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ABSTRACT

One of the main obstacles to resolving the conflict between an increasing population of cormorants, Phalacro-
corax carbo sinensis, and recreational and commercial fishing, is the limited evidence of the effect of the birds’
predation on fish stocks. Tagging and releasing fish with PIT-tags followed by intensive scanning of cormorant
colonies has proven a viable method to estimate the impact of cormorants on local fish populations. In 2022 and
2024, a total of 2783 cod (Gadus morhua), 11 — 38 cm and 2644 flounder (Platichthys flesus), 12 — 30 cm, were
caught in pound nets and tagged with 14- or 23-mm PIT-tags, in an open coastal area of the Western Baltic.
Subsequent scanning events in local cormorant colonies and roosting sites revealed that a high proportion of the
PIT-tags had been deposited in the colonies. The period from tagging till the birds had left the colony was 2-7
months. After correcting for the chance of detecting an eaten tag, determined by two feeding trials, the predation
proportion for the different size classes of cod and flounder was calculated. Thus, on average between 52% and
88% of cod were eaten by great cormorants, depending on cod size. For flounder, the average predation pro-
portion ranged between 14% and 84% for the least and most vulnerable size classes, respectively. The results
show that cormorant predation is size selective, especially on flounder, and that predation on the most
vulnerable sizes of both cod and flounder was very high. The high predation by cormorants measured in two
years in an open coastal area indicates a potential mortality bottleneck in the life cycles of cod and flounder in
the Western Baltic areas with the current, dense cormorant population. Further similar studies combined with
population modelling are needed to establish cause-effect relationship between predation and population size.

1. Introduction

of conflicts, mainly between recreational and commercial fishers and
bird conservationists (Carss and Marzano, 2005; Carss, 2022; Rausch-

Coastal demersal fish populations and the related fisheries have been
declining in the Baltic Sea for decades (Pascual-Fernandez et al., 2020;
Guyader et al., 2013), the main proposed reasons being overfishing,
habitat destruction, eutrophication and chemical pollution (e.g.
HELCOM Annual Report, 2024). However, recently the role of predators
has been debated, and for the coastal Baltic (and fjord/estuary) waters,
there is evidence that cormorants (Phalacrocorax carbo sinensis) can
consume a high proportion of the fish stocks (Hansson et al., 2018;
Jepsen et al., 2010; Nielsen et al., 2008; Veneranta et al., 2020; Vetemaa
et al., 2010), but there are also studies that show a limited or negligible
effect of cormorant predation (Heikinheimo et al., 2016; Heikinheimo
et al., 2022. Lehikoinen et al., 2017; Nielsen et al., 1999; Ostman et al.,
2012, 2014). The population of great cormorant (sinensis sub-species)
has increased throughout Europe since 1980 and so has the intensity
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mayer et al., 2008). The breeding population of cormorants in Denmark
was relatively stable from 2000 to 2010 (40,000 pairs) but dropped to
30,000 pairs after 2010. There is evidence from colony development and
breeding success that the Danish population has been limited by food
availability for the last 20 years (Bregnballe and Frederiksen, 2021;
Herrmann., et al., 2021; Sonnesen, 2007).

Over the last 30-40 years coastal small-scale fishery in Denmark has
collapsed and now there are very few full-time coastal fishers left. This
decline coincided with a pronounced increase in seal and cormorant
abundances, which suggests that the growing populations of top pred-
ators may have a minor to considerable effect on coastal fish in the Baltic
Sea (Bergstrom et al., 2022; Gardmark et al., 2012; Hansson et al., 2018;
Heikinheimo et al., 2022; Lovgren et al., 2021; Ostman et al., 2014).
Nearly all coastal fish populations have declined rapidly in the Baltic
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over the last several decades (Rosciszewski-Dodgson and Cirella, 2024),
and in Denmark, the abundance of particularly demersal coastal fish,
including flounder has decreased (Pedersen et al., 2023). While climate
change, environmental degradation and eutrophication in combination
with over-fishing have been the most likely causes, recreational and
commercial fishers claim that cormorants ‘eat all the fish’ compromising
fisheries.

The significance of cormorant predation on fish in restricted areas,
such as pound nets and aquaculture ponds, can readily be established (e.
g. Dieperink, 1995; Kortan et al., 2011), whereas the effect on wild fish
populations is more difficult to determine. However, managers and
politicians need documentation of such effects to address the conflicts
and conserve declining fish populations (Carss, 2022; Cowx, 2013;
Rauschmayer et al., 2008; Dinesen et al., 2024).

A striking example of a collapsed fish stock is the Western Baltic cod
(Figure S1, Supplementary material). Surprisingly, several years with
over-average recruitments of cod have been observed in the Western
Baltic and along the Swedish West coast (Kattegat) in recent years,
giving hope for a recovery of the stocks (ICES, 2024, 2025). However,
this increased recruitment did not result in a subsequent increase in the
spawning stock size. Recent studies of cormorant diet in the Western
Baltic (Pitcock and Sternberg, 2021) gave rise to new arguments that
cormorants are playing a role in the lack of recovery of the cod
population.

