three species are sparse in the 
Baltic Sea, particularly in the pelagic, as the literature focuses 
on coastal areas (Peltonen et al. 2004 , Jakubavičiūtė et al.
2017b ). To our knowledge, our study is the first that system- 
atically assessed the diet composition of all three fish species 
ver two months in the pelagic Baltic Sea. The offshore scope
f this study likely also explains the low contribution of ben-
hic organisms to the fish diet and the absence of piscivorous
ehaviour in herring, which has recently been reported in ar-
as where immature and adult life stages overlap, such as the
oastal Baltic Sea (Donadi et al. 2024 ) and the Wadden Sea
Maathuis et al. 2024 ). This is also consistent with Kopp et al.
2015) , whose stable isotope analyses showed a decrease in
enthic-pelagic coupling with increasing depth in the English 

hannel. Together, this suggests that trophic networks vary 
cross space, and particularly between coastal and offshore 
reas, stressing the need to estimate the overlap in resource
se across the habitat range of small pelagic fish species to
dentify potential competition. 

Three-spined stickleback was the only fish species to 

avour rotifers prey, which, in turn, consume dinoflagellates 
Novotny et al. 2023 ). This direct link from the produc-
ive spring primary bloom to forage fish ultimately optimises 
rophic efficiency (Berglund et al. 2007 ). Further, Synchaeta 
how a steady biomass with a tendency to increase over
he last decade (Jan et al. 2024 ) and have the potential to
atch the advancement in spring bloom timing. Although 

hree-spined stickleback preferred Synchaeta prey more than 

he clupeids, their substantial diet contribution was largely 
ue to their high availability in May and likely also because
hree-spined stickleback are smaller than the clupeids. More- 
ver, Synchaeta dominated the reads retrieved from the water
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Figure 5. Relation between microscopy and DNA metabarcoding across all fish diet (gut content) and prey availability (WP2) samples. Scatterplots 
showing the relationships of the dominating zooplankton groups in the (a–c) fish diet composition and (d–f) prey availability assessed with microscopy 
count ( x -axis) and metabarcoding ( y -axis) in May and October 2022. The different barcodes are visualized using different colours, and the dotted diagonal 
line represents the 1:1 relationship. Spearman’s rho correlation coefficients of fish diet composition and prey availability between the 18S and COI 
barcodes and microscope counts (Mic) are shown with significance levels represented with ∗∗∗ when adjusted P ≤ .001 and ∗ when adjusted P ≤ .05. 

Figure 6. Biplot of carbon and nitrogen stable isotope ratios for herring, 
sprat, and three-spined stickleback in May and October 2022. The points 
represent the means, and the error bars the standard deviations. Ellipses 
show the 95% confidence intervals of the data following a normal 
distribution for each month. 
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olumns and the microscope counts supporting previous ob-
ervations that relative read abundance is related to the rela-
ive biomass of net collected zooplankton samples (Ershova et
l. 2021 , Novotny et al. 2025 ). Three-spined stickleback, es-
ecially individuals larger than 5 cm ( Fig. S5 ), also favoured
he copepod Eurytemora and was the only fish species con-
istently feeding on this copepod across locations and seasons
Lankov et al. 2010 ), likely due to three-spined stickleback’s
hallower position in water column compared to the clupeids
hat migrate to deeper depths during the daytime (Olsson et
l. 2019 ). Our data further show that three-spined stickle-
ack fed on distinct successive pulses of secondary produc-
ion, Synchaeta in May and Eurytemora in October, stressing
hat three-spined sticklebacks are well adapted to the seasonal
uccession of zooplankton. 

Sprat and herring overlapped in their resource use in May,
ndependently of their size ( Fig. S5 ), likely due to the lim-
ted available prey diversity. However, we cannot determine
hether this overlap resulted in competition, as such assess-
ent would require information on metabolic demand and

nergy availability together with diet composition identifica-
ion. Both fish species were actively selecting for copepods, es-
ecially Pseudocalanus and Acartia , that together contributed
o about a quarter of the available zooplankton biomass in

ay ( Fig. S6 ), which confirms previous observations in the
entral and southern Baltic Sea (Möllmann et al. 2004 , Bern-
euther et al. 2018 , Novotny et al. 2022 ). The distinct clupeid

https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf122#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf122#supplementary-data
https://academic.oup.com/icesjms/article-lookup/doi/10.1093/icesjms/fsaf122#supplementary-data
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diet composition compared to the available prey composition 

suggests that, under low food concentrations, both fish species 
favoured the particulate over the filter-feeding behaviour, as 
shown in experiments (Gibson and Ezzi 1985 ). Selective for- 
aging under conditions of low prey availability further implies 
that these two copepod species are high-reward prey for clu- 
peids, meaning that the energetic gain from these relatively 
rare prey species exceeds the cost associated with deceleration 

and post-capture acceleration (Maszczyk and Gliwicz 2014 ).
Moreover, the average water temperature between 0 and 60 m 

depth is about 5◦C in May, suggesting that fish energy require- 
ments are low and the limited availability of copepods may 
fulfil their energetic needs. 

