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The management and conservation of biodiversity relies on information on both
the abundance of species and the potential impact of threats. Globally, one of the
largest threats towards marine biodiversity is bycatch in fisheries. Under the
Marine Strategy Framework Directive (MSFD), EU Member States are required to
assess the status of species, such as the harbour porpoise (Phocoena phocoena),
in relation to their abundance and mortality due to bycatch every six years. The
Vulnerable (HELCOM) Belt Sea population of harbour porpoise has been
surveyed to determine its abundance six times using dedicated aerial or ship-
based line-transect distance sampling surveys. Here, we estimated the first trend
in population abundance over an 18 year period (2005-2022). Using the most
recent abundance estimate, we computed a mortality limit applying the modified
Potential Biological Removal (mMPBR) method based on the regionally agreed
conservation objective to restore or maintain 80% of carrying capacity over 100
years with an 80% probability. Over the past 18 years there has been a strong
negative trend (-2.7% p.a.; 95% Cl: -4.1%; + 1.3%) in abundance, with a 90.5%
probability. The mortality limit was estimated to be 24 animals, which the current
bycatch estimates (~900 porpoises/year from the commercial Danish and
Swedish set net fishery fleets, with no data from Germany and other fishery
types) exceed by far. The frequency and quality of data available on abundance
for this population are higher than those available for the majority of marine
species. Given the observed population decline and likely unsustainable levels of
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bycatch, the results presented here provide a strong basis to make informed,
evidence-based management decisions for action for this population. Such
action is needed urgently, before the dire situation of other porpoise species
and populations around the globe is repeated.

KEYWORDS

Baltic Sea, bycatch, cetacean, distance sampling, monitoring, Phocoena phocoena,

SCANS, conservation

1 Introduction

Successful management relies heavily on unbiased data on
population dynamics and on the potential impact of threats to
the population (Nelms et al., 2021). The ability of a population to
sustain itself in the long-term is highly dependent on the rate at
which the population grows through reproduction and immigration
in relation to the rate at which individuals are lost from the
population (Conde et al., 2019). This loss can derive from either
natural or anthropogenic factors, with bycatch in fisheries being one
of the main threats for many species and populations of small
cetaceans (Brownell et al., 2019). This threat is often the main factor
limiting the recovery of depleted species and populations of marine
mammals (Gales et al., 2003; Kovacs et al., 2012; Reeves et al., 2013;
Brownell et al., 2019).

The harbour porpoise (Phocoena phocoena) is a small cetacean
species impacted by set net fisheries, as it is regularly bycaught
(Vinther and Larsen, 2004; Read et al., 2006; Siebert et al., 2020).
There are three populations of harbour porpoises in the Baltic/
North Sea region; 1) the North Sea population, distributed from the
northern Kattegat, through Skagerrak to the entire North Sea; 2) the
Belt Sea population in the western Baltic Sea, the Belt seas, the
Sound and the southern Kattegat; and 3) the Baltic Proper
population in the inner Baltic Sea (see Carlen et al. (2021) for a
distribution map of all three populations). The three populations
are not only morphologically and genetically distinct (Wiemann
et al., 2010; Galatius et al., 2012; Lah et al., 2016; Celemin et al.,
2023), but also have limited overlap in distribution during the
summer breeding season (Sveegaard et al., 2011, 2015; Carlen et al.,
2018). As a species, the IUCN has classified the harbour porpoise as
Least Concern both in the European region (Sharpe and Berggren,
2023) and globally (Braulik et al., 2023). The harbour porpoise is
listed on OSPAR’s “List of Threatened and/or Declining Species and
Habitats” (OSPAR, 2008, OSPAR Agreement 2008-06) including
within the distributional range of the North Sea population.
However, the Belt Sea population is listed as Vulnerable
(HELCOM, 2013) and the Baltic Proper population as Critically
Endangered (HELCOM, 2013; Carlstrom et al., 2023).
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With respect to marine conservation, all Member States of the
European Union (EU) are required to monitor harbour porpoises as
well as the level of bycatch under the EU Habitats Directive (HD)
(92/43/EEC, Habitats Directive, 1992) and EU regulation 1241/
2019, and report on whether populations are in good environmental
status under the Marine Strategy Framework Directive (MSFD)
(2008/56/EC, Marine Strategy Framework Directive, 2008).
Additionally, an estimate of absolute abundance, trends in
abundance, and a threshold for sustainable additional mortality
are needed as indicators for the population to contribute to the
Holistic Assessment of the Baltic Sea (HOLAS) completed by the
Helsinki Commission (HELCOM) at regular intervals. Therefore, it
is essential to have up-to-date information and data collected to the
highest standards for successful conservation and management.

The abundance of cetaceans, including harbour porpoises, is
typically estimated from line-transect distance sampling surveys
conducted from ships or aircraft (Hammond et al., 2021a). The first
dedicated survey covering most of the currently defined
management area of the Belt Sea population, but also covering a
larger area, was the 1994 SCANS (Small Cetacean Abundance in
European Atlantic waters and the North Sea) survey (Hammond
et al,, 2002; Hammond et al,, 2021b). The whole management area
of the Belt Sea population was covered in subsequent surveys,
including SCANS-II in 2005 (Hammond et al., 2013),
MiniSCANS in 2012 (Viquerat et al., 2014), SCANS-III in 2016
(Hammond et al., 2021b) and MiniSCANS-II in 2020 (Unger et al.,
2021). Additionally, the SCANS-IV survey was recently conducted
in 2022 (Gilles et al., 2023). However, it is currently unknown
whether the population is stable, growing or declining over time, as
these surveys covered slightly different areas making a simple
comparison and trend analysis of the abundance estimates
difficult. Furthermore, a trend analysis should not only consider
the point estimates but also the associated uncertainty, which
provides valuable information on the precision of each estimate
(Taylor et al., 2007; Authier et al., 2020).