Most studies of cormorant predation have been based on diet ana-
lyses using hard body parts (e.g. otoliths) found in cormorant pellets.
Although such studies provide solid dietary information, the taxonomic
resolution of the diet is variable and the rate of consumption relative to
the production/stock of prey remains unknown (e.g. McKay et al., 2003;
Seefelt and Gillingham, 2006; Salmi et al., 2015). Other studies have
used stomach content and bird numbers (with assumed daily energy
requirements) to estimate total consumption (Hansson et al., 2018), but
this may not be very useful if the size of the fish population is unknown.
Ovegard et al. (2021) reviewed white and grey literature and found only
22 studies with statistical tests that quantified the impact of cormorant
predation on prey population level. None of these were from salt-water.
Thus, most existing studies may provide qualitative data on the diet of
cormorants but fail to produce quantitative data that can be used for
estimations of the effect of predation on fish stocks. Radio-and acoustic
telemetry has been used to estimate cormorant predation (e.g. Dieperink
et al., 2001; Jepsen et al., 2018; Jepsen et al., 2019; Koed et al., 2006)
and provides useful results, but is limited to larger fish, owing to the size
of the tags. An alternative approach is to tag a high number of fish with
small and cheap tags and then try to recover tags from bird colonies (e.g.
Burnham et al., 1987). This has been done using coded wire tags (Jepsen
et al., 2010; Russell et al., 2003) and passive integrated transponders
(PIT) tags (Evans et al., 2016; Kallo et al., 2019, 2023; Skov et al., 2014;
Saterberg et al., 2023). The effect of PIT-tagging has been tested on olive
flounder (Paralichtys olivaceus) and cod, where no adverse effects on fish
survival and growth were found (Behrens et al., 2011; Lee et al., 2009;
Jorgensen et al., 2005).

In tagging studies, the exact size of the relevant fish population is
known (i.e. the number of tagged individuals), but the main challenge is
estimating the true recovery-rate (chance of detecting a tag from an
eaten fish), or the “probability of deposit” as described by Hostetter et al.
(2015). Thus, most results from tag-recovery studies are minimum es-
timates of predation because it is known how many tags are recovered,
but not how many could have been recovered if all were found.

In this study, wild cod and flounder were tagged with PIT-tags during
spring and summer and the detection of tags from cormorant colonies
constitute the basis for estimations of the proportion of the population
predated by cormorants. Each cormorant regularly produces one pellet
pr day, representative of the hard parts in one days food. Pellets are
often regurgitated within the colony in the morning before the bird
leaves to forage. The probability of deposit or “chance of detection” was
investigated through controlled feeding experiments, where a known
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number of tagged fish were offered to cormorants and the chance of
detection determined by subsequent scanning of adjacent colonies. This
method produced the first data-based chance of detection for cormorant
predation studies with PIT-tags in coastal waters, enabling more robust
estimates of predation pressure from cormorants. Thus, the aim of this
study was to test the hypothesis: Could cormorant predation be one of
the driving factors maintaining cod and coastal flounder stocks in the
Western Baltic at a very low level, following the collapse of the Western
Baltic cod stock and the apparent decline in coastal flounder populations
(ICES, 2025; Pedersen et al., 2023).

2. Material and methods
2.1. Study site

The study area is located in the Western Baltic on the east coast of
Jutland, Denmark (Genner Bugt, Fig. 1). The site was selected due to the
accessibility of juvenile cod and flounder in good condition (not from
gill-net or trawl) and in good numbers, combined with the relatively
close proximity to an accessible cormorant breeding colony. The salinity
in the area is 10-15 ppt, it is relatively shallow (< 30 m) and mainly
sandy/gravel bottom. Eelgrass (Zostera marina) is the dominant vege-
tation in shallow water with a depth distribution of 0.5-2.7 m. The
distribution of macroalgae is unknown to the specific site, but high
concentrations of brown algae species are common down to 4-7 m in the
Lillebeelt area. The overall ecological status of the marine area is mod-
erate in the European Water Framework Directive (Miljgstyrelsen,
2023). Strong Easterly and Southern winds may stir the shallow water in
the area making it turbid, otherwise the secchi depht varies from a
minimum of 3-4 m in summer and a maximum of 10-12 m in winter
(personal observations).

2.2. Study design

The experiment was run in two separate years, 2022 and 2024. In
both years, flounder and cod were PIT-tagged. The fish were caught and
tagged from early March to the end of June in both years. The scanning
of cormorant colonies and roosting sites took place from October in the
respective years and into February the following year. The method was
very similar in both years. The reasons for selecting March-June for
tagging were 1) small juvenile fish were available in the area and the
relatively low water temperature promotes holding, handling and
tagging and 2) these are the months where cormorants are nesting.
Usually, most birds leave the colonies in July-August. During April —
July most birds are confined to the colonies, as they must tend to their
eggs and chicks. Thus, the birds return to the colony every day and
regurgitate most of their pellets within the colonies. These pellets
contain eaten PIT-tags and enable detection of tags by scanning in the
colony. The experiment thereby exploited the temporal overlap of the
cormorant breeding season and the time when fish were readily avail-
able. Scanning was mainly performed during winter to avoid disturbing
nesting birds and because the vegetative undergrowth had withered to a
minimum, making scanning more efficient.

2.3. Fish capture and holding

All tagged fish were caught in large pound-nets, operated by the last
remaining coastal fisher in the area. These nets work as fixed fish traps,
leading the fish into large fykes, where they can stay alive and unharmed
for days. The pound nets were located in the Sandvig area (Fig. 1).
Flounder and cod that were too small to have commercial value (typi-
cally cod under 35 cm and flounder under 28 cm) were sorted from the
catch and kept in a live well on the boat. Upon returning to the landing
quay in Kalvg, the fish were transferred from the live well into a fiber-
glass fish-holding box (2000 L) moored to the quay. The pound nets
were checked daily or every second day and most fish were tagged after
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Fig. 1. Map of the main study area (Genner Bay). The location of the main release site Kalvg. The main cormorant colony that was investigated Hopsg, the secondary
release site Sgnderballe Hoved, the location of the feeding experiment Sandvig, and the fishing area shown with the dashed line. DK — Denmark, SE-Sweden.

