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Vertebrate populations are often monitored as part of broader assessments of ecosystem status,
where they are expected to provide information on the ability of the ecosystem to support higher-
level predators. However, because many vertebrates are long-lived and often only subsets of their
populations can be monitored, abundance may not be sufficiently responsive to ecosystem status to
provide early warnings of impending changes. Marine birds are often used as indicators of
ecosystem status, but due to their long lifespan and delayed recruitment to the breeding population,
changes in abundance are generally slow and often difficult to interpret. Their breeding productivity
is however also widely monitored and much more responsive to ecosystem status, but the relevance
of variation in productivity may be difficult to assess. We propose a model-based indicator, which
integrates monitoring of abundance and breeding productivity through demographic matrix models.
The metric of the proposed indicator is the expected population growth rate, given the observed
level of breeding productivity. This expected growth rate is then compared to a threshold derived
from the criteria employed for red-listing of threatened species by the International Union for the
Conservation of Nature. We demonstrate the suggested approach using data from Black-legged
Kittiwakes Rissa tridactyla in the Greater North Sea region, Northwest Europe. The proposed
indicator shows that the current level of breeding productivity is expected to lead to a population
decline of 3-4% per year, which is equivalent to a red-list status as Endangered for the species in this
region. Our indicator approach is used in OSPAR’s Quality Status Report 2023 and is expected to be
used by European Union member states for reporting under the Marine Strategy Framework
Directive in 2024. While our approach represents a major step forward in assessing the status of
marine bird populations, the ideal next step would be to develop a coherent Integrated Population
Modelling (IPM) framework that would allow inclusion of all data on population abundance and
demography collected across the large and diverse marine ecosystems involved.

Keywords: Breeding success; indicator; Marine Strategy Framework Directive; seabirds
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One of the common uses of biodiversity monitoring is to allow management agencies to assess the
status of ecosystems, as well as the success of policies and management initiatives to improve their
status. Population abundance is often monitored as part of such broader monitoring programmes,
rather than because the species monitored serve as specific ecological indicators directly linked to
e.g. pollutant levels, or require specific management. Such monitoring programmes can be
taxonomically based (Brlik et al. 2021) or involve true ecosystem-based monitoring with regular
assessments of the status of various ecosystem components, which can be both abiotic and biotic
(Christensen et al. 2020). In either case, the aim is typically to provide a broad assessment of the
ecological status of an area or an ecosystem and to provide early warning signals of ecological
change. For long-lived organisms with delayed maturity, assessment of abundance alone is often not
regarded as sufficient to reflect current ecosystem status, mainly because abundance typically
changes slowly in response to environmental impacts on reproduction (Parsons et al. 2008). This is
further exacerbated for species such as colonially breeding birds, where often only the adult
segment of the population can be monitored, and where impacts of e.g. reproductive failures on
abundance can take several years to manifest. Therefore, demographic parameters such as age
structure or reproductive output are sometimes monitored to provide a more immediate reflection
of status. However, the interpretation of variation in such demographic parameters is less obvious
than for abundance. For instance, would the observed variation in reproductive output have a
measurable impact on the future state of the population? Population models have the capacity to
answer such questions, but are rarely integrated into broader monitoring programmes (but see
Robinson et al. 2014).

Marine birds (or seabirds) are long-lived organisms, with low annual fecundity and delayed
recruitment to the breeding population, often at ages 3-10 years (Schreiber & Burger 2002, Horswill
& Robinson 2015). Standard monitoring of abundance usually only covers the breeding segment of
the population, because they are much easier to count when aggregated at breeding colonies than
at other times of the year when they are dispersed over large areas of ocean. Therefore, changes in
reproduction are only reflected in the recorded counts with several years’ delay. Monitoring of
breeding productivity may provide an ‘early warning’ of impending changes in population
abundance, if population growth is sensitive to variation in this demographic rate. Compared to
abundance, breeding productivity is likely more sensitive to short-term changes in environmental
status, and thus more informative of current conditions. In long-lived organisms, adult survival is
typically less variable between years than breeding productivity (Seether & Bakke 2000), and also less
sensitive to variation in environmental status (Gaillard & Yoccoz 2003). However, temporal variation
in adult survival has a strong impact on population growth rate (Lebreton & Clobert 1991), and
observed vari in survival can therefore be very informative of drivers of population change.
Monitoring of demographic parameters (or vital rates) can have at least three functions in an
ecosystem-based monitoring programme: 1) track variation in environmental status, 2) inform on
potential drivers of population change, and 3) enable projections of future population change.

The European Union (EU) Marine Strategy Framework Directive (MSFD) requires the regular
assessment of Good Environmental Status (GES) of regional seas by member states. GES includes
several aspects covered by a set of descriptors. Descriptor 1 addresses biodiversity and includes
several criteria for each ecosystem component, including marine birds. Whereas abundance is a
primary criterion and therefore required, demographic characteristics (e.g. breeding productivity) is
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a secondary criterion that member countries are not obliged to monitor. These criteria should be
assessed at the species level, and for each regional sea or sub-region thereof as appropriate
(European Commission 2017). In practice, monitoring is conducted nationally, while indicators
corresponding to the MSFD descriptors are defined and calculated by the commissions responsible
for the relevant Regional Sea Conventions, including the OSPAR Commission (www.ospar.org) for

the Northeast Atlantic and the Baltic Marine Environment Protection Commission (HELCOM)
(www.helcom.fi) for the Baltic Sea, and used in their regular status assessments as well as for
national MSFD reporting.