The Potential Biological Removal (PBR) control rule was
developed within a management strategy framework: the amended
Marine Mammal Protection Act (MMPA) in the USA. A set of legally-
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binding guidelines were made to compute a limit reference point for
anthropogenic removals from marine mammal stocks (or management
units). PBR does not require information on bycatch level or other
human-caused mortality, instead it relies on an absolute abundance
estimate (and precision) to determine a removal threshold (aka
reference point) above which removals would prevent a population/
management unit from reaching a defined conservation objective
(Wade, 1998; Wade et al., 2021). In the case of the MMPA, meeting
the conservation objective is defined on two criteria; 1) that a
population at the maximum net productivity level [MNPL, greater
than or equal to 50% of carrying capacity (K)] is able to remain there
for 20 years (short-term goal), and 2) that a population that is depleted
at 30% of K is able, despite non-nil removals, to reach and remain
above MNPL within 100 years with a probability of 0.95 (long-term
goal; see ‘conservation goals’ in Wade, 1998, page 8). The PBR control
is enshrined in the U.S. MMPA but has been applied to a range of
cetacean species around the world (Slooten et al., 2006; Stenson et al.,
2012; Parra et al., 2021) thereby accepting, either implicitly or explicitly,
the U.S. MMPA conservation objective.

In the Baltic Region, ASCOBANS (Agreement on the
Conservation of Small Cetaceans of the Baltic, North Fast Atlantic,
Irish and North Seas) has set a conservation objective, adopted by all
Parties (including Denmark, Germany and Sweden where the Belt Sea
population is distributed), that “populations should be kept at or
restored to 80% of their carrying capacity” (ASCOBANS, 1997);
although a time frame and level of certainty have yet to be specified
by ASCOBANS. Estimates of mortality limits have previously been
calculated for harbour porpoises in the Baltic region based on this
conservation objective (Berggren et al, 2002). However, these
calculations were based on previously understood population
structures in the region that do not match the currently defined
population management areas. Until now, an interim limit on
bycatch has previously been set as 1% of population size for the Belt
Sea within HELCOM and OSPAR (Oslo-Paris Commission), which
does not take population dynamics or demographic differences
between species and populations into account (Hammond et al,
2019). Additionally, when assessing mortality limits to determine the
best management strategy it is essential to factor in potential sources of
bias (Wade, 1998; Punt and Donovan, 2007; Moore et al., 2021). Recent
work from OSPAR Marine Mammal Expert Group (OMMEG) tuned
the PBR method to a fully quantitative interpretation of the
ASCOBANS conservation objective (Genu et al., 2021), defining a
time frame of 100 years and a probability of 80%. These values were
then adopted for use within OSPAR and HELCOM as a part of their
recent assessment processes (QSR 2023 and HOLAS 3), and are also
within the range of values of probability and timeframes recommended
to be used in initial work completed by ASCOBANS as a part of the
process of updating their conservation objective (ASCOBANS, 2023).
This quantification of the conservation objective also allowed this
modified PBR (mPBR) to then be applied to the Belt Sea population of
harbour porpoises.

The aims of this study were to assess the trend in abundance
over time for the Belt Sea population of harbour porpoises from a
series of dedicated line-transect distance sampling surveys over 18
years. We also calculated an mPBR threshold for the population and
compared it to published data on bycatch rates for the same area.
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2 Materials and methods

2.1 Survey design, data collection
and analysis

The SCANS and MiniSCANS surveys have generated a time
series of data to investigate changes in harbour porpoise abundance
in European Atlantic shelf waters at spatial and temporal scales that
are ecologically appropriate for a highly mobile species. Novel high
standards for data collection and analysis were developed
(Hammond et al., 2021a). These abundance estimates are
unbiased and allow for the assessment of bycatch (and other
anthropogenic pressures) in a population context.

All surveys were designed to meet the assumptions described in
Buckland et al. (2001) for line-transect distance sampling. The
survey design engine in software DISTANCE (Thomas et al., 2010)
and, for the most recent surveys, the R package ‘dssd’ (Marshall,
2020) were used to design transects that provide equal coverage
probability, therefore allowing for unbiased abundance estimation
by extrapolating estimated sample density to the entire stratum
(Hammond et al,, 2021a). Table 1 compares the metadata of the
surveys that covered the management area of the Belt
Sea population.

Detectability differences between survey platforms, teams and
environmental conditions were taken into account, and all data
were corrected for perception and availability biases, by considering
platform differences between surveys and diving behaviour of
the species.

In the ship-based surveys, a double-platform line-transect
survey technique, involving two separate observer teams on each
ship, was applied (Hammond et al., 2002, 2013; Viquerat et al.,
2014; Hammond et al., 2021b). This method aimed to collect data
enabling the adjustment of abundance estimates for animals not
initially detected on the transect line. Additionally, it sought to
account for potential effects resulting from the animals’ movement
in response to the ship (Laake and Borchers 2004).

