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In a world of growing anthropogenic pressures on biodiversity, effective indicators need to be specific
and sensitive to the pressures in the ecosystem concerned, yet be simple enough to be interpreted by
non-experts and straightforward enough to facilitate routine monitoring. Globally, seabirds are under
increasing pressure as a result of anthropogenic activities and environmental variation. Traditionally,
seabird indicators have been based on abundance at breeding colonies. However, as many species do

Keywords: not reach sexual maturity for several years, and may not attend the colony over this time period, such
ISI’?:;JCI;I(::Ior indicators may fail to capture the ecological complexity of the system concerned.

Demography We constructed two indicators of the state of nine seabird species that breed along the UK coast of the
Fisheries North Sea: (i) abundance of seabirds at breeding colonies, and (ii) probability of seabird breeding failure.
North Sea The indicators were significantly and strongly correlated with each other for eight out of nine species, but
Kittiwake the abundance indicator typically lagged the indicator on seabird breeding failure by two to three years.

We then considered a third indicator which compared kittiwake (Rissa tridactyla) breeding success to the
levels expected given the underlying environmental conditions; changes in the abundance indicator also
lagged this by three years. We investigate how sensitive each of these indicators was to the impacts of
fishing. We found that the species which had seen the greatest increases in breeding failure rate over the
study period were those species which were most sensitive to fisheries pressure.

By focussing on demographic parameters, and correcting for the underlying environmental conditions,
we can detect potentially important population level changes at an earlier stage than by focussing on
abundance alone. These indicators are able to more accurately capture the complexity of the ecosystem
concerned and can be readily interpreted by policy-makers.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Globally, seabirds are under increasing pressure from anthro-
pogenic activities, such as fishing, pollution and resource extraction
(e.g. Cury et al., 2011; Furness, 2002; Furness and Camphuysen,
1997; Furness and Tasker, 2000; Tasker and Becker, 1992; Wiese
and Ryan, 2003). These pressures may exacerbate the impact of
variation in environmental factors, such as climate (Frederiksen
et al., 2004a; Gremillet and Boulinier, 2009; Sandvik et al., 2005).
Consequently, there is an increasing recognition of the importance
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of monitoring the impact of pressures on seabird populations
(Parsons et al., 2008; Rogers and Greenaway, 2005).

Monitoring population-level impacts of pressures on seabirds,
however, presents a number of challenges. Counting the number
of birds or breeding pairs attending colonies is relatively straight-
forward for most species (Walsh et al., 1995), but variation in the
number of birds attending a colony may not necessarily reflect
the influence of environment on population size. This is because,
seabirds are long-lived and can delay breeding for several years
following fledging. Adult birds may refrain from breeding in years
when environmental conditions are poor (Erikstad et al., 1998; Oro
and Furness, 2002) and immature birds vary in the age at which
they start attending the colony, and the age at which they start
breeding (Crespin et al., 2006; Dittman and Becker, 2003; Halley
et al., 1995). Consequently, a need has been identified to develop
approaches to monitoring that allow the integration of processes
acting at different levels (Gremillet and Boulinier, 2009). Evidence
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Fig. 1. The proportion of the sandeel population fished in each year in relation to
total sandeel biomass in the North Sea. The black line shows the maximum pro-
portion of the sandeel population that can be fished for any given population size
whilst sticking to the “Third for the Birds” rule of Cury et al. (2011), that a third
of the long-term maximum biomass of sandeel must be left by fisheries to support
sustainable seabird populations in the North Sea.

suggests that reproductive performance of seabirds, rather than the
number of birds attending a breeding colony, may be a better reflec-
tion of variation in environmental conditions (Erikstad et al., 1998;
Piatt et al., 2007; Regehr and Montevecchi, 1997).

The United Kingdom (UK) provides a valuable case study with
which to test indicators based on species breeding performance,
because a wealth of monitoring data have been collected there
over a number of years (JNCC, 2012; Lloyd et al., 1991; Mitchell
et al., 2004). The UK is of great significance in terms of seabird
conservation, hosting a large number of internationally important
breeding colonies for several species (Mitchell et al., 2004). The
implementation of the, legally binding, Marine Strategy Frame-
work Directive (MSFD) across the European Union and in some
neighbouring states requires an ecosystem-based approach to the
management of human activities within the marine environment
(EC, 2008). This means ensuring that “the collective pressures from
human activities acting on the marine environment are kept at levels
consistent with seas that are clean, healthy and productive, whilst pro-
viding for the sustainable use of marine goods and services by present
and future generations” (EC, 2008). This legislation provides a strong
policy driver to monitor seabird populations, to assess anthro-
pogenic impacts on them, and to instigate management measures
where necessary to reduce these impacts.