In the OSPAR area, an indicator of marine bird breeding success/failure was used in the 2017
Intermediate Assessment (OSPAR 2017). The indicator collated data on breeding failure (i.e. virtually
no chicks being produced at a colony) across breeding sites and years, and produced an index of the
frequency of breeding failure in a specific area. This indicator was shown to be more responsive to
e.g. fisheries impacts than abundance-based indicators (Cook et al., 2014). However, a challenge
with this approach is interpretation: is the observed frequency of breeding failure actually a problem
for the population? Also, the binary nature of the success/failure indicator (at the site level) may
hide impacts of less than catastrophic declines in breeding productivity. We therefore developed an
alternative approach, which uses monitoring data on breeding productivity in conjunction with the
established indicator of breeding abundance to assess the impact of variation in breeding
productivity on population growth potential. Development of this new approach was initiated during
annual meetings of the OSPAR/HELCOMY/ICES Joint Working Group on Marine Birds (JWGBIRD) (ICES
2018, ICES 2020) and was adopted by OSPAR Contracting Parties. An assessment of the indicator was
completed in preparation for OSPAR’s Quality Status Report (QSR) 2023
(https://oap.ospar.org/en/ospar-assessments/quality-status-reports/qsr-2023/), where it has

replaced the success/failure indicator. The aim of this study is to demonstrate the value of an
integrated demographic indicator that uses information on both abundance and breeding
productivity to improve assessments of current environmental status. An indicator that incorporates
observations of both abundance and productivity can lead to a more meaningful assessment of
population status than one that relies on abundance alone.

METHODS

General approach

We reasoned that breeding productivity in recent years would, all else being equal, provide an
indication of the near-future growth potential of the population. However, observed values of
breeding productivity would need to be interpreted in the context of the species’ life history and
recent changes in population size. This requires a demographic modelling approach. Given that
breeding abundance and productivity are monitored much more widely than other demographic
parameters, particularly survival, we used a reverse modelling approach to identify mean values of
survival that, in combination with observed values of breeding productivity, could have produced
the observed changes in abundance. This approach assumes that monitoring of breeding abundance
and productivity is sufficiently representative to provide realistic time series of both parameters. We
then used our models to calculate the expected annual population growth rate, given recent
observed values of breeding productivity.
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To provide threshold values to which we could compare the expected population growth of our
model populations, we reformulated the thresholds of population change used for red-listing by the
International Union for the Conservation of Nature (IUCN) as annual growth rates, adapted to the
life history of each species.

Data

Monitoring data on breeding abundance and productivity of marine birds were collected as part of
national monitoring programmes (e.g. Walsh et al. 1995, Koffijberg et al. 2011, Anker-Nilssen et al.
2022). OSPAR Contracting Parties reported these data to a joint database held at the International
Council for the Exploration of the Seas (ICES, https://www.ices.dk/data/data-
portals/Pages/Biodiversity.aspx).

Data on both abundance and productivity were provided from four of the five OSPAR Regions: Arctic
Waters, Greater North Sea, Celtic Seas, Bay of Biscay and Iberian Coast (see
https://www.ospar.org/convention/the-north-east-atlantic). No data were available from the Azores

—the only land mass in the ‘Wider Atlantic’ Region. For the abundance indicator, the Greater North
Sea Region and the Norwegian part of the Arctic Region were divided into smaller ‘sub-divisions’
(https://odims.ospar.org/en/submissions/ospar _marine birds au 2022 06/).

Subsequently, data up to 2020 were extracted from these four OSPAR Regions, although in many
cases the last year with available data was 2019. Breeding abundance data contained counts of all
birds in a colony (‘total colony count’) and counts of birds within one or more smaller sample plots
within a colony (‘plot counts’), and in some cases both approaches were used in the same colony. All
counts were done following the species-specific methods and recommendations described in detail
in the Seabird monitoring handbook for Britain and Ireland (Walsh et al. 1995), which serves as the
international standard for such work in the OSPAR area. Briefly, these data were processed as
follows (for details, see Dierschke et al. 2023): First, missing data points in each time series of annual
counts for each colony with at least three years of data were imputed using generalised additive
models, using year as the explanatory variable. At some colonies, observed and imputed plot counts
were scaled up to estimate change in numbers of birds across the entire colony, using the most
recent total colony count for the colony. Next, the completed time series from each colony in an
OSPAR Region or sub-division were combined and weighted according to the size of the total
regional or sub-divisional population. The weightings are required because the proportion of a
population that is monitored and contained in the dataset varies between species and between the
different countries in each Region and sub-division. To apply a regional or sub-division weighting,
each annual estimate of abundance in each assessment unit was divided by a proportion p, which is
the proportion of the total population that is present within the sites or colonies included in the data
provided (Dierschke et al. 2023).

Finally, each time series was converted to an index of relative abundance by dividing by a baseline
set at the start of the time series, following the methodology used in the OSPAR marine bird
abundance indicator (Dierschke et al. 2023). This was done to allow easy comparison among species
and to be able to apply a common threshold value for the GES indicator.

Walsh et al. (1995) also describe the methods used for monitoring breeding productivity. The
reported monitoring data for this parameter consisted of numbers of breeding pairs within
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designated monitoring plots, and the total number of chicks fledged by these pairs. Breeding
productivity was then estimated for each plot as the average number of chicks fledged per pair (i.e.
the ratio between the number of chicks fledged and the number of breeding pairs monitored). The
minimum data requirement for each species in each OSPAR Region was set to ten years and two
sites (typically breeding colonies, where each colony may include several study plots).