In the aerial surveys, the racetrack or circle-back method, first
implemented in SCANS-II (Hammond et al.,, 2013), corrects for
both availability and perception bias and therefore estimates the
fraction missed on the transect line (Hiby and Lovell, 1998; Hiby,
1999). In this approach, initiated by the sighting of an individual
animal or a group, the aircraft circles back to re-survey the same
segment of the transect line, thereby yielding data equivalent to that
obtained by a double observer team (Scheidat et al., 2008;
Hammond et al., 2021b; Gilles et al., 2023).

The MiniSCANS-II survey in 2020 (Unger et al,, 2021) was the
first survey designed to fully cover the agreed management area of
the Belt Sea population (i.e. the waters between an east-west line
between Denmark and Sweden at 56.95°N in the Kattegat Sea, and a
north-south line between Sweden and Germany at 13.5°E in the
southern Baltic Sea, Sveegaard et al.,, 2015) (Figure 1;
Supplementary Table 1 and Supplementary Figure 1).
MiniSCANS-II also yielded the highest effort to date, and since
the precision of abundance estimates depends to a certain extent on
the realized effort, the abundance estimates were associated with a
low CV (Table 1; Supplementary Table 2). We provide details on
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TABLE 1 Metadata of all SCANS and MiniSCANS surveys in the Belt Sea population region.

10.3389/fmars.2024.1289808

Survey dates 27 June - 09 27 June - 16 221 July 2012 5 - 24 July 2016 24 June - 10 28 June - 31
July 1994 July 2005 July 2020 July 2022
Survey SCANS SCANS-II MiniSCANS SCANS-III MiniSCANS-II SCANS-IV
Block (labels) 1+X S 2 MS A-1 BS A-F
Area SK/BS SK/BS BS BS BS BS
Area (kmz) 55,295 68,372 51,511 40,707 42,244 42,264
Platform ship + aerial ship ship ship aerial aerial
Effort (km)* 2,292 1,279 826 1,028 4,533 4,279
Abundance 51,660 27,901 40,475 42,324 17,301 14,403
Cv 0.30 0.39 0.24 0.30 0.20 0.21
CI low (abundance) 29,058 13,387 25,614 23,368 11,695 9,555
CI high (abundance) 91,841 58,149 65,041 76,658 25,688 21,769
Density 0.93 0.41 0.79 1.04 0.41 0.34
CI low (density) 0.53 0.20 0.50 0.57 0.28 0.23
CI high (density) 1.66 0.85 1.24 1.88 0.61 0.52
Hammond et al. Hammond et al.
Reference om rmmond | fom Fummend | et G019 ol Gony | Uneeretal Qo2 | Gllsetal, 029
et al. (2002) et al. (2013)

Summary of harbour porpoise abundance and density (ind./km?) estimates from SCANS and MiniSCANS surveys. Surveys were either conducted solely on the distribution range of the
population (i.e., western Baltic Sea, Belt Sea, The Sound and Kattegat) (BS) or covered a larger area, including the Skagerrak, to different extents (SK). *For ship surveys, effort refers to km in sea

conditions Beaufort <2, and for aerial surveys, under good or moderate conditions.

the design and results of this aerial survey in the Supplementary
Material. For more details on survey method and abundance
estimation we refer to Scheidat et al. (2008); Gilles et al. (2009);
Hammond et al. (2013) and Hammond et al. (2021b).

2.2 Trend analysis

The first survey in the Belt Sea region (SCANS) in 1994 only
covered 70% of the currently recognised management area of the
Belt Sea population, excluding the south-eastern part, which could
have influenced the abundance estimate for the population at that
time. Therefore, only the abundance estimates from surveys
completed between 2005 and 2022 were used for the trend
analysis, as these surveys covered the majority of the management
area. However, even these remaining surveys covered the
management area of the Belt Sea population to varying extents
(Figure 1), and only the three most recent surveys in 2016 (SCANS-
III), 2020 (MiniSCANS-II) and 2022 (SCANS-IV) more precisely
matched the Belt Sea management area. Therefore, for surveys prior
to 2016, the conventional distance sampling (CDS) estimates (and
associated 95% confidence intervals) were post-stratified to the size
of the management area, assuming that the average density in the
sampled area could be extrapolated to the whole management area.
This allowed for a comparison of the abundance estimates
over time.

Frontiers in Marine Science

A Bayesian trend analysis was performed following the
approach by Nachtsheim et al. (2021), allowing for the
incorporation of all sources of uncertainty. By taking the
variability of the individual estimates and the associated errors
into account, a closer representation of the trend was achieved by
estimating its whole distribution instead of simply a point estimate
(as per in more conventional trend estimation methods; Authier
et al., 2020; Nachtsheim et al., 2021).

A detailed description of the Bayesian trend analysis approach
is provided in Nachtsheim et al. (2021). Briefly, the point
abundance estimates from 2005 to 2022, and the associated
estimate of uncertainty (expressed as the standard error based on
the 95% confidence intervals), were used as priors for the Bayesian
model. The posterior distribution of the ‘true’ abundances was
obtained with Markov Chain Monte Carlo (MCMC) sampling
(10,000 iterations) with the package ‘agTrend’ (Johnson and Fritz,
2014) in R 3.4.4 (R Core Team, 2018). For any given year, the
median and 95% credibility interval of the posterior distribution
was determined to represent the most probable abundance estimate
and the range of posterior estimates for that time, respectively.
Linear models linking the posterior distribution values from 2005 to
2022 were run, and the slope coefficient for each model was
extracted. This provided a distribution of coefficients which
represent an estimate of the relative change, or trend, in
abundance over time. An empirical cumulative distribution
function was applied on the distribution of relative trend

frontiersin.org
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FIGURE 1

Survey area coverage of the individual SCANS (1994, 2005, 2016, 2022) and MiniSCANS surveys (2012, 2020) surveys is shown in yellow, and the
defined management area of the Belt Sea population of harbour porpoises (Phocoena phocoena) in solid black lines (with the limits defined in
Sveegaard et al,, 2015). Shading is light yellow when survey area is inside the management area, and dark yellow when outside. The 1994 survey was
excluded from the trend analysis due to the lack of coverage in the south-eastern part of the management area. Labels in top left indicate survey
name, survey year and which blocks were designed (note that in 2012 a single survey area without any stratification in blocks was planned); the icon

represents the survey platform. Figure modified from Gilles et al., 2023.

estimates to derive the probability that a trend was negative (p less
than 0) or positive (p greater than 0).