1-2 days in the holding box. The maximum combined holding time for
fish was four days (time held in pound-net + holding box), but few fish
experienced such long holding times.

2.4. Tagging

Before tagging, fish were transferred from the holding box to plastic
bins on land where a thorough sorting of the fish was carried out and
suboptimal conditioned fish were discarded. This quality check was
based on physical examination for external injuries including; scale loss,
fin-erosion, and assessment of vigor and vitality. The tagging setup was
as follows: 50-100 fish were transferred from the fish holding box to a
large plastic bin (300 L), which was continuously oxygenated. From
there, a subsample of individuals (15-20 fish) was transferred to an
anesthetic bath (50 L) with a 15-20 mg/L solution of Clove-oil (AQUI-
S®, NZ). When the fish were anesthetized, they were tagged with 14-
mm, 0.2 g or 23-mm, 0.6 g PIT-tag (HDX, Texas Instruments). The 23-
mm tags have a larger detection range than the smaller 14-mm tags,
so these were only used for the smaller fish, where it was judged that a
23-mm would be too large. Tagging of cod was performed by making a
3-5 mm mid-ventral incision with a scalpel, through which a PIT-tag
was inserted. Tagging of flounder was performed by making a 3-5 mm
incision on the dorsal (up) side of the fish, just anterior of the kidney
blood line. As a rule of thumb individuals (both species) > 17 cm were
tagged with 23-mm PIT-tags and fish under this length with 14-mm PIT-
tags. The smallest fish tagged weighed 10 g, so tag/body-mass ratio was
below 2% for all fish, and below 1% for 90% of the tagged fish. After
tagging, the fish were measured (TL) and transferred to a recovery bin
(100 L) with fresh seawater. After full recovery (approximately
10-15 min), the tagged fish were released at the landing quay. Tagging
and measuring was done in less than one minute. The entire process for a

batch took 25-40 min. When a batch of fish had been released, the water
was changed in the different bins and new seawater and anesthetic
added. Hereafter, the process was repeated until the fish holding box
was empty. The water temperature ranged from 5°C in March to 14°C in
June. On two occasions, the anesthetic bath was not correctly prepared,
leading to two batches of fish dying (approximately 40 individuals in
total).

All tagging was performed by experienced, trained staff under
permission 2022-15-0201-01128 of the Danish Experimental Animal
Board and following the “DTU guide for the use of live fish in
experiments”.

On four occasions in 2024, the tagged fish were transported by boat
and released out in open waters at a secondary release location close to
the area of capture, Sgnderballe Hoved (Fig. 1 and Table 3) to test if
release location had an influence on predation. Tagged fish were
transferred from the recovery bin into the live wells on the fishing boat,
motored out and released approximately 4 km out into the bay (depth
10-14 m, hard bottom). On one occasion in 2024 fish were transported
back to the area they had been caught in (Sandvig) and released there
(100 fish).

2.5. Feeding experiment

A feeding experiment was set up to estimate the probability of
detecting a tag eaten by cormorants, i.e., “chance of detection™. A large
open net pen (15x15x4 m) with a small mesh size (16 mm) was mounted
on poles next to one of the fisherman’s pound nets. Dead and live fish
were frequently placed in the net to test if cormorants would hunt there.
It took some weeks of adaptation before the first cormorants dared to
forage in the net. After that, cormorants hunted freely in the net pen,
making it possible to run the experiments. Two Game/trail Cameras
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were set up on either side of the net pen to monitor the activity in the
pen. The experiment was conducted twice, two weeks apart, in June
2024. Both times approximately 100 tagged fish, both flounder and cod
(between (13—27] cm) some tagged with 23-mm and some with 14-mm
tags (Table 3), were released into the net pen. The following day, the net
pen was hauled and inspected for surviving fish and potential holes that
fish could have escaped through. During both experimental runs there
were no remaining fish and no holes. The video surveillance of the net
pen made it possible to identify the species and number of tagged fish
eaten by gulls (Larus sp.). In both trials gulls took < 5%, and it was
concluded that all other tagged fish were taken by cormorants. The tags
removed by gulls were assigned to 14- or 23-mm by judgement of fish
size and species from video and excluded from further analysis. During
the scans of the adjacent Hopsp cormorant colony a proportion of the
tags from the feeding experiment were detected (Table 3 and Fig. 1).
This was used to provide an independent measure of “chance of detec-
tion” which we assume to be constant throughout our whole study (see
analysis section). Tags from the feeding experiment were only detected
in the Hopsg colony, not in other colonies or roost sites.

2.6. Scanning

The PIT-scanning campaign covered cormorant breeding colonies
and roosting sites in the adjacent areas (Lillebeelt, Fig. 2). Not all loca-
tions were scanned each year (see Table 1 for further details). Scans
were performed using backpack ground-scanners, built with elements
from Oregon RFID. As a standard, two persons (two scanners) scanned
on a given day and the period of scanning varied from two to five hours.