Sufficient data on both abundance and productivity were available for 25 species in one or more
OSPAR Regions. To illustrate our approach, we present results from the Greater North Sea OSPAR
Region for a well-monitored marine bird species, the Black-legged Kittiwake Rissa tridactyla, which is
regarded as globally threated by IUCN (red-listed as Vulnerable,
https://www.iucnredlist.org/species/22694497/155617539). Indicator output for the remaining
Regions and species are reported as part of OSPAR QSR in 2023 (Frederiksen et al. 2023), while

parameter values of the pertaining matrix models will be reported separately.

Constructing time series of breeding productivity

For breeding productivity, not all sites were monitored annually. Therefore, we calculated estimated
marginal means (across colonies in each OSPAR Region) and their standard errors for each year using
the R package emmeans (Lenth 2021), based on a linear model with a main effect of year (as a
factor) and weighted by sample size. To obtain a time series with less year-to-year variation, we next
calculated a 6-year retrospective running mean (i.e., the value for 2019 was calculated as the
arithmetic mean of the estimated marginal means for 2014-2019; Fig. 1). In rare cases when
marginal means and their standard errors could not be estimated for individual years due to missing
data, we used instead the arithmetic means of the mean and standard error for all years with
available data. Overall mean breeding productivity and between-year standard deviation were
calculated based on the annual estimated marginal means.

Baseline demographic model

We constructed baseline demographic matrix models with a pre-breeding census (Caswell 2001) for
each marine bird species, with the number of age classes as well as parameter values informed by
expert knowledge and available literature. In practice, we mainly used parameter values based on
Horswill and Robinson (2015), with the additional assumption that 90% of all breeding-age
individuals bred each year (Acker et al. 2022) (Table 1).

Tuning the model to observed population growth

In the next step, we substituted annual values of breeding productivity, drawn from normal
distributions with the estimated marginal means and standard errors, into the baseline model. Using
10,000 random draws and a starting age distribution based on the baseline model, we simulated
population growth over the period with available data. We calculated the annual stochastic growth
rate A; of the breeding population for each simulation as

tend—tstart ’Nend/
N ’
start

where tg; ¢ and to,,4 indicate the first and last year of the available time series, and Ng;4,+ and
N,,q indicate the breeding population size (oldest age class, in arbitrary units) in the first and last
year (i.e., the geometric mean of the annual growth rates). We then took the arithmetic mean across
simulations of the stochastic growth rates. For comparison, we estimated the observed annual
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population growth rate A, by fitting a linear regression to the log-transformed abundance time
series, and back-transforming the estimated slope.

We then adjusted survival of one or (in most cases) several age classes so that the mean A; was
identical (with a tolerance of 0.001) to A,. There is no unique way to make this adjustment, and the
choices made reflect our general knowledge of marine bird life histories. For example, we have
generally assumed that survival increases with age over the pre-breeding period, with the largest
difference between the first and second years of life (e.g. Wanless et al. 2006, Frederiksen et al.
2008). We refer to the results of this step as the tuned model.

Next, we adjusted breeding productivity so that the expected annual asymptotic growth rate A was
1; the adjusted value was denoted BPstapie. This stable version of the tuned model was then used to
estimate generation time using the R package popbio (Stubben & Milligan 2007).

Thresholds for demographic indicators

IUCN assigns species to different categories of conservation concern on its Red List, using thresholds
for observed population decline over 10 years or three generations, whichever is the longer. The
following thresholds apply, unless the decline has ceased, the reasons are understood, and the
decline is reversible (exceptions that rarely occur) (IUCN 2012):

- CR(critically endangered): > 80 % decline
- EN(endangered): > 50 % decline
- VU (vulnerable): > 30 % decline

For the marine bird species considered in our analyses, three generations is always more than 10
years. To derive threshold values of A (the annual asymptotic growth rate) for a specific species or
population, we used estimates of generation time from the stable version of the tuned model. We
then calculated A" as

3+GT [(1 _ TIUCN)’

where GT = generation time and TY" = JUCN threshold value (0.8, 0.5 or 0.3, as appropriate). To
illustrate the potential impact of uncertainty in the values of survival used, we repeated this step
using stochastic versions of the same model, with 10,000 simulations including random draws of
survival parameters from beta distributions with the tuned value as mean and a standard deviation
of 0.05 for adult survival and 0.1 for survival of all other age classes, values similar to those often
found for long-lived species (Horswill & Robinson 2015) (Fig. 2).

Potential impacts of observed demographic variation

We substituted the estimated retrospective running means of breeding productivity into the tuned
model and calculated the expected asymptotic growth rate for each year. These growth rates
illustrate the expected impact on long-term population growth, given that the observed level of
breeding productivity (in the most recent six years) is maintained, and that other demographic
parameters remain constant. The expected growth rates were then graphically compared to the
thresholds derived from IUCN red-list criteria (A7).
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All demographic models were created in R 4.2.0 (R Core Team 2019). Script and data for black-legged
kittiwake are available on Dryad (Frederiksen et al. 2023).

RESULTS

The breeding productivity of Black-legged Kittiwake was monitored in 70 colonies in the Greater
North Sea OSPAR Region in at least one year in the period 1986-2019, with data available for 20-121
study plots per year. The emmeans model with year as a factor was highly significant (P < 2*1071¢, r?
=0.20), indicating some among-colony synchrony in breeding productivity over time. Breeding
productivity was highly variable between years (overall mean 0.716 chicks fledged/pair, SD = 0.187),
with the six poorest seasons spread from 1997 to 2013 (Fig. 1).