2.3 Mortality limit calculation

To calculate a mPBR mortality threshold, a population
dynamics model (the so-called operational model) is first needed.
A generalized logistic (Pella-Tomlinson), density-dependent, and
age-disaggregated model was calibrated with life-history
information on the Belt Sea population using the function
“pellatomlinson_dis” within the RLA package v.0.2.0 (Genu et al.,
2021) (R v. 4.1.0; R Core Team, 2021). This allowed for the
simulation of population growth towards carrying capacity (K)
using population-specific demographic parameters including, 1) a
female:male sex bias in relative vulnerabilities to bycatch of 1.0:1.2
(Lockyer and Kinze, 2003), 2) a female:male sex ratio at birth of
1.0:1.1 (Lockyer and Kinze, 2003) and 3) the proportion of females
that are sexually mature for each age defined based on Kesselring
et al. (2017). Some of the population-specific demographic
parameters [e.g. maximum longevity (22 years) and age-specific
risk of bycatch (higher for the first two years)] required by the
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model were determined to be consistent with the values used for the
North Sea population (see Hammond et al, 2019). For one
parameter (age-specific survival) there was a lack of data available
for this population, so the values used for the North Sea population
were determined to be the most suitable (see Hammond et al,,
2019). A rough estimate of carrying capacity is needed as a starting
point for calculating population trajectories. The value of 50,000
was chosen based on the first abundance estimate available (SCANS
1994: 51,660 animals (CV=0.30); Hammond et al., 2021b revised
from Hammond et al., 2002; note that the area surveyed in 1994 was
slightly different from later surveys). The order of magnitude of the
carrying capacity is important because it drives the importance of
demographic stochasticity in extinction risk. Demographic
stochasticity is taken into account in the simulations with the
age-disaggregated model (see algorithm 2 in Genu et al,, 2021).
The impact of randomised removals from the population as a
result of unmanaged bycatch was then simulated using the
“pellatomlison_dis” function in order to deplete the population to
likely current day levels. Simulated bycatch (assumed to be between
0.1% and 5% of K), was allowed to occur over a 60 year period as
this reflects the duration from when fishing effort largely increased
in the Belt Sea region due to modernisation of fishing methods

frontiersin.org
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around 1960 (Nielsen and Richardson, 1996), to the most recent
abundance estimate (SCANS-IV, Gilles et al., 2023). A total of
100,000 simulations were completed, and scenarios with depletion
levels (after 60 years of unmanaged bycatch) of between 30% and
70% of K were selected for use in calibrating a PBR formula to the
conservation objective.

The Potential Biological Removal (PBR) is a control rule for
estimating the maximum number of animals, excluding natural
mortalities, that can be removed and still allow a population to
reach a particular conservation objective (Wade, 1998). PBR is
typically calculated as:

PBR = N,,;, X 0.5R 5 % F,

where R,,,, is the highest possible population growth rate of the
population in the available environment (assumed to be 4% by
default for cetaceans), and N,,,;, is the 20 percentile of the most
recent abundance estimate, calculated as the lower percentile of a
log-normal distribution:

N

N = exp(2/In(1+ VR YY)

where N is the most recent abundance estimate for the
population and associated precision (CV), and Z is the standard
normal deviate for the 20th percentile (0.842) (Wade, 1998). The
most recent unbiased abundance estimate for the Belt Sea
population originates from SCANS-IV (Gilles et al., 2023).

F, is a recovery factor between 0.1 and 1.0, with the value used
influencing the rate at which a population can recover towards a
conservation objective. In this study, a modified PBR (mPBR)
method (Genu et al,, 2021) was used to tune the results of the
PBR model to the ASCOBANS conservation objective
[“populations should be kept at or restored to 80% of their
carrying capacity (K)” (Resolution 3.3)], assuming that the
objective needed to be achieved within 100 years, with an 80%
probability. The R function “pbr_nouveau” (Genu et al., 2021) was
used to complete robustness trials under different scenarios of
biases in data inputs (Table 2) to determine the value of F, that
would allow the population to reach the conservation objective. The
scenarios tested matched previous studies (Wade, 1998; Genu et al.,
2021), and were completed for two different CV values (0.2 and 0.4),
reflecting the observed range in the precision of abundance
estimates for this population (Table 1; Hammond et al, 2002,
2013; Viquerat et al., 2014; Unger et al., 2021; Hammond et al,,
2021b; Gilles et al., 2023).

3 Results
3.1 Abundance estimates

The metadata and abundance estimates for the SCANS and
MiniSCANS surveys are summarised in Table 1. The surveys
conducted in 2020 and 2022 achieved the highest survey effort in

the management area of the Belt Sea population. The survey in 1994
was excluded from the trend analysis because SCANS covered a
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larger area, including the Skagerrak to the north, but it did not
encompass the southeastern part of the management area, resulting
in a 30% coverage gap (Figure 1). Comparing the five remaining
surveys, the highest abundance was estimated for 2012 and 2016,
while the lowest was estimated for 2020 and 2022.