Scanning was performed by slowly walking and sweeping the PIT-
scanner, similar to using a metal detector. When the scanner regis-
tered a tag, it emitted a sound, and later the detected tag-IDs were
downloaded from the scanner. The objective was to cover as much

Legend
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® release sites

® feeding experiment

® main colony
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Table 1

Cormorant colonies scanned in the study and the number of times they were
scanned in 2022 and 2024. Further the number of tags detected at the different
locations, including tags used in 2022 but found in 2024. Locations in bold are
roosting sites, others are nesting sites (breeding colonies).

Scanning Number of Number of Detected Detected
location scans 2022 scans 2024 tags from tags from
(distance to 2022 2024
Kalvg km)
Hopsp (2) 10 6 795 384
Agsg (13) 1 1 17 18
Oldenor (19) 1 1 19 21
Bundsg (23) 0 1 2 6
Grésten (23) 0 1 0 0
Oleskobbel (38) 1 1 0 0
Bastholm (26) 0 1 0 1
Kidholmene (44) 1 1 6 2
Ngrresg (58) 0 2 2 3
Brandegaardssg 0 2 0 0
(59)
Inddemningen 0 1 1 0
(58)
Haderslevdam 1 0 1 0
13)
Silvsg (5) 1 0 3 0
Total (N) 16 18 846 435

ground as possible. Scanning tests showed a detection range of ~ 40 cm
for the 23-mm tags and ~25 cm for the 14-mm tags. Detection ranges
are affected by several factors including orientation of the tag on the
ground, accessibility, substrate and concentration of tags. Nearly all
scanned cormorant sites in this study had birds nesting or roosting in
trees but the complexity of the habitat and thereby the accessibility
varied greatly from site to site. Thus, scanning efficiency cannot be

’ Bastholm

' Haderslevdam
" Slivse

— Sandvig

- Senderballe Hoved

Qldenor
' Bundse

' Agse

' Gristen

Nerresp
‘ Brandegaardsso

. Indd=mningen

. Oleskobbel

A

Fig. 2. Map of the greater study area (Lille Belt). The secondary cormorant colonies and roosting sites that were scanned are shown in grey. The blue and red dots are

as explained in Fig. 1. DK - Denmark, SE-Sweden.
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readily compared between sites. No other piscivorous birds than cor-
morants were nesting in the Hopsg colony or the other scanned local-
ities, giving a minimal risk of assigning a tag eaten by another bird to
cormorant predation.

The main colony of interest was the Hopsg colony (established in
1994) adjacent to the tagging location (Fig. 1). The Hopsg colony was
scanned several times each year (Table 1). For other locations, scanning
was only repeated if more than a few tags were found (Table 1 and
Fig. 2). To ensure that the predation estimates were based on the two
distinct years of investigation, a total of 44 tags from 2022, detected for
the first time in 2024 were excluded from calculations of predation.
Hopsg colony was scanned more often in 2022 than in 2024, but the total
number of scans performed at all the locations combined was compa-
rable between the two years (Table 1). A major part of detected tags
were found at the Hopsg colony, with only sporadic contribution from
other colonies and roosting sites, with the exceptions of Agsg and Old-
enor (Table 1).

In order to ensure that the scanning effort at the Hopsg cormorant
colony was comparable between years (2022 and 2024), the scanning
campaign continued until the number of new tags found per scanning
day remained low (Fig. 3). On the last 3 scanning days of 2022; 4, 9 and
6 new tags were found. In 2024, on the last 3 days of scanning 33, 17 and
9 new tags were found. Every year all known cormorant breeding col-
onies in Denmark are surveyed and the nests are counted (Sterup and
Bregnballe, 2025). The sizes of the colonies may vary substantially
from year to year. For the Hopsg colony, the number of nests decreased
with approximately 25% from 2022 to 2024 (Table 2). Individual
cormorant roosting sites are not surveyed, so for the four roosting sites
scanned the number of birds using them is unknown.

2.7. Definition of “chance of detection”

The predation analysis is based on the proportion of tags detected in
relation to the number of tagged fish. The raw detection numbers give a
direct estimate of the predation but underestimate the true predation by
assuming that all eaten tags are detected. However, when a tagged fish is
eaten by a cormorant, it does not necessarily end up being detected. It
can be regurgitated at an unscanned location, or if the tag does end up
inside a colony, it can be missed by the scanning. Tag detection requires
that the tag ends up on dry land (many nesting trees overhang water),
does not land inside thick brush and that the ground it lands on is later
scanned. Also, pellets may be eaten and removed from colonies by
scavenging animals. The term “chance of detection” integrates all these
uncertainties and describes the proportion of eaten tags expected to be
detected. The “chance of detection” derived from the feeding experi-
ments, is used to adjust the number of detected tags - and estimate true
predation proportions in the tagging experiment. This and other vari-
ables affecting predation estimates are incorporated in the model

250

Scans 2022

Scans 2024
200

150

100

Number of new tags found

50

0 2 4 6 8 10 12
Scans

Fig. 3. Number of new tags detected by each scan in the Hopsg colony, for the
years 2022 and 2024.
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Table 2
The number of nests in the scanned cormorant colonies.

Tagged fish Detected tags Proportion of tags
(n) (n) detected (%)

Cod
[11,15) cm 201 34 16.9
[15,19) cm 1221 291 23.8
[19,23) cm 924 261 28.2
[23,27) cm 311 98 31.5
27 +cm 124 36 29.0
Flounder
[10,13) cm 110 16 14.5
[13,15) cm 831 209 25.2
[16,19) cm 991 222 22.4
[19,22) cm 368 53 14.4
22 + cm 367 17 4.6
PIT-tag
14-mm 3636 795 21.9
23-mm 1812 442 24.4
Year
2022 3186 802 25.2
2024 2262 435 19.2
Release location
Kalvg 4765 1092 22.9
Sgnderballe 683 145 21.2

Hoved
Feeding

experiment
14-mm PIT-tag 160 43 28.9
23-mm PIT-tag 31 16 51.6

described below.