The baseline demographic model

0 0 0 0.9 x0.69 * 0.5 x 0.79
0.854 0 0 0

0 0.854 0 0

0 0 0.854 0.854

(see also Table 1) gave an asymptotic growth rate of 1.005, while the observed mean population
growth rate A, was 0.961. Using the annual estimates of breeding productivity (p:), the mean
simulated growth rate A; was 1.008. We tuned the model to obtain a A; of 0.961 by reducing the
parameter values of first-year survival from 0.79 (which seemed biologically unrealistic) to 0.49, and
second-year survival from 0.845 to 0.79.

0 0 0 0.9 *xp, 0.5 % 0.49
0.79 0 0 0

0 0.854 0 0

0 0 0.854 0.854

For the tuned model, a mean breeding productivity of 1.15 fledged chicks/pair was required to
stabilise the population, and the generation time was 9.8 years. Threshold values of population
growth rates A7 and their approximate uncertainties were calculated (Table 1).

The expected population growth rate was consistently below AT (EN), throughout the study period
(Fig. 3), corresponding to an expected decline over three generations of 50-80% and thus warranting
red-listing as Endangered. For the years 2005-2009 (corresponding to mean breeding productivity in
2000-2009), the expected population growth rate was below A” (CR), which in isolation would
warrant red-listing as Critically Endangered. Results appear to be in accordance with the marine bird
abundance indicator of the OSPAR QSR 2023 (Dierschke et al. 2023). For comparison, the abundance
indicator for Black-legged Kittiwake in the Greater North Sea OSPAR Region showed a decline of 64%
over the period 1991-2019, which is almost exactly equal to three Kittiwake generations (i.e. 29.4
years).
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DISCUSSION

Our approach produces an easily interpretable answer to the question: for a given species in a given
region, is the current level of breeding productivity sufficient to avoid future population declines
(assuming that survival remains at recent levels)? Furthermore, the approach quantifies the
expected population growth rate and allows a tiered assessment of the severity of an observed (low)
level of breeding productivity, consistent with the widely used IUCN criteria for red-listing of
threatened and vulnerable species and populations. By collating results across species and regions,
higher-level assessments of GES for e.g. regions or functional species groups (feeding guilds) are
possible, as required under the MSFD. Results of such assessments are presented as part of the
OSPAR QSR 2023. More detailed comparative analyses of time series of expected growth rates
across species and regions could be highly informative, e.g. for identifying drivers of population
change. Overall, we believe this approach provides a powerful tool that is likely to lead to major
improvements in understanding and communicating the status and trends of European marine bird
populations, and that could also easily be adapted to other areas and taxa, where suitable data are
available.

Nevertheless, there are several important limitations of our approach, and of the data it is based on.

1. Our approach is fairly data-hungry, as it requires sufficient data for annual estimates of
breeding productivity as well as population abundance. Colonially nesting birds are
therefore obvious candidates for applying the approach, as collection of large amounts of
data is relatively easy. In principle, dispersed nesters could be assessed using the same
approach, and this is likely to be practically possible for some well-monitored species (e.g.
some passerines, raptors). However, our approach is likely to be less useful for species
occurring at low density, or those where one or the other type of data is difficult to collect.

2. ldeally, the assessment should take place for areas that are ecologically well defined and
reasonably homogeneous, as marine bird breeding productivity can vary over relatively
small spatial scales (Frederiksen et al. 2005b, Olin et al. 2020). However, limits to data
availability will in general lead to assessments taking place on a spatial scale that is larger
than optimal.

3. Linked to this, monitoring data should be representative of temporal patterns in abundance
and breeding productivity within each region. However, such data are uncommon. For
example, our study area includes some long-term monitoring programmes, but even here,
data coverage is generally highly heterogeneous in space. In the North Sea, many more sites
are monitored for marine bird breeding productivity in the UK and the Netherlands than in
other countries. The weighting of the abundance indicator by national population total
should ideally to some extent compensate for the uneven coverage. In general, breeding
productivity is monitored at much fewer sites than abundance, and some countries monitor
only abundance and thus do not contribute to the indicator of breeding productivity. The
breeding productivity indicator is likely to be less representative than the corresponding
abundance indicator, which should be kept in mind when interpreting the results. Coverage
also differs among species, with monitoring of some species restricted to a few sites.
However, the Black-legged Kittiwake, the focus of our case study, is among the most widely
monitored seabird species.

4. The tuning of survival parameters to fit the observed abundance trend is somewhat
subjective. Because several age classes are involved, there are several age-specific
parameter values that can be adjusted with no unique solution. The choice of values to
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adjust was based on expert opinion (general understanding of marine bird life histories), as
well as the weight of evidence behind the starting values. In the case of the Black-legged
Kittiwake, our assessment was that the value for particularly first-year survival (0.79) given
in Horswill and Robinson (2015) was unrealistically high and based on one very old reference
(Coulson & White 1959). On the other hand, the value for adult survival (> 2 years old:
0.845) was based on two more recent published studies and a report (Oro & Furness 2002,
Frederiksen et al. 2004, Taylor et al. 2010). We therefore adjusted first-year survival to 0.49,
close to the value of 0.50 which was found to be useful for reconstructing the population
trajectory in one study colony by Frederiksen et al. (2004). A small further adjustment was
necessary, and we therefore reduced the value of second-year survival (for which no value
was given by Horswill and Robinson (2015)) from 0.845 to 0.79. For some other species,
tuning survival to reflect population trend was more complex.