3.2 Trend in abundance

The results of the Bayesian trend analysis are shown in Figure 2.
The abundance estimate from 2016 (SCANS-III) had less influence
on the estimated trend since it is also the abundance estimate with
the lowest precision. In this sense, the model took the estimate into
account but down-weighted its influence on the trend because of its
low precision. The Bayesian trend analysis revealed a decreasing
trend of 2.68% per year (95% credibility interval, -4.13% to +1.26%),
with a 90.5% probability that the trend was in fact
negative (Figure 2).

3.3 Mortality limit

Based on the results of the most recent abundance survey
(SCANS-IV) from 2022 (14,403 animals (95% CI = 9,555-21,769);
CV =0.21; Gilles et al., 2023), N,,,;,, was estimated at 12,091 animals.
The highest F, that allowed the population to reach the conservation
objective with a CV of 0.2 was F, = 0.4 in scenario 3A (R,
underestimation), scenario 8A (higher MNPL, and bycatch
underestimation), and scenario 10A (carrying capacity
degradation). All seven other scenarios (with a CV of 0.2)
required an F, of 0.2 or 0.1 to achieve the conservation objective
(Table 2). For the Belt Sea population of harbour porpoises to meet
the conservation objective under all scenarios tested (with a CV of
0.2), including an underestimation of bycatch (scenario 1A), an F,
value set to the minimum 0.1 is required (Table 2). Simulated
trajectories of the base case scenario (0A, n = 302, assuming no
biases) with an F, value of 0.1 are shown in Figure 3, and mean
trajectories for all F, values in the base case scenario are shown in
Figure 4. PBR was calculated for each possible F, value based on the
most recent abundance estimate and associated CV (Table 3). The
calculated mPBR mortality limit, with an F, of 0.1, was 24
animals (Table 3).

4 Discussion

Using a Bayesian trend analysis, this study revealed that there
has been a negative trend in the abundance of the Belt Sea
population of harbour porpoises over the last 18 years (average
rate of -2.7% per year). Completion of a range of robustness trials
taking into account possible biases in the data available, revealed
that for the population to reach the conservation objective in a
scenario where bycatch is underestimated, an F, value of 0.1 is
needed. This resulted in a calculated mortality limit of 24
individuals per year, which is far exceeded by current published
estimates of the rate of bycatch within the range of this population

frontiersin.org


https://doi.org/10.3389/fmars.2024.1289808
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

92UBI2S dulIe|y Ul SI213U0I4

L0

610 UISIBIUOLY

TABLE 2 Robustness trials to determine under which scenarios and recovery factor (F,) value the Belt Sea population of harbour porpoise (Phocoena phocoena) is able to reach the conservation objective of
ASCOBANS, that the population reaches 80% of carrying capacity (here assumed to be 50,000 animals), within 100 years with 80% certainty.

Robustness = Scenario MNPL Kirend Frequency Rmax b.byc b.abund = b.Rnax byc.CV cata.
trial
B 0A 302 0.2 0.5 1 6 0.04 0.2 1 1 1 03 0 0.2
ase
case scenario 0B 298 0.2 0.5 1 6 0.04 0.4 1 1 1 0.3 0 0.3
Bycatch 1A 302 02 05 1 6 0.04 0.2 2 1 1 03 0 0.1
underestimation 1B 298 02 05 1 6 0.04 04 2 1 1 03 0 0.1
Abundance 2A 302 02 05 1 6 0.04 0.2 1 2 1 03 0 0.1
overestimation 2B 298 0.2 0.5 1 6 0.04 0.4 1 2 1 0.3 0 0.1
Maximum 3A 302 0.2 0.5 1 6 0.04 0.2 1 1 0.5 0.3 0 0.4
Productivity
rate 3B 298 0.2 0.5 1 6 0.04 0.4 1 1 0.5 0.3 0 0.6
underestimation
Higher bycatch 5A 302 0.2 0.5 1 6 0.04 0.2 1 1 1 12 0 0.2
coefficient
of variation 5B 298 0.2 0.5 1 6 0.04 0.4 1 1 1 12 0 0.2
Lower 6A 302 02 05 1 10 0.04 0.2 1 1 1 03 0 0.2
survey frequency 6B 298 0.2 0.5 1 10 0.04 0.4 1 1 1 03 0 0.2
7A 289 02 045 1 6 0.04 0.2 1 1 1 03 0 NA
Lower MNPL
7B 311 0.2 0.45 1 6 0.04 0.4 1 1 1 03 0 0.1
Higher MNPL + SA 298 0.2 0.7 1 6 0.04 0.2 2 1 1 0.3 0 0.4
bycatch
underestimation $B 302 0.2 0.7 1 6 0.04 0.4 2 1 1 0.3 0 0.4
Catastrophic 9A 302 0.2 0.5 1 6 0.04 0.2 1 1 1 0.3 0.1 0.2
events happening 9B 298 02 05 1 6 0.04 04 1 1 1 03 0.1 02
Carrying 10A 302 02 05 05 6 0.04 0.2 1 1 1 03 0 04
capacity
degradation 10B 298 0.2 0.5 05 6 0.04 0.4 1 1 1 03 0 0.5

The scenarios tested (and numbers given for the scenario) reflect that of Genu et al., 2021, except that scenario 4A and 4B (higher CV of the abundance estimate) were excluded in this study and instead the likely range of CVs obtained for abundance estimates in this
population (0.2-0.4) were tested for every scenario.