2.8. Data analysis

In our tagging experiment, several factors may influence the risk of
being eaten and a tag is detected. These include: 1) size and species of
the tagged fish, due to potential cormorant selectivity, 2) PIT-tag size,
because 23-mm tags have a larger detection range than 14-mm tags, 3)
release location, as cormorants could grow accustomed to an easy meal
upon fish release, 4) year of release, because there were more cormo-
rants in the Hopsg colony in 2022 than in 2024, and 5) individual release
event, which may vary in temperature, water clarity, oxygen content,
abundance of non-cormorant predators.

To investigate the effects of these factors and estimate the overall
predation from cormorants in the study area, we set up a binomial model
to fit the tagging data:

logit(pa) = logit(posi) + 71 + fr +py + & @

where pq is the probability of detecting a tag, pos; is a reference prob-
ability for the tagged species (s) and its length class (1), y is the effect of
PIT-tag size, f, is the effect of release location, p, is the effect of year,
and ¢, is a random effect of release day. We assume €; ~ N(0, 6) inde-
pendently fort =1, 2, 3,....,28 release days (12 in 2022 and 16 in 2024).
All model covariates were treated as categorical variables. Flounders
were grouped into 3 cm length classes with a 21 + cm class, while cod
were grouped into 5 cm length classes with a 27 + cm class. The test of
the effect of release day ¢;, was based on 28 groups (12 release days in
2022 and 16 in 2024). To account for eaten but non-found tags, we
corrected the probability of detecting a tag with the chance of detection:

P=pga (2)

where P is the estimated predation proportion from cormorants, i.e., the
chance of a tagged fish being eaten, and a € [0,1] is the chance of
detection. Chance of detection was estimated by fitting a binomial
model to data from the feeding experiment:

logit(p.r) = logit(a) + y¢ 3
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where p. is the probability of detecting a tag from the feeding exper-
iment. Over the two feeding experiments, we had 160 fish tagged with
14-mm tags and 31 fish with 23-mm tags. We chose to estimate one
chance of detection (plus y;), rather than two separate chances of
detection (one for each tag size), because we consider it more robust as
our approach includes data from both the feeding- and tagging experi-
ments. All parameters in the two binomial models (Egs. 1 and 3) were
estimated together in one likelihood function using the flexible tool
RTMB (Kristensen, 2025), which also enables estimates with uncertainty
of derived quantities, such as the average predation. Our statistical setup
has the underlying assumptions that 1) the chance of detection was
constant throughout the experiments, 2) the effect of release event ¢,
was the same for cod and flounder, and 3) the size-specific vulnerability
of cod and flounder was constant in time. We did model selection on a
range of sub-models of Eq. 1 based on AICc and found that the best
model did not include release location. Thus, the final model to estimate
predation did not include f,. The models were validated by visual in-
spection of the qq-plot generated from one-observation-ahead residuals
and Shapiro-Wilks test for normality (Shapiro.test() in R). Both our final
model and the model with f3, passed the visual inspection for normality
and the Shapiro-Wilks test (p = 0.12 and p = 0.12, respectively). The
ADREPORT() function from RTMB was used to estimate uncertainty of
predation proportions, where it uses the delta method for uncertainty
propagation. For estimation of the average predation proportions, e.g.,
over the whole experiment, we calculate the unweighted average on
log-scale:

Tas.l = e%.zjzllog(l)sl“y) (4)

where Py, is the average predation proportion for species, s, and length,
I, and P, is the corresponding predation proportion in year, y. For
interpretation of model parameters related to release year and tag size,
py and yg, we refer to their effects on odds rather than probabilities
because the %-wise effect on odds is independent of odds-size, whereas
the %-wise effect on probabilities depends on probability-size. The odds
are defined as the ratio between “success“ and “failure” outcomes:

DPd
odds = 5
1-pg (5)

where p; again is the probability of detecting a tag from the tagging
experiment. Interpretations of the year- and tag-parameters are made by
exponentiating the difference between two states, e.g., for the year ef-
fect:

C2022-2024 = €271 (6)

where the odds of detecting a tag from a fish released in 2024 are
€2022-2024-100% of a fish released in 2022.

We also tested in a separate binomial model whether there was a
difference in chance of detection between the two feeding trials.
Expanded from Eq. 3:

logit (pe,T) = logit(a) + yr + & @

where & is a factor describing the difference from the first feeding trial
to the second. The effect of PIT-tag size, y, was here estimated from the
main model that included both the feeding and tagging data. The 95%-
confidence interval for & included 0, [-0.45, 0.78], indicating no dif-
ference between feeding trials.

3. Results

A total of 5448 fish were tagged and released. Of these 1237 tags
(22.7%) were detected as eaten by cormorants, 25.9% of all the tags
from cod and 19.4% of all tags from flounder. From the feeding exper-
iment, we detected 30.9% of the tags eaten by cormorants. When
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examining the size of fish tagged in both years combined (2022 and
2024), the smallest cod tagged were in the size range 11-13 cm and the
largest 35-38 cm, for flounder the smallest individuals were 10-12 cm
and the largest 27-30 cm. However, 90.8% of tagged cod and 87.2% of
tagged flounder were 14-26 cm. A total of 42 tagged fish were recap-
tured in good condition in the fisher’s nets (and released again) 3-25
days after tagging. These were identified by observing a slight mark/scar
where the incision was made, and manual scanning with PIT-scanners.
The record of recaptured fish cannot be assumed to be complete.