In contrast, clupeids underwent resource use differentiation 

later in the season. Herring had a wide prey spectrum, as also 

reported in the North Sea (Van Ginderdeuren et al. 2014 ), and 

continued to favour Pseudocalanus but also preyed oppor- 
tunistically on Temora in October. Moreover, herring targeted 

ctenophores throughout the seasons, highlighting the over- 
looked role of gelatinous plankton in supporting fish produc- 
tion (Jaspers et al. 2015 , Dischereit et al. 2024 ). These findings 
support the increasing evidence that gelatinous prey is con- 
sumed by higher trophic levels, ranging from seabird to fish 

(Diaz Briz et al. 2017 , Cavallo et al. 2018 , Clarke et al. 2020 ).
Sprat diet composition shifted from a Pseudocalanus domi- 
nated spring diet towards a diet dominated by Acartia and Eu- 
rytemora , two copepod species that usually occupy shallower 
water layers than Pseudocalanus in the Baltic Sea (Renz and 

Hirche 2006 , Holliland et al. 2012 ). This vertical niche separa- 
tion of the copepod species and the different diet composition 

between the two clupeid species may indicate that, in addi- 
tion to three-spined stickleback, also herring and sprat forage 
on different depth layers, similar to suggestions by Möllmann 

et al. (2004) . This also implies that resource use partitioning 
may result not only from differences in prey selectivity but also 

from fish feeding at distinct water depth layers, a hypothesized 

mechanism that requires further investigation. 
The observed resource use partitioning was confirmed by 

stable isotope values, which suggests that despite the absence 
of samples from the summer months, the resource partitioning 
likely also occurred over this period of high feeding activity 
(Möllmann et al. 2004 ) and high prey abundance and diver- 
sity ( Fig. S6 ). While summer sampling is needed to confirm this 
pattern, this can be assumed as stable isotopes provide a time- 
integrated value of the food web structure. However, lacking 
baseline values, we cannot disentangle whether the lower fish 

δ15 N values in October are related to factors influencing base- 
line shifts, such as the atmospheric nitrogen fixation by the 
summer cyanobacteria bloom fuelling the food web in sum- 
mer (Lesutienė et al. 2014 ), or by food web structure (Post 
2022 ). Moreover, the decreasing resource use overlap with 

higher prey availability and diversity aligns with the optimal 
foraging theory (MacArthur and Pianka 1966 ). A wide range 
of abundant prey enables coexisting consumers to differenti- 
ate their diets more effectively, whereas in regimes where high 

quality prey is scarce, consumers are likely to target the same 
prey, increasing the overlap in resource use. Consequently,
changes at the base of the food web can have implications 
on the entire system, as illustrated by the cyclic dynamics of 
sardines and anchovies in upwelling regions that appear to be 
mainly bottom-up driven (Chavez et al. 2003 , Checkley et al.
2017 ). This shows that seasonal prey dynamics may influence 
the foraging behaviour of small pelagic fish, which can alter 
he rate of interspecific competition by shaping resource use 
artitioning. 
DNA metabarcoding and microscope counts revealed sim- 

lar patterns that were supported by stable isotope values.
hus, combining these methods allowed for a complete and 

obust diet assessment of small pelagic fish. Stable isotope 
nalyses offer an integrated measure of diet composition over 
ime (Boecklen et al. 2011 ), while DNA metabarcoding and
icroscope counts identify a snapshot of the fish diet composi-

ion. Despite the high taxonomy resolution of DNA metabar- 
oding, cannibalism, which was reported for herring (Skaret 
t al. 2002 ) and sprat (Köster and Möllmann 2000 ) feeding
n their eggs, cannot be identified here, as all reads belong-
ng to fish (18S) or the host genus (COI) were removed to
void misinterpretation of the data. Moreover, this study is no
xception in the fact that taxonomy coverage and resolution 

ary between barcodes (Berry et al. 2015 , Clarke et al. 2020 ),
mphasizing the need to combine gene markers for observing 
he full diversity of fish diet. The high versatility of the 18S
llowed to identify taxa across a wide array of phylum, but
he more specific COI allowed for a more resolved taxonomy.
ompared to DNA metabarcoding, count data have a less re-