n = number of simulations used to test the scenario; q = the quantile used to estimate Ny, where Ny, is the 20™ percentile of the most recent abundance estimate, calculated as the lower percentile of a log-normal; MNPL = maximum net productivity level of the
population. Ki;enq = the trend in carrying capacity over the course of the simulation as a fraction of K at the beginning. Frequency = how often abundance surveys are completed; Ry,ox = maximum theoretical or estimated productivity rate of the population; CV = coefficient
of variation of the abundance estimate; b.byc = bias in the bycatch estimate as a factor of the true value (i.e. 1 = no bias, 2 = bycatch has been underestimated by a factor of 2); b.abund = bias in abundance estimate as a factor of the true value; b.R.x = bias in Ry, as a factor
of the true value; byc.CV = coefficient of variation of the bycatch estimate; cata. = strength of a catastrophic event happening (0 = no catastrophic event, 0.1 = 10% of the population are lost at a random stage of the simulation).
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FIGURE 2

The Bayesian trend in abundance of harbour porpoises (Phocoena phocoena) in the Belt Sea management area between 2005 and 2022.

(A) Stratum-based visual survey abundance estimates and the associated 95% confidence intervals are shown in orange. The median of the posteriori
distribution of the calculated ‘true’ abundance estimates from a Bayesian model is show by the red line, and the corresponding 95% credibility
intervals are shown in blue. (B) The distribution of the trend estimates (relative change in abundance) between 2005 and 2022 is shown by the light
blue histogram and the blue shaded density curve (x-axis); the solid red vertical line is the median, the vertical red dashed line is the mean, and the
white dashed lines represent the upper and lower 95% credibility intervals of the trend estimate. The red coloured area corresponds to an area with
a negative trend, while the green coloured area represents a positive trend. The orange solid line illustrates the empirical cumulative distribution
function of the trend estimates, giving the probability of a trend estimate at a specified value (e.g. 0%). Hence, the upper bar chart shows how likely
it is that the trend is either negative (i.e., p< 0%; red) or positive (i.e., p > 0%; green).

of ~900 animals (Kindt-Larsen et al, 2023). The bycatch
underestimation scenario selected appears likely, given that no
data are available or included from the German commercial fleet,
or from part-time and recreational fishermen using set nets in any
country (Kindt-Larsen et al., 2023).

There are multiple methods that can be used to estimate
mortality limits, and many different assumptions that need to be
made when completing the required simulations and calculations. A
recent study (Kindt-Larsen et al., 2023), reported an mPBR
threshold of 99 animals based on the results of MiniSCANS-II
2020 (Unger et al., 2021), assuming accurate and precise
information on both abundance and bycatch estimates; this is an
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unlikely scenario given the large confidence intervals, many
assumptions, and lack of precise information for both methods.
They also present a PBR threshold using an F, value of 1,
concluding that this is the preferred threshold for this population
as it falls within the confidence intervals of the estimated yearly total
bycatch for the population. The use of an F, value of 1 is not a
standard use of the PBR method, and in the USA where the PBR
method was developed under the MMPA, such a high F, value
(above 0.5) is almost never implemented. As Wade et al. (2021)
point out, the U.S. MMPA Guidelines states that “Recovery factors
of 1.0 for stocks of unknown status should be reserved for cases
where there is assurance that N,,,, R,.aw» and the estimates of
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FIGURE 3

Populations dynamics of the Belt Sea population of harbour
porpoise (Phocoena phocoena) under the base case scenario (0A-
assuming a Maximum Net Productivity Level (MNPL) of 0.5,
population growth rate (R..x) of 4%, coefficient of variation of the
abundance estimate of 0.2, and no bias in other factors) (n = 302
simulations) with a recovery factor of 0.1. The mean of the
trajectories is shown by the blue line. The 80% of carrying capacity
(K) depletion level is shown by the red line, which is consistent with
the conservation objective of ASCOBANS.

mortality and serious injury are unbiased and where the stock
structure is unequivocal”. These conditions are not met in the case
of the Belt Sea population of harbour porpoise since, among others,
total bycatch is underestimated (Kindt-Larsen et al, 2023).
Additionally, the use of such a threshold ignores the conservation
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goals (that populations should be able to be restored, not just
maintained) strived for by the European Commission (DG
MARE, 2023).

In 2023, based on the abundance estimate from 2020
(MiniSCANS-II; Unger et al.,, 2021), a bycatch threshold for the
Belt Sea population of 73 animals per year was agreed by all
Contracting Parties of HELCOM. This threshold was used as a
part of the “Number of drowned mammals and waterbirds in
fishing gear” (D1C1)” indicator on mortality for the Belt Sea
population in HOLAS 3 (HELCOM, 2023) and the indicator was
determined to be greatly exceeded by the estimates of bycatch levels
available at that time (NAMMCO and IMR, 2019). As a result, the
Belt Sea population was assessed as not in good status in terms of
bycatch level in HOLAS 3 (HELCOM, 2023). When including the
recent results from SCANS-IV in our study, the mortality limit
required for this population to be able to reach the defined
conservation objective has lowered to 24 animals. Meanwhile, the
estimated mortality of this population due to bycatch has now
increased to an even larger number of animals (which is still likely
underestimated) (Kindt-Larsen et al., 2023). The high bycatch level,
combined with the negative trend in abundance shown in this
study, raises serious concern about the future prospects of the Belt
Sea population.