3.1. Detection

Table 3 contains the number of deployed and recovered tags from the
tagging- and feeding experiments. The table is set up to illustrate the
data going into the statistical model, where we disentangle and quantify
the effects of factors that influence predation estimates. Based on
Table 1, it should be noted that there are correlations in our experi-
mental setup, e.g. more cod than flounder tagged in 2022 and vice versa
in 2024, and that larger fish are generally tagged with 23-mm tags and
smaller fish with 14-mm tags. The latter could lead to an underestima-
tion of the effect of PIT-tag size where 21.9% and 24.4% tag recoveries
for 14-mm tags and 23-mm tags, respectively (Table 1), is a small dif-
ference, but the real effect is hidden behind the effects of fish species and
size.

3.2. Statistical model output

Cormorants showed weak size selection for cod within the tagged
size range. The smallest cod were least vulnerable to predation, but all
95%-confidence intervals for the parameter related to cod size over-
lapped (Table 4). Contrastingly, cormorants showed strong size selec-
tion towards the medium sized flounder (Table 4), while the largest
flounder experienced remarkably low predation. The effect of PIT-tag
size was statistically significant, as the confidence interval for y, did
not include 0. The odds of finding a 23-mm PIT-tag were 21.9% higher
than for a 14-mm tag (Table 4). The effect of year was close to but not
significant, with odds of finding a tag 20.3% lower in 2024 compared to
2022 (Table 4). The effect of release location (Sgnderballe Hoved vs.
Kalvg, Fig. 1) was not statistically significant and this parameter, f,, was
not included in the final model. Of the 100 tagged fish re-released in the
Sandvig area (Fig. 1), 21 tags were later detected, all but one in the
Hopsg colony. Based on the feeding experiment, we estimate that the
chance of detection in this study was 30.2% for 14-mm PIT-tags (« in
Tables 4), and 34.5% for 23-mm PIT-tags (derived from y, and « in
Table 4). There was some variability in predation proportions between
release days (Figure S2, Supplementary material).

3.3. Predation estimates

The predation proportion for cod in 2022 ranged between 57.0% and
96.0% and in 2024 between 47.0% and 81.2%. For flounder, the pre-
dation proportion in 2022 ranged between 15.7% and 91.9%, and in

Table 3

Number of fish tagged and detected shown for each of the parameters in the
model. Dashed lines separate parameters, i.e., contain all tagged fish (n = 5448),
except the last section, with data from the feeding experiments.

Colony Number of nests 2022 Number of nests 2024
Hopsg 560 410
Oldenor 210 224
Bundsg 255 175
Grésten 22 78
Bastholm 53 0
Kidholmene 183 297
Ngrresg + Braendegardssg 1134 878
Inddemningen 69 13
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Table 4

Estimated parameters influencing tag recovery and total predation. The “Esti-
mate” column contains output from our statistical model, though parameters po,
. and a have been inverse logit transformed here for interpretability. Some
parameter estimates are 0, because they are used as reference. * indicates that
parameters come from an expansion of the main model.

Parameter Description Estimate 95% CI

Po,1.1 [11,15) cm cod 0.172 [0.121; 0.238]
Do1,2 [15,19) cm cod 0.229 [0.193; 0.270]
Po,1,3 [19,23) ecm cod 0.262 [0.217; 0.313]
Do,1.4 [23,27) cm cod 0.290 [0.226; 0.363]
Do1,5 27 + cm cod 0.261 [0.182; 0.358]
Poz1 [10,13) cm flounder 0.181 [0.109; 0.284]
Do22 [13,15) cm flounder 0.277 [0.230; 0.330]
Po23 [16,19) cm flounder 0.233 [0.194; 0.277]
Do,24 [19,22) cm flounder 0.148 [0.108; 0.199]
Poz2s 22 + cm flounder 0.047 [0.028; 0.079]
7 14-mm PIT-tag 0 [0; 0]

123 23-mm PIT-tag 0.198 [0.005; 0.392]
2 Released in 2022 0 [0; 0]

Pa Released in 2024 —0.228 [-0.487; 0.031]
o SD for Random effect, ¢ 0.269 [0.173; 0.419]
a Chance of detection 0.302 [0.241; 0.371]
A Released at Kalvg 0 [0; 0]

P Released at Sgnderballe Hoved —-0.125 [-0.461; 0.212]

2024 between 12.6% and 77.6% (Fig. 4). The average estimated pre-
dation proportion on cod over the two experimental years ranged be-
tween 51.8% and 88.3% (Fig. 5). Thus, the size-range of cod in our
experiment was not sufficiently wide to establish a lower or upper size
limit to cormorant predation. The average predation proportion on
flounder ranged between 14.1% and 84.4% (Fig. 5). The average pre-
dation proportion on the smallest flounders, 54.4%, was not low enough
to indicate a lower size-limit of cormorant predation. However, we did

Cod
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cover the upper size-limit for cormorant predation on flounder, which is
somewhere in the mid-twenties cm, and we only detected one out of 155
PIT-tags from flounder > 24 cm. The maximum predation proportion on
cod and flounder were thus comparable, while fish length was more
important for flounder than cod, within the experimental ranges. There
was some variability in predation proportions between release days
(Figure S2, Supplementary material).