One of the main anthropogenic pressures on seabird popula-
tions, especially in UK waters, is caused by commercial fishing
(Frederiksen et al., 2004b; Furness, 2002; Furness and Tasker,
2000). Commercial fishing can compete with seabirds over increas-
ingly limited stocks of fish species. Based on data from seven seabird
ecosystems, Cury et al. (2011) suggest that as a general rule, a
third of the peak long term maximum stock size of forage fish
should be left for birds in each year to ensure that seabird popula-
tions remain stable. For sandeel Ammodytes spp., key prey species
for many seabirds in the North Sea (Rindorf et al., 2000; Wanless
et al., 2005; Wright and Begg, 1997), this target was only met in
five years between 1986 and 2010 (Fig. 1). We assess the impact
that this pressure has had on seabird populations using long-term

monitoring data collected in a standardised fashion throughout the
UK between 1986 and 2010.

We develop three indicators with which to assess the state of
nine UK seabird populations. The first indicator examines annual
variation in numbers of those nine species attending the breeding
colonies and the second indicator examines the annual variation in
breeding failure, defined as the probability of birds from that years’
cohort recruiting into the breeding population is close to zero, in
these species. Furness and Tasker (2000) ranked species based on
their sensitivity to reductions in sandeel abundance. If current lev-
els of fisheries are having a detrimental impact on seabirds, we
would expect this to be reflected in these indicators, with those
species most sensitive to depleted stocks of prey species exhibiting
the highest breeding failure rates and the most severe population
declines. The third indicator focuses on the annual breeding suc-
cess of a single well-studied species, kittiwake Rissa tridactyla, for
which there are well established links between population trends
and the availability of sandeel, a key prey species (Frederiksen et al.,
2005, 2007; Harris et al., 1997; Lewis et al., 2001; Rindorf et al.,
2000). Breeding success in the kittiwake has been shown to vary in
relation to sea surface temperature in February and March of the
previous year (hereafter SST_1, see Frederiksen et al., 2004a). This
relationship reflects the availability of sandeel during the current
breeding season because birds prey primarily on 1-group sandeels,
whose abundance is related to water temperature in the spring of
the previous year, when they hatch (Frederiksen et al., 2004a). This
allows us to determine when breeding success has deviated from
the level that would be expected under the observed environmental
conditions at each kittiwake colony throughout our study period.

The potential for developing seabird indicators based on the
breeding success has been widely discussed (Frederiksen et al.,
2004a, 2008; Wanless et al., 2007) and there is a clear ecologi-
cal rationale for doing so. Amongst long-lived species, which may
not breed every year, changes in abundance and survival may not
be apparent for several years. In contrast, changes in factors such
as breeding success may be more responsive to environmental
pressures. With this in mind, we may expect abundance-based
indicators to lag those based on measures of breeding success or
failure.

In order to assess the relative health of the seabird populations
within North Sea and Celtic Sea, corresponding to the Greater North
Sea and Celtic Seas OSPAR regions (Tromp and Wieriks, 1994),
we compare the indicator values between these two regions. A
key aim of these indictors is to assess the impact of commercial
fisheries on seabird populations. The use of seabirds as quantita-
tive indicators in this fashion has been questioned (Gremillet and
Charmantier, 2010), with concerns over the plasticity of species
response to change and the applicability of indicators beyond
species breeding grounds (Ddnhardt and Becker, 2011). We there-
fore examine whether the indicators are sensitive to changesin fish
stocks and fishing pressure and discuss regional population differ-
ences between populations in relation to likely food stocks. Finally,
we consider whether the inclusion of demographic parameters can
improve our existing suite of indicators.

2. Materials and methods
2.1. Data collection

Seabird populations in Britain and Ireland are monitored on
an annual basis at a range of colonies throughout Britain and
Ireland as part of the Seabird Monitoring Programme (SMP,
http://jncc.defra.gov.uk/page-1550). Data describing the number
of pairs (typically estimated as either the number of adult birds
present or the number of apparently occupied nests, sites or
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territories, depending on species) and productivity (number of
fledged chicks) at each colony are collected in a systematic fashion
(Walsh et al., 1995). Productivity data are collected from colonies
using a randomly sampled selection of nests or sites. The annual
breeding success at each colony is then taken to be the mean num-
ber of fledged chicks produced per nest per year (Walsh et al.,
1995). The survey covers a broad geographic area, largely relying
on volunteer surveyors.

We used SMP data collected between 1986 and 2010. As is typ-
ical of many large-scale ecological datasets (e.g. Fewster et al.,
2000), the time-series contained some missing values. We used
a generalised linear modelling (GLM) framework within R 2.12.0
(R Development Core Team, 2012) to complete the time series, by
modelling abundance and breeding success as a function of colony
and year and using the resultant model coefficients to estimate the
missing values.