For highly mobile species distributed over large areas, a
common challenge is too few abundance estimates, often with
large uncertainties that reduce the power to assess trends (Authier
et al,, 2020). Over the study period of 18 years, a negative trend was
observed, despite the large confidence intervals of the earlier surveys
and the small number of surveys (n = 5). The Bayesian method used
allowed the influence of imprecise estimates to be down weighted
(in proportion of their imprecision) when estimating a trend, which
is more efficient as it uses all of the available information from the
limited number of surveys completed to date (Nachtsheim et al.,
2021). The trend analysis supports a decline with a very high

I

0754

Probabilty

0254

0.50 075
Recovery factor

Mean trajectories of the Belt Sea population of harbour porpoises (Phocoena phocoena) with various levels of recovery factors (F,) over 100 years of
management (A). The probability that the population will achieve the conservation objective of reaching 80% of carrying capacity (red line panel A)
within 100 years is shown (B). Values are shown for the base case scenario (0A) (assuming a Maximum Net Productivity Level (MNPL) of 0.5, a
population growth rate (Rp.x) of 4%, coefficient of variation of the abundance estimate of 0.2, and no bias in any other factors). Only F, values of 0.1
and 0.2 allow the population to have an >80% probability [red line panel (B)] of reaching the conservation objective (80% of K within 100 years).

Frontiers in Marine Science

09

frontiersin.org


https://doi.org/10.3389/fmars.2024.1289808
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Owen et al.

TABLE 3 Potential biological removal (PBR) mortality limit values for the
Belt Sea population of harbour porpoise (Phocoena phocoena) based on
the most recent abundance estimate and associated CV [from 2022:
14,403 (95% CI = 9,555-21,769; CV = 0.21; taken from Gilles et al., 2023)].

F, Mortality limit
0.1 24
02 48
03 72
0.4 96
0.5 120
0.6 144
0.7 168
0.8 192
0.9 216
1 240

A recovery factor (F,) of 0.1 and mortality limit of 24 animals (shaded row) is required in
order to meet the conservation objective of ASCOBANS under potential scenarios of bias in
the available data.

probability of 90%. When assessing species in risk of declines for the
IUCN Red List, a timeframe of 10 years or three generations,
whichever is the longer, is regularly applied (IUCN Standards and
Petitions Committee, 2022). The 18-years trend analysed in this
study does not yet cover three generations of the species (assuming
7.5 years per generation for a non-disturbed generation length;
based on ICES (2014) (page 113) and Santos and Pierce, 2015) but
does not prevent an assessment based on the best available evidence.
In populations with low reproduction rates where individuals are
long-lived, short-term fluctuations in species abundance can
obscure long-term trends (Hovestadt and Nowicki, 2008). In
order to ensure that there is sufficient power to detect long-term
trends, abundance surveys should continue to be completed
regularly in the future, at least once every HOLAS assessment
cycle (6 years) which is aimed at supporting EU Member States
with their reporting for Article 8 and 9 under the MSFD.

There is a lack of historical quantitative data for many cetacean
populations, which is also not conducive to a clear picture of
population development. The first SCANS survey in 1994 likely
took place after the population had already been exposed to
substantial bycatch from fisheries, environmental pollution, and
underwater noise. It is therefore difficult to determine the actual
carrying capacity of the population prior to human impacts, and the
value of 50,000 used in this study may be an underestimate of true
carrying capacity. In contrast, the SCANS 1994 extended further
north than the current management area of the Belt Sea population,
and did not include a part of the currently accepted management
area to the southeast with lower densities, which could indicate an
overestimated carrying capacity. However, the fact that we used an
over- or underestimated estimate of carrying capacity is unlikely to
change the results on the mortality limit as long as the order of
magnitude of the estimated carrying capacity remains roughly
correct. In any case, restoration to a pristine state is unlikely and
the first available estimate (1994) corresponds roughly to an
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operative baseline situation as required under the Habitat
Directives. Future work should include a gap analysis and density
surface modelling to predict density in the region missed during the
first SCANS survey in 1994. This would allow the first survey to be
included in future trend analyses, along with more recent surveys
that are completed, and expand the time-frame over which the
trend is analysed.

More generally, line-transect distance sampling surveys using
different platforms (either ship or aircraft) are a reliable and well
established method for assessing the abundance and density of
cetaceans. The methods implemented on both platforms have been
developed to account for, or at least to minimise to the greatest
extent possible, violation of the assumptions that can generate bias
in abundance estimates if they are violated. If those assumptions are
met, both aerial and ship-based estimates are unbiased. All SCANS
and MiniSCANS surveys met the assumptions of line-transect
distance sampling and applied state-of-the-art double-platform
methods to collect data that were used to correct for animals
missed on the transect line. Therefore, accounting for
detectability differences between survey platforms, teams and
environmental conditions were taken into account, individually
for all surveys, and all data were corrected for perception and
availability bias, by considering platform differences and diving
behaviour of the animals. As a result, absolute abundance could be
estimated and should be comparable between surveys irrespective of
the chosen platform. In other words, absolute abundance estimation
was carried out independently for each survey year and data were
not pooled across survey year and all correction factors to account
for imperfect detection were year- and survey-specific. The
likelihood of the change in platform driving the change in
abundance is low.