5. The assumption that age-specific survival and breeding propensity have remained constant
over the 35-year study period is unrealistic. All demographic parameters will show some
variation in response to the environment, although adult survival is generally expected to
show less year-to-year variation than breeding productivity (Seether & Bakke 2000). Long-
term trends in mean survival are also possible. At the same time, for long-lived species such
as marine birds, annual population growth rate is much more sensitive to variation in adult
survival than in breeding productivity (Lebreton & Clobert 1991). The expected growth rates
should therefore be interpreted with caution, with the caveat that they are valid if mean
survival and breeding propensity (including age of first breeding) have remained fairly
constant over the study period. Systematic trends in survival will lead to bias in the expected
growth population growth rates, and potentially to incorrect assignment to IUCN threat
categories (see Supporting Information).

6. The models used here ignore dispersal between OSPAR Regions, or to and from regions
outside the OSPAR Maritime Area. For most species this omission is probably of small
importance, but for species which are rapidly spreading northwards, population trends can
only be realistically reproduced if dispersal is included.

In addition to time series of expected growth rates, our approach produces additional output which
could be useful for research and management of European marine birds. The tuned values of age-
specific survival represent our best informed ‘guesstimates’ of mean survival over a 30-year period,
consistent with observed breeding productivity and trends in abundance. These values should be
useful as starting points for future demographic modelling work, e.g. as part of environmental
impact assessments of infrastructure developments, incidental mortality (fisheries bycatch) or other
anthropogenic impacts. The tuned values can also be compared to available empirical estimates of
survival, as noted above for Black-legged Kittiwake. The mean breeding productivity required for a
stable population is another useful quantity, e.g. for assessing the status of individual colonies. For
the Black-legged Kittiwake, the value of 1.15 fledged chicks/pair is high, and while similar values are
regularly observed in individual years and colonies, the mean in the Greater North Sea OSPAR Region
has been below this level in every year 1986-2019 (Fig. 1). This may suggest that survival of one or
more age classes has been so low that even near-optimal values of breeding productivity are
insufficient to maintain a stable population (Frederiksen et al. 2004). In the North Pacific, Black-
legged Kittiwakes generally show much higher adult survival, and much lower breeding productivity,
than in European waters (Frederiksen et al. 2005a, Suryan et al. 2009). Finally, our approach
produces an estimate of generation time that reflects local conditions, which may also be useful for
e.g. status assessments. Tuned values of age-specific survival, breeding productivity required to
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sustain a population, as well as generation time, will be reported separately for all species and
regions included in OSPAR QSR 2023 (https://oap.ospar.org/en/ospar-assessments/quality-status-

reports/qgsr-2023/indicator-assessments/).

Our approach does not fully exploit the information in the existing demographic data. The ad hoc
modelling approach does not allow full error propagation from raw data to model predictions, and
existing data on e.g. survival are not incorporated directly. As the next step, therefore, a set of
Integrated Population Models (IPMs) should be developed, based on the data we have used here as
well as any other empirical data on demography for the same species in the same regions. This
would require a systematic collation of demographic data (other than breeding productivity), which
are currently not necessarily included in national monitoring programmes, and not reported to
OSPAR. IPMs allow the full integration of all data on population abundance and demography into a
single, mathematically coherent framework (Schaub & Abadi 2011, Robinson et al. 2014), and can be
used for population projections. Species- and region-specific IPMs would thus allow explicit
projections of expected population development, incorporating uncertainty and environmental
stochasticity, and could also integrate available data on the magnitude of human-induced mortality
from e.g. fisheries bycatch or collisions with wind turbines. While applying an IPM to a single
population is fairly straightforward, this is not the case for the complex multi-population (or
metapopulation) setup that would be needed for regional demographic indicators. New model
frameworks would thus need to be developed.

Conclusion

We propose a model-based approach to assessment of population status of birds, which integrates
monitoring data on abundance and breeding productivity and allows comparison with established
thresholds for population threat level. Our approach allows agencies responsible for biodiversity
monitoring to assess whether populations are likely to be self-sustainable in the medium term, and
should be easily generalizable from marine birds in the Northeast Atlantic to other cases where
abundance and breeding productivity are @itored.

Acknowledgements

This study relies on data collected by hundreds of observers, many of them volunteers, and
organised and maintained by national coordinators and institutions. We thank them all for their
efforts. We also thank Marco Fusi and Graham French for their contributions to respectively
imputation of missing data points and calculation of the time series of relative abundance, and two
anonymous reviewers for useful comments. We are grateful for the funding received from the
European Maritime and Fisheries Fund for the project: “North-east Atlantic project on biodiversity
and eutrophication assessment integration and creation of effective measures (NEA PANACEA)”,
financed by the European Union’s DG ENV/MSFD 2020, under agreement No.
110661/2020/839628/SUB/ENV.C.2. The information and views set out in this publication are those
of the author(s) and do not necessarily reflect the official opinion of the European Union. Neither
the European Union institutions and bodies nor any person acting on their behalf may be held
responsible for the use which may be made of the information contained therein. The authors
declare that they have no conflicts of interest in relation to the present work.