Indicators were developed using abundance and productivity
data for nine widespread and abundant species in the UK, which
were representative of the wider seabird community - fulmar Ful-
marus glacialis, shag Phalacrocorax aristotelis, kittiwake, Sandwich
tern Sterna sandvicensis, common tern Sterna hirundo, Arctic tern
Sterna paradisaea, little tern Sternula albifrons, guillemot Uria aalge
and razorbill Alca torda. Separate indicators were developed for
eachregion as differing pressures and prey stocks mean that seabird
population trends differ between the east (North Sea) and west
coasts (Celtic Seas) of the UK (Chivers et al., 2012; Cook et al., 2011;
Frederiksen et al., 2005; JNCC, 2012).

2.2. Abundance indicator

To minimise the impact of year to year variation in coverage the
colonies, which were sampled on an annual basis, the number of
birds counted at each colony (site) in each year was modelled in
relation to year and site factors using a GLM with a Poisson error
structure and logarithmic link function (Fewster et al., 2000). The
(back-transformed) coefficient for year was taken to represent the
annual abundance index for each species, relative to its abundance
in 1986. Site was fitted as a fixed-effect factor, rather than a random
effect so that the individual coefficients fully reflect the actual data,
rather than being constrained to follow a normal distribution.

So that no individual site had undue influence over the value of
the coefficients, a jack-knife approach was used, dropping each site
from the model in turn. Models were run for each species in each
region in turn. The final indicator value presented for each species
in each year is the mean index value calculated over all runs of the
jack-knife.

2.3. Breeding failure indicator

Breeding success for each colony in each year was calculated
as the mean number of chicks per nest, and where this value was
below 0.1 chicks per nest, it was assumed that effectively no birds
would be recruited into the population and the colony was assessed
as having failed in that year. In years when breeding failure was not
recorded, breeding success was typically in the region of 0.4-0.7
chicks per nest for each of the study species (JNCC, 2012).

The breeding failure indicator was calculated in a similar fash-
ion to the abundance indicator. The probability of breeding failure
being recorded at a colony follows a binomial distribution, in that in
each year the colony can either fail or not fail. As with abundance,
breeding failure was modelled within a GLM framework in rela-
tion to year and site, but with a binomial error structure and logit
link function. The coefficient for each year was then taken to repre-
sent the probability of breeding failure occurring at any given site
within that calendar year. Again, a jack-knife approach was used to
ensure that no colony had undue influence over the final indicator

value. Models were run for each species in each region in turn. The
final indicator value presented for each species in each year is the
mean probability of breeding failure calculated from each run of
the jack-knife.

2.4. Kittiwake breeding success indicator

Kittiwake breeding success has previously been shown to be
related to SST_4, with. warmer winters resulting in reduced sandeel
recruitment, and consequently reduced sandeel availability for
kittiwakes in the following year (Frederiksen et al., 2007). This
relationship offers the potential to develop an indicator based on
kittiwake breeding success that can be corrected for prevailing
environmental conditions, making it possible to more accurately
monitor the impact of anthropogenic activities, such as fisheries.

Kittiwake breeding success was monitored at over 100 colonies
in the UK between 1986 and 2010 (JNCC, 2012). In order to ensure
confidence in our models, we first used power analysis in the R
package “pwr” (Champely, 2012) to determine that a minimum
of 13 years data were required to detect a significant relation-
ship between kittiwake breeding success and SST_;. Analyses were
therefore restricted to the 29 colonies on the North Sea coast and 10
colonies on the Celtic Seas coast where kittiwake breeding success
had been monitored for 13 years or more.

At each colony, a baseline level of breeding success was calcu-
lated using a mixed effect GLM. Colony was fitted as a random effect
and SST_4, obtained from the Hadley Centre Sea Ice and Sea Sur-
face Temperature (HadISST) dataset (Rayner et al., 2003), was fitted
as a mean fixed effect with a random slope to account for colony
specific differences in the relationship between SST_; and breed-
ing success, arising from processes such as density dependence.
The number of young per nest did not follow a standard distribu-
tion, consequently, we modelled breeding success as the number of
young produced per egg, which has a binomial distribution, as each
egg will either produce a fledged chick or not, assuming a mean of
two eggs per nest (range 0-3, e.g. Golet et al., 1998; Harris and
Wanless, 1997). Weighting was introduced to account for the dif-
ferent number of nests in each colony. The predicted success rate
per egg at each colony was then calculated from the model and
transformed to give an estimate of breeding success per nest. Upper
and lower 95% confidence limits were calculated around this pre-
diction. Where the observed breeding success was greater than the
lower limit around this estimate the indicator target was assessed
as having been achieved at that colony in that year. Models were
fitted using the “Ime4” package in R 2.12.0 (Bates et al., 2011).

In deriving the final indicator value for each year, it was
necessary to account for the fact that not every colony was mon-
itored every year. To do this we followed the protocol described
above modelling failure or success in achieving the indicator tar-
get within a binomial GLM framework in which year and colony
were fitted as factors. The indicator value for each year is the
proportion of colonies at which the observed level of breeding suc-