4. Discussion

Two years of PIT-tagging and subsequently detecting tags in
cormorant colonies and roost sites, provided novel results on the
cormorant predation-level on small cod and flounder in the Western
Baltic. The raw detection data provided detailed results on the choice of
prey species and size as well as documenting a similar predation pro-
portion between years. When corrected with the factor found through
the feeding experiments, combined with the other variables in the
binomial model, we get a solid estimate of the proportion of tagged fish
eaten by cormorants from the period of tagging until the period of
scanning (4-8 months). The study investigates the predation by adult
cormorants in their breeding season in the proximity of a cormorant
colony, and the results cannot readily be extrapolated to other times of
the year, or areas outside the feeding range (20 km) of a colony. It must
also be noted that there are indications that predation pressure may
increase with proximity to a colony (Birt et al., 1987), thus the tagged
fish in this study was within 10 km from the Hopsg colony and the
predation may have been more modest if fish had been tagged further
away from a colony.

The results show high predation pressure on cod and flounder, rep-
resenting the demersal coastal fish assemblages in the Western Baltic.
Earlier studies estimating cormorant predation on juvenile flounder,
also showed a very high predation (Leopold et al., 1998; Jepsen et al.,
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2010; Nielsen et al., 2008), where a study by Nielsen et al., (1999) found
a low predation on juvenile cod. Both flounder and cod juveniles are
known to suffer high natural mortality but at an earlier stage than the
fish tagged in this study. The mortality of juvenile cod can be density
dependent because of cannibalism, so in a dense population, many
young cod are eaten by older conspecifics (Uzars and Plikshs, 2000).
However, in a population like the present, with very few adult cod
(Lewin et al., 2023), cannibalism is likely limited. With over 70% of all
tagged cod in this study eaten by cormorants, less than 30% could be
eaten by other predators, emigrate, be fished or survive to reproduce.

Two main questions arise in relation to the tagging and handling of
fish 1) Did the combined handling and tagging of the individual fish
decrease their ability to avoid predators 2) What, if any, PIT-tag loss
could be expected. The initial sorting of fish by very experienced fish
taggers and a tag/body-mass ratio below 2% makes us assume that
tagged fish were not at increased predation risk due to added weight, tag
size, or pre-existing damage. A study at DTU Aqua (Schignning et al., in
prep) demonstrated PIT tagging of flounder > 9 cm (N = 650) with
12 mm tags as a suitable method with low mortality (0.3%) and high tag
retention 10 during the first three weeks after tagging. Several studies
have found the applied method of PIT-tagging to have no measurable
effect on fish performance (Jepsen et al., 2008, 2018, Kallo et al., 2019;
Skov et al., 2014; Skov et al., 2019; Vollset et al., 2020; Lee et al., 2009;
Jepsen et al., 2022), but few studies did report PIT-tagging to have some
negative effect on performance (Ficke et al., 2012; Kimball and Mace,
2020) or even a large negative impact (Sigismondi and Weber. 1988).
PIT-tagging has been a widely used method in fish studies for decades,
and as argued above, there is no reason to assume the effects of tagging
would have a significant influence on the results in this project. When it
comes to the combined effect of capture, holding, handling and tagging
it cannot be ruled out that there could be an increased predation risk of
individual fish. PIT-tag loss for cod was not investigated here, but
assumed to be very low (Behrens et al., 2011). Each lost PIT-tag would
lead to underestimation of predation proportion, so the high estimates
found here indirectly indicate very low tag-loss and post-tagging related
mortality.

Assuming PIT-tagging affected the fish negatively to a degree that
increase cormorant predation risk, one would assume the fish would also
have difficulty avoiding other predators (fish, seals, porpoises). Further,
if the fish were seriously negatively affected, one would also expect non-
predation-related mortality to be high. These two factors would
decrease the number of fish available for the cormorants, which should
in turn lower the predation proportions. The fact that predation

proportions were very similar between species, months, and years also
point against the idea of increased predation risk for tagged fish, as
species and not the least water temperature during holding and tagging
would highly influence the adverse effects.

There are also key differences in relating decreases in predator
avoidance to increases in individual fish predation, between pelagic
shoaling fish and benthic solitary fish. Pelagic shoaling fish with even
minor changes in performance may be susceptible to increased preda-
tion risk as predators would pick out “weak” individuals from the shoal.
For benthic solitary fish, like cod and flounder, the main avoidance
strategy is to hide or stay still, and thus changes in performance would
have minor effects on the individual predation risk.

A key strength of this study is the two separate years of study, giving
more solid and general estimates of predation. The fact that both years
delivered rather similar results indicates that cormorant predation is
regularly high during the breeding season. In 2022, the predation pro-
portions were however, significantly higher than in 2024, but the
number of nests in the main cormorant colony, Hopsg, was also higher,
with 560 nests in 2022 and only 410 in 2024, which could possibly
explain the difference. The release of PIT-tagged fish in two very
different locations and habitats in 2024, was done to test if using the
same release location could attract cormorant attention and thus in-
crease predation. Comparing the predation proportion from the two
release sites, showed no significant difference. This matches our own
observations of very limited predation risk in the main release area. We
observed the area for up to two hours after releasing tagged fish, we saw
no incidence of cormorants in the release area. All tagged fish had left
the shallow area within short time of release.