Frederiksen, Morten; Anker-Nilssen, Tycho; Schekkerman, Hans; Dierschke, Volker; Parsons, Matt; Marra, Stefano; Mitchell, lan.
Model-based assessment of marine bird population status using monitoring of breeding productivity and abundance. /BIS 2023

10.1111/ibi.13288


http://dx.doi.org/10.1111/ibi.13288
https://oap.ospar.org/en/ospar-assessments/quality-status-reports/qsr-2023/indicator-assessments/
https://oap.ospar.org/en/ospar-assessments/quality-status-reports/qsr-2023/indicator-assessments/
Ruedi Nager
Add below any acknowledgements if you have 

Morten Frederiksen
Done


410

411
412
413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455
456
457
458
459

REFERENCES

Acker, P., Schaub, M., Besnard, A., Monnat, J. Y. & Cam, E. 2022. Can attraction to and competition
for high-quality habitats shape breeding propensity? J. Anim. Ecol., 91: 933-945.

Anker-Nilssen, T., Hanssen, S. A., Moe, B., Systad, G. H. R., Barrett, R., Bustnes, J. O., Christensen-
Dalsgaard, S., Dehnhard, N., Descamps, S., Erikstad, K. E., Follestad, A., Langset, M., Layton-
Matthews, K., Lorentsen, S. H., Lorentzen, E., Reiertsen, T. K. & Strgm, H. 2022. Key-site
monitoring in Norway 2021, including Svalbard and Jan Mayen. Trondheim/Tromsg, Norway:
Norwegian Institute for Nature Research and Norwegian Polar Institute.

Brlik, V., Silarova, E., Skorpilova, J., Alonso, H., Anton, M., Aunins, A., Benkd, Z., Biver, G., Busch, M.,
Chodkiewicz, T., Chylarecki, P., Coombes, D., de Carli, E., del Moral, J. C., Derouaux, A.,
Escandell, V., Eskildsen, D. P., Fontaine, B., Foppen, R. P. B., Gamero, A., Gregory, R. D.,
Harris, S., Herrando, S., Hristov, I., Husby, M., leronymidou, C., Jiquet, F., Kalas, J. A., Kamp,
J., Kmecl, P., Kurlavitius, P., Lehikoinen, A., Lewis, L., Lindstrém, A., Manolopoulos, A., Marti,
D., Massimino, D., Moshgj, C., Nellis, R., Noble, D., Paquet, A., Paquet, J.-Y., Portolou, D.,
Ramirez, I., Redel, C., Reif, J., Ridzon, J., Schmid, H., Seaman, B., Silva, L., Soldaat, L., Spasov,
S., Staneva, A., Szép, T., Florenzano, G. T., Teufelbauer, N., Trautmann, S., van der Meij, T.,
van Strien, A., van Turnhout, C., Vermeersch, G., Vermouzek, Z., Vikstrgm, T., Vofisek, P.,
Weiserbs, A. & Klvanova, A. 2021. Long-term and large-scale multispecies dataset tracking
population changes of common European breeding birds. Scientific Data, 8: 21.

Caswell, H. 2001. Matrix population models. Construction, analysis, and interpretation, Sunderland,
MA: Sinauer.

Christensen, T., Barry, T., Taylor, J. J., Doyle, M., Aronsson, M., Braa, J., Burns, C., Coon, C., Coulson,
S., Cuyler, C,, Falk, K., Heidmarsson, S., Kulmala, P., Lawler, J., MacNearney, D., Ravolainen,
V., Smith, P. A., Soloviev, M. & Schmidt, N. M. 2020. Developing a circumpolar programme
for the monitoring of Arctic terrestrial biodiversity. Ambio, 49: 655-665.

Cook, A. S. C. P., Dadam, D., Mitchell, I., Ross-Smith, V. H. & Robinson, R. A. 2014. Indicators of
seabird reproductive performance demonstrate the impact of commercial fisheries on
seabird populations in the North Sea. Ecol. Indic., 38: 1-11.

Coulson, J. C. & White, E. 1959. The post-fledging mortality of the Kittiwake. Bird Study, 6: 97-102.

Dierschke, V., Marra, S., Parsons, M., French, G. & Fusi, M. 2023. Marine bird abundance. In The
2023 Quality Status Report for the Northeast Atlantic. (ed. OSPAR). London: OSPAR
Commission. Available at: https://oap.ospar.org/en/ospar-assessments/quality-status-
reports/qsr-2023/indicator-assessments/marine-bird-abundance/.

European Commission. 2017. Commision Decision (EU) 2017/848 of 17 May 2017 laying down
criteria and methodological standards on good environmental status of marine waters and
specifications and standardised methods for monitoring and assessment, and repealing
Decision 2010/477/EU. Official Journal of the European Union, L125/43.

Frederiksen, M., Anker-Nilssen, T., Schekkerman, H., Dierschke, V., Parsons, M., Marra, S., Fusi, M.,
French, G. & Mitchell, I. 2023. Black-legged kittiwake abundance and breeding productivity,
OSPAR region Il [Dataset]. Dryad. https://doi.org/10.5061/dryad.9wO0vt4bnh.

Frederiksen, M., Daunt, F., Harris, M. P. & Wanless, S. 2008. The demographic impact of extreme
events: stochastic weather drives survival and population dynamics in a long-lived seabird. J.
Anim. Ecol., 77: 1020-1029.