The difference between the calculated mortality limit and the
estimated bycatch in the region (Kindt-Larsen et al., 2023) is of
major concern. The conclusion that an F, of 0.1 is required to meet
the ASCOBANS conservation objective is in line with what was
determined for other populations (Taylor et al., 2022), despite being
tuned for the Belt Sea population in this study. This is not surprising
given that the Belt Sea population is a small population that is listed
as Vulnerable which should, if anything, have even more cautious
management than populations that are listed as Least Concern. It is
possible to see that with bycatch at the current rate the population
will decline over time based on projections of the population
demographics models (see Figure 4). Kindt-Larsen et al. (2023)
suggest that a lack of decline in the population over time is a sign
that either the calculated mortality limits are over precautious, or
that the management unit definition is incorrect. They suggest that
the population may be stable, possibly due to a large influx of
animals from the North Sea population keeping density high in the
region. However, this conclusion ignores much previous work
based on genetics, morphology and telemetry data showing that
such movement does not often occur (Sveegaard et al., 2015).
Additionally, the results of this study demonstrate that despite the
short 18-year period, there is strong evidence of a decline in this
population and that the currently high bycatch levels (Kindt-Larsen
et al,, 2023) are likely the cause. Therefore, there is a need to greatly
reduce the level of bycatch in this region, not only to allow the
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population to reach the ASCOBANS conservation goal in the long-
term, but also to prevent a further decline in the short-term.

In addition to bycatch, there are several other factors (and their
cumulative effects) that could also contribute to a potential decline
in this population. For instance, in 2019 explosions from military
activities to clear mines contributed to the death of 10 out of the 24
animals examined (Siebert et al., 2022). Additionally, a mass
mortality of harbour porpoises (85 individuals) was likely related
to a military exercise in Denmark in 2005 (Wright et al., 2013).
Underwater noise from anthropogenic sources, such as shipping
and construction of offshore installations, is increasing and may
lead to exclusion of animals from important habitats, masking of
communication, disruption of foraging activities, and hearing
impairments (Lucke et al., 2009; Dahne et al., 2013; Hermannsen
et al., 2014; Erbe et al,, 2016; Wisniewska et al., 2018a). Indeed,
during the MiniSCANS-II survey, despite high effort, no harbour
porpoises were observed within stratum MSI (Supplementary
Figure 2) where pile-driving for an offshore wind farm was
occurring during the survey (Unger et al, 2021). Also, food
depletion may be an issue as porpoises have been shown to eat
more and smaller prey in the Belt Sea population range than what
was previously found (Sveegaard et al, 2012; Wisniewska et al.,
2016; Andreasen et al., 2017; Wisniewska et al., 2018b) and several
fish stocks, e.g. cod and herring within the management unit of the
Belt Sea population, are severely depleted (ICES, 2022, 2023) likely
due to overfishing, eutrophication and increasing water
temperatures. It is unknown how these additional risk factors
influence harbour porpoises at the population level. The
cumulative impact of these factors could also influence the risk of
bycatch for some individuals, for example, if their hearing is
impaired by noise impacts (Lucke et al., 2009; Hermannsen et al.,
2014; Siebert et al., 2022). While pollutant loads are thought to be
decreasing in the Baltic region (Jorundsdottir et al.,, 2006; Miller
etal., 2014), many legacy pollutants are still at high levels, and there
is increasing knowledge on the possible impacts of new emerging
pollutants in the marine environment (de Wit et al., 2020; Dietz
et al., 2021a, Dietz et al., 2021b; Gkotsis et al., 2022). Overall, the
population remains vulnerable to the negative impacts of
anthropogenic activities. However, given that on average 900
animals (but possibly as high as 3,000 taking uncertainty into
account) have been bycaught annually in set nets from Denmark
and Sweden alone (Kindt-Larsen et al., 2023), it is likely that this
remains by far the largest threat to the Belt Sea population of
harbour porpoises.

Despite the fact that we demonstrate that bycatch levels are
extremely high relative to the sustainable level, there is a need for
data from Germany, as well as more accurate data from Sweden and
Denmark, on both fisheries bycatch rates and fishing effort, so that
the total amount of bycatch in the management area can be
determined more accurately. These data will not only allow for a
valid assessment of the impact of bycatch on the population, they
will also allow for the future use of other methods which need more
input data for estimating mortality limits, such as the Removals
Limit Algorithm (RLA; Hammond et al., 2019) or the
Anthropogenic Removals Threshold (ART; Ouzoulias et al,
2024). Both methods require a time series of bycatch estimates to
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compute a mortality limit, and have been applied to other harbour
porpoise populations (Genu et al., 2021; Ouzoulias et al., 2024).
Regardless of the method used to calculate the mortality limit,
current conservation ambitions in the Northeast Atlantic (OSPAR
North-East Atlantic Environment Strategy, 2030) and in the
European Union (Biodiversity Strategy 2030) are to reduce
bycatch to a minimum, and where possible, to eliminate it. The
EU Biodiversity Strategy 2030 calls for EU Member States to put in
place effective restoration measures to restore degraded ecosystems
and to address the current biodiversity crisis (IBPES, 2019). Given
the current dire situation of other porpoise populations like the
Baltic Proper harbour porpoise (Amundin et al., 2022, Carlstrom
etal., 2023), the Black Sea harbour porpoise (Popov et al., 2023), the
Yangtze finless porpoise (Neophocaena asiaeorientalis) (Mogensen
et al,, 2022), the Iberian harbour porpoise (Pierce et al.,, 2022) and
the vaquita (Phocoena sinus) (Rojas-Bracho et al.,, 2022; TWC,
2023), informed decisions on management actions to reduce the
level of bycatch in this population should not be delayed. While
more data are always welcome, the results of this study demonstrate
that we know enough to take action now.
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