olved taxonomy and may miss important taxa. Even for taxa
dentified with both barcodes and microscopy, their relative 
bundance varied with the approach used, as illustrated by 
opepods that were overrepresented and rotifers underrepre- 
ented using 18S compared to COI. We also demonstrate that
he relative contribution of the dominant taxonomic group 

as consistent between microscopy and metabarcoding, par- 
icularly for COI. This stresses that the approaches used in
ur study are complementary. Microscopy is needed for iden- 
ification of prey life stages, 18S is a good gene marker for
xploring the entire fish diet composition beyond metazoan 

axa, COI is useful for obtaining more resolved taxonomy in
he animal kingdom, and stable isotopes confirm the incorpo- 
ation of prey in the diet. 

Our results suggest that potential competition for resources 
mong the dominating small pelagic fish may not fully ex-
lain the recent population decrease in sprat and herring in
he Baltic Sea, as diet composition differed when prey avail-
bility and diversity were highest. The observed resource par- 
itioning of the dominating forage fish may have, however, fa-
ilitated the increase of three-spined stickleback that showed 

 distinct prey composition by utilizing an efficient zooplank- 
on resource coupled to the spring bloom. Besides the implica-
ions of our findings for the Baltic Sea ecosystem, our study has
mplications for other systems suggesting that change in zoo- 
lankton species composition and biomass has the potential to 

rive small pelagic fish dynamics with consequences for higher 
nd lower trophic levels. Our findings show that species inter-
ctions need to be assessed over the seasons and at high tax-
nomic resolution to better understand implications of prey 
ynamics and resource use overlap on fish populations. 
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signal of a cyanobacteria bloom through the food web of a Baltic Sea
coastal lagoon. Estuarine Coastal Shelf Sci 2014; 138 :47–56. https:
//doi.org/10.1016/j.ecss.2013.12.017 

aathuis MAM , Tulp I, Valk S et al. Small pelagic fish in the shallow 

Wadden Sea show opportunistic feeding with a strong benthic link.
ICES J Mar Sci 2024; 81 :1521–35. https://doi.org/10.1093/icesjms/ 
fsae096 

acArthur RH , Pianka ER. On optimal use of a patchy environment.
Am Nat 1966; 100 :603–9. https://doi.org/10.1086/282454 

ackenzie BR , Gislason H, Möllmann C et al. Impact of 21st cen- 
tury climate change on the Baltic Sea fish community and fisheries.
Global Change Biol 2007; 13 :1348–67. https://doi.org/10.1111/j.13 
65-2486.2007.01369.x 

artin M . Cutadapt removes adapter sequences from high-throughput 
sequencing reads. EMBnet.Journal 2011; 17 :10. https://doi.org/10.1 
4806/ej.17.1.200 

aszczyk P , Gliwicz ZM. Selectivity by planktivorous fish at different 
prey densities, heterogeneities, and spatial scales. Limnol Oceanogr 
2014; 59 :68–78. https://doi.org/10.4319/lo.2014.59.1.0068 

cMurdie PJ , Holmes S. Phyloseq: An R package for reproducible inter- 
active analysis and graphics of microbiome census data. PLoS One
2013; 8 :e61217. https://doi.org/10.1371/journal.pone.0061217 

https://doi.org/10.1002/edn3.27
https://doi.org/10.1080/17451000.2016.1274403
https://doi.org/10.1098/rsos.240797
https://doi.org/10.1093/icesjms/fsae168
https://doi.org/10.1093/plankt/fbq009
https://doi.org/10.1093/oxfordjournals.molbev.a040362
https://doi.org/10.1093/icesjms/fsab171
https://doi.org/10.1038/s41587-020-0439-x
https://doi.org/10.1016/j.csr.2018.03.009
https://doi.org/10.1093/icesjms/fsac237
https://doi.org/10.1007/BF00397157
https://doi.org/10.1093/nar/gks1160
https://doi.org/10.1111/j.1365-294X.2009.04411.x
https://doi.org/10.1093/plankt/fbad060
https://doi.org/10.3389/fmars.2019.00482
https://doi.org/10.1093/plankt/fbs001
https://doi.org/10.1111/j.1095-8649.1980.tb02775.x
https://gis.ices.dk/geonetwork/srv/api/records/c784a0a3-752f-4b50-b02f-f225f6c815eb?language=all
https://doi.org/10.17895/ices.pub.25764978
https://doi.org/10.1002/edn3.70028
https://doi.org/10.1371/journal.pone.0186929
https://doi.org/10.1093/icesjms/fsw224
https://doi.org/10.5281/zenodo.14886602
https://doi.org/10.1002/lol2.10385
https://doi.org/10.1093/plankt/fbv068
https://doi.org/10.1002/edn3.432
https://doi.org/10.1002/lno.11413
https://doi.org/10.1016/j.pocean.2014.11.001
https://doi.org/10.3354/meps196269
https://doi.org/10.1111/j.1095-8649.2010.02805.x
https://doi.org/10.1186/1742-9994-10-34
https://doi.org/10.1016/j.ecss.2013.12.017
https://doi.org/10.1093/icesjms/fsae096
https://doi.org/10.1086/282454
https://doi.org/10.1111/j.1365-2486.2007.01369.x
https://doi.org/10.14806/ej.17.1.200
https://doi.org/10.4319/lo.2014.59.1.0068
https://doi.org/10.1371/journal.pone.0061217