Frederiksen, M., Dierschke, V., Marra, S., Parsons, M., French, G., Fusi, M., Schekkerman, H., Anker-
Nilssen, T. & Mitchell, . 2022. Marine bird breeding productivity. In The 2023 Quality Status
Report for the Northeast Atlantic. (ed. OSPAR). London: OSPAR Commission. Available at:
https://oap.ospar.org/en/ospar-assessments/quality-status-reports/qsr-2023/indicator-
assessments/marine-bird-breeding-productivity/.

Frederiksen, M., Harris, M. P. & Wanless, S. 2005a. Inter-population variation in demographic
parameters: a neglected subject? Oikos, 111: 209-214.

Frederiksen, Morten; Anker-Nilssen, Tycho; Schekkerman, Hans; Dierschke, Volker; Parsons, Matt; Marra, Stefano; Mitchell, lan.
Model-based assessment of marine bird population status using monitoring of breeding productivity and abundance. /BIS 2023

10.1111/ibi.13288


http://dx.doi.org/10.1111/ibi.13288
https://oap.ospar.org/en/ospar-assessments/quality-status-reports/qsr-2023/indicator-assessments/marine-bird-abundance/
https://oap.ospar.org/en/ospar-assessments/quality-status-reports/qsr-2023/indicator-assessments/marine-bird-abundance/
https://doi.org/10.5061/dryad.9w0vt4bnh
https://oap.ospar.org/en/ospar-assessments/quality-status-reports/qsr-2023/indicator-assessments/marine-bird-breeding-productivity/
https://oap.ospar.org/en/ospar-assessments/quality-status-reports/qsr-2023/indicator-assessments/marine-bird-breeding-productivity/

460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509

Frederiksen, M., Wanless, S., Harris, M. P., Rothery, P. & Wilson, L. J. 2004. The role of industrial
fisheries and oceanographic change in the decline of North Sea black-legged kittiwakes. J.
Appl. Ecol., 41: 1129-1139.

Frederiksen, M., Wright, P. J., Heubeck, M., Harris, M. P., Mavor, R. A. & Wanless, S. 2005b. Regional
patterns of kittiwake Rissa tridactyla breeding success are related to variability in sandeel
recruitment. Mar. Ecol. Prog. Ser., 300: 201-211.

Gaillard, J. M. & Yoccoz, N. G. 2003. Temporal variation in survival of mammals: a case of
environmental canalization? Ecology, 84: 3294-3306.

Horswill, C. & Robinson, R. A. 2015. Review of seabird demographic rates and density dependence.
pp. 126. Peterborough, UK: Joint Nature Conservation Committee.

ICES. 2018. Report of the Joint OSPAR/HELCOM/ICES Working Group on Marine Birds (JWGBIRD), 1—-
5 October 2018, Ostende, Belgium. pp. 79.

ICES. 2020. Joint OSPAR/HELCOMY/ICES Working Group on Seabirds (JWGBIRD; outputs from 2019
meeting). pp. 101.

IUCN. 2012. IUCN Red List Categories and Criteria: Version 3.1., Gland, Switzerland and Cambridge,
UK: IUCN.

Koffijberg, K., Schrader, S. & Hennig, V. 2011. Monitoring Breeding Success of Coastal Breeding Birds
in the Wadden Sea — Methodological Guidelines and Field Work Manual, 2nd version 2011,
Wilhelmshaven: Common Wadden Sea Secretariat.

Lebreton, J.-D. & Clobert, J. 1991. Bird population dynamics, management and conservation: the role
of mathematical modelling. In Bird population studies: relevance to conservation and
management. (eds. C. M. Perrins, J.-D. Lebreton & G. J. M. Hirons), pp. 105-125. Oxford:
Oxford University Press.

Lenth, R. V. 2021. emmeans: Estimated Marginal Means, aka Least-Squares Means. R package
version 1.7.0. https://CRAN.R-project.org/package=emmeans.

Olin, A. B., Banas, N. S., Wright, P. J., Heath, M. R. & Nager, R. G. 2020. Spatial synchrony of breeding
success in the black-legged kittiwake Rissa tridactyla reflects the spatial dynamics of its
sandeel prey. Mar. Ecol. Prog. Ser., 638: 177-190.

Oro, D. & Furness, R. W. 2002. Influences of food availability and predation on survival of kittiwakes.
Ecology, 83: 2516-2528.

OSPAR. 2017. Marine bird breeding success/failure. Intermediate Assessment 2017. Available at:
https://oap.ospar.org/en/ospar-assessments/intermediate-assessment-2017/biodiversity-
status/marine-birds/marine-bird-breeding-success-failure/

Parsons, M., Mitchell, I., Butler, A., Ratcliffe, N., Frederiksen, M., Foster, S. & Reid, J. B. 2008.
Seabirds as indicators of the marine environment. ICES J. Mar. Sci., 65: 1520-1526.

R Core Team. 2019. R: a language and environment for statistical computing, Vienna, Austria: R
Foundation for Statistical Computing.

Robinson, R. A., Morrison, C. A. & Baillie, S. R. 2014. Integrating demographic data: towards a
framework for monitoring wildlife populations at large spatial scales. Methods Ecol. Evol., 5:
1361-1372.

Schaub, M. & Abadi, F. 2011. Integrated population models: a novel analysis framework for deeper
insights into population dynamics. J. Ornithol., 152 (Suppl 1): 227-237.

Schreiber, E. A. & Burger, J. (eds.) 2002. Biology of marine birds, Boca Raton, Florida: CRC Press.

Stubben, C. J. & Milligan, B. G. 2007. Estimating and analyzing demographic models using the popbio
package in R. J. Stat. Softw., 22: 11.