The estimates of “true predation” were made possible due to the
results from the two “feeding trials” in 2024. It would have been ideal to
carry out 3-4 trials in 2022 and 2024, but the time it took for the cor-
morants to start foraging in the net, made it very time consuming to
perform the trials. Thus, in 2022, the cormorants never got accustomed
to entering the smaller net (4x4m) that was used. Therefore, we used a
much larger net (15x15m) in 2024 and even with this large net, it took
several weeks before the cormorants got accustomed to it and started
feeding in the net. There was no statistical difference between the two
feeding trials, and thus, these could be combined and used in the model
as a general correction factor for converting recovery proportion to
predation proportion. The chance of detection is dependent on factors
like location of colony, position of nests inside a colony, thickness of
undergrowth, and lake water level. Therefore, assuming a constant
chance of detection between different colonies and over time in one
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colony is not appropriate, but in this case, we believe the conditions in
2022 and 2024 to be very similar and thus the assumption to be
acceptable.

One shortcoming of the method applied in this study is the lack of
information about when a tagged fish is eaten by a cormorant. The only
temporal information given by the method is when the fish was tagged
and when the tag was detected, and as this period of time ranged from 4
to 8 months, with no information on predation during the first 4 months,
it is not possible to determine any meaningful predation rates (preda-
tion/time). As there is no relationship between the time the tagged fish
are exposed to cormorant predation (release day) and predation pro-
portion, this could be interpreted as evidence that the fish are eaten
shortly after release. However, this could be circumstantial, and nothing
is known of the specific time of predation. All fish could in principle be
eaten the day after they were released or all on the same day in August,
and the same non-relationship would be found. However, another study
of cormorant predation on juvenile flounder in Denmark, found that
close to 100% of all tagged flounders were eaten within two weeks
(Jepsen et al., 2010), showing that predation rates may be extremely
high. Fish released in the beginning and end of the tagging seasons
showed lower predation proportion compared to fish tagged in the in-
termediate period (Figure S2, Supplementary material). This pattern
was consistent in both years. An explanation could be the fluctuating
activity in the Hopsg¢ cormorant colony, where the peak bree-
ding/nesting period is April and May, while March and June are the start
and tail ends of the breeding seasons. Thus, it is likely that the con-
sumption of fish and thereby predation is highest during the two
peak-breeding/nesting months. We excluded detected tags from
2022-tagging, found in 2024 from the data analysis, because it could not
be determined if they had been eaten by cormorants in 2022 or in one of
the following years, thereby mixing the two distinct years and possibly
producing pseudo replicates.

The results show that cormorants are catching cod and flounder with
similar efficiency, with the difference that there is a clear size refuge for
flounder but not cod in the size range tagged. Flounder over 22 cm are
very difficult for cormorants to handle and swallow due to their shape
(own observations from videos of foraging cormorants). The largest size
class of tagged cod (27 + cm), in contrast had among the highest pre-
dation proportions. A size-refuge, as seen for flounder, could also be
expected for cod if larger specimen had been tagged, but we only had
access to very few cod over 30 cm. Larger individuals of cod may have
lower risk of predation due to different behavior than smaller cod
(deeper water, faster swimming, hiding in rocks, etc.) but this could not
be observed in this study.

It is difficult to determine if the cormorant predation pressure found
in Genner Bay area is comparable to similar areas, as almost no other
marine field studies exist. There is robust published information on the
cormorant population, and in the Danish part of the Western Baltic,
there are 22.262 breeding pairs (2024) in 57 colonies spread evenly
along the coast (Bregnballe and Sterup, 2024). The Hopsg colony with
410 (2024) pairs is a typical medium sized colony. The feeding range of
cormorants in the breeding season is reported to be approximately
20 km from the colony (Birth et al. 1987; Nielsen et al., 2008) leaving
only little of the Danish coastal part of the Western Baltic out of range
from cormorants during the breeding months March-June (Figure S3,
Supplementary material). The results from this study generally support
Birth et al. (1987) findings, with the vast majority of tags being found in
colonies or roosting sites within 20 km of the release sites. It should be
noted that there may be a gradient within the 20 km with decreasing risk
of predation the further away from a colony a fish is. However, tags were
indeed found as far away as 58 km, but it is not possible to determine if
the predation event took place within the cormorant breeding period.
Further, it is not possible to determine spatially where a predation event
occurred. It is possible that the predation pressure found in the Genner
Bay area is comparable to other coastal areas in the Western Baltic with
similar cormorant density. It must be noted that the highest cormorant
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numbers are observed during autumn migration, September/October,
when birds are arriving from north-eastern Baltic regions and birds from
the southern Baltic are roaming around, without distinct migration di-
rection. This might create different, but also high predation constella-
tions, which are not subject of the study, but maybe of relevance for the
cormorant — fish stock interaction.

A conservative interpretation of the findings in this study could be
that the very high level of predation is only found around colonies in the
breeding season. Further, the continued high level of predation through
the breeding season is possible only due to source-sink dynamics where
juvenile (young of the year) cod and flounder migrate into shallow
coastal areas during spring, coinciding with the breeding period of the
cormorants. The results from this demonstrate that predation from
cormorants in an open coastal area can have a great negative impact on
survival of juvenile cod and flounder and thus may have a significant
negative impact on the population size of these species. Following this, it
seems likely that cormorant predation plays a role in the continued
struggles of the population of Western Baltic cod and coastal flounder,
despite severe fishing regulations.
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