12 Jan et al.

M  

 

 

M  

 

M  

 

M  

 

 

N  

 

 

N  

 

 

N  

 

 

N  

 

 

O
 

O  

 

O  

 

 

O  

 

 

P  

 

P  

 

 

 

P  

 

 

 

P  

 

R  

 

R  

 

 

R  

 

 

R  

S  

 

S  

 

S  

 

 

T  

 

T  

 

 

T  

 

U  

 

v  

 

V  

 

W  

W  

 

 

 

Z  

 

Z  

©

C

i

D
ow

nloaded from
 https://academ

ic.oup.com
/icesjm

s/article/82/9/fsaf122/8248249 by Torgny N
Ã?Â¤sholm

 user on 15 Septem
ber 2025
iya M . Environmental DNA metabarcoding: a novel method for bio-
diversity monitoring of marine fish communities. Annual Rev Mar
Sci 2022; 14 :161–85. https://doi.org/10.1146/annurev- marine- 041
421-082251 

öllmann C , Kornilovs G, Fetter M et al. Feeding ecology of central
Baltic Sea herring and sprat. J Fish Biol 2004; 65 :1563–81. https:
//doi.org/10.1111/j.0022-1112.2004.00566.x 

öllmann C , Kornilovs G, Fetter M et al. Climate, zooplankton,
and pelagic fish growth in the central Baltic Sea. ICES J Mar Sci
2005; 62 :1270–80.https://doi.org/10.1016/j.icesjms.2005.04.021 

oyano M , Illing B, Akimova A et al. Caught in the middle: bottom-
up and top-down processes impacting recruitment in a small pelagic
fish. Rev Fish Biol Fish 2022; 33 :55–84. https://doi.org/10.1007/s1
1160- 022- 09739- 2 

issar S , Bakhtiyar Y, Arafat MY et al. A review of the ecosys-
tem services provided by the marine forage fish. Hydrobiolo-
gia 2023; 850 :2871–902. https://doi.org/10.1007/s10750- 022- 050
33-1 

ovotny A , Jan KMG, Dierking J et al. Niche partitioning between
planktivorous fish in the pelagic Baltic Sea assessed by DNA
metabarcoding, qPCR and microscopy. Sci Rep 2022; 12 :1–11. ht
tps://doi.org/10.1038/s41598- 022- 15116- 7 

ovotny A , Rodrigues C, Jacquemot L et al. DNA metabarcoding cap-
tures temporal and vertical dynamics of mesozooplankton commu-
nities. ICES J Mar Sci 2025; 82 :fsaf007. https://doi.org/10.1093/ices
jms/fsaf007 

ovotny A , Serandour B, Kortsch S et al. DNA metabarcoding high-
lights cyanobacteria as the main source of primary production in a
pelagic food web model. Sci Adv 2023; 9 :eadg1096. https://doi.org/
10.1126/sciadv.adg1096 

javeer H , Lankov A, Raid T et al. Selecting for three copepods—
feeding of sprat and herring in the Baltic Sea. ICES J Mar Sci
2018; 75 :2439–49.https://doi.org/10.1093/icesjms/fsx249 

ksanen J , Simpson G, Blanchet F et al. vegan: Community Ecology
Package . 2022. https://CRAN.R-project.org/package=vegan (last
accessed, 4 April 2024).

lin AB , Olsson J, Eklöf JS et al. Increases of opportunistic species in
response to ecosystem change: the case of the Baltic Sea three-spined
stickleback. ICES J Mar Sci 2022; 79 :1419–34. https://doi.org/10.1
093/icesjms/fsac073 
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