Suryan, R. M., Saba, V. S., Wallace, B. P., Hatch, S. A,, Frederiksen, M. & Wanless, S. 2009.
Environmental forcing on life history strategies: Evidence for multi-trophic level responses at
ocean basin scales. Prog. Oceanogr., 81: 214-222.

Seether, B.-E. & Bakke, @. 2000. Avian life history variation and contribution of demographic traits to
the population growth rate. Ecology, 81: 642-653.

Frederiksen, Morten; Anker-Nilssen, Tycho; Schekkerman, Hans; Dierschke, Volker; Parsons, Matt; Marra, Stefano; Mitchell, lan.
Model-based assessment of marine bird population status using monitoring of breeding productivity and abundance. /BIS 2023

10.1111/ibi.13288


http://dx.doi.org/10.1111/ibi.13288

510 Taylor, C., Baer, J., Boyle, D. & Perrins, C. M. 2010. Seabird monitoring on Skomer Island in 2010.

511 Peterborough, UK.: Joint Nature Conservation Committee.

512 Walsh, P. M., Halley, D. J., Harris, M. P., del Nevo, A., Sim, I. M. W. & Tasker, M. L. 1995. Seabird
513 monitoring handbook for Britain and Ireland, Peterborough, UK: JNCC/RSPB/ITE/Seabird
514 Group.

515 Wanless, S., Frederiksen, M., Harris, M. P. & Freeman, S. N. 2006. Survival of Gannets Morus
516 bassanus in Britain and Ireland, 1959-2002. Bird Study, 53: 79-85.

517

518

Frederiksen, Morten; Anker-Nilssen, Tycho; Schekkerman, Hans; Dierschke, Volker; Parsons, Matt; Marra, Stefano; Mitchell, lan.
Model-based assessment of marine bird population status using monitoring of breeding productivity and abundance. /BIS 2023

10.1111/ibi.13288


http://dx.doi.org/10.1111/ibi.13288

519
520

521
522
523
524
525
526
527
528
529

530

Tables

Table 1. Model structure and values of demographic parameters in the baseline and tuned models

for Black-legged Kittiwake. In the models used here, the number of age classes is determined by the

mean age of first breeding m. Individuals younger than m are assumed not to breed, and all

individuals aged m or older are assumed to have the same values for survival, breeding propensity

and breeding productivity. The table also shows the observed population growth rate A., as well as

the breeding productivity required for stability BPstble, the estimated generation time, and the

threshold levels of population growth corresponding to IUCN red-listing as Vulnerable (VU),
Endangered (EN) and Critically Endangered (CR) (with 2.5™ and 97.5" percentiles). Values for age-
specific survival in the baseline model are taken from Horswill & Robinson (2015).

Black-legged Kittiwake

Ao 0.962

Baseline model Tuned model
Age of first breeding (years) 4 4
Breeding productivity (fledged 0.69 Time series
chicks/pair)
Sex ratio 0.5 0.5
Breeding propensity 0.9 0.9
First-year survival 0.79 0.49
Second-year survival 0.854 0.79
Third-year survival 0.854 0.854
Fourth-year survival 0.854 0.854
Adult survival 0.854 0.854
BPstable - 1.15
Generation time (years) - 9.8
AT (VU) - 0.988 (0.984-0.992)
AT (EN) - 0.977 (0.969-0.985)
AT (CR) - 0.947 (0.930-0.966)

Frederiksen, Morten; Anker-Nilssen, Tycho; Schekkerman, Hans; Dierschke, Volker; Parsons, Matt; Marra, Stefano; Mitchell, lan.
Model-based assessment of marine bird population status using monitoring of breeding productivity and abundance. /BIS 2023

10.1111/ibi.13288


http://dx.doi.org/10.1111/ibi.13288

531
532

533
534
535
536
537

538
539
540
541

542
543
544
545
546
547

548

Figures

Fig. 1. Time series of mean breeding productivity (fledged chicks/pair) of Black-legged Kittiwake in
the Greater North Sea OSPAR Region during 1986-2019. The solid red line shows the estimated
marginal means for each year, with dashed lines indicating 95% confidence limits. Labels below the
data points show the number of survey plots with available data for each year. The solid black line
shows the retrospective six-year running mean.

Fig. 2. Illustrative examples of the beta distributions used to draw random values of survival. Here
shown for mean = 0.9 and SD = 0.05 (solid line), and for mean = 0.5 and SD = 0.1 (dashed line). These
combinations are roughly illustrative of survival values commonly found in long-lived marine bird
species, in adult and first-year birds respectively (Horswill and Robinson 2015).

Fig. 3. Time series of expected population growth rate of Black-legged Kittiwake in the Greater North
Sea OSPAR Region during 1991-2019 (black line). Each point on the line represents the expected
population growth rate based on the six-year retrospective running mean breeding productivity (Fig.
2). The background colours illustrate the species-specific thresholds derived from IUCN red-listing
criteria for the categories Vulnerable (VU, yellow), Endangered (EN, orange) and Critically
Endangered (CR, red).
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Fig. 2. Illustrative examples of the beta distributions used to draw random values of survival. Here
shown for mean = 0.9 and SD = 0.05 (solid line), and for mean = 0.5 and SD = 0.1 (dashed line). These
combinations are roughly illustrative of survival values commonly found in long-lived marine bird

species, in adult and first-year birds respectively (Horswill & Robinson 2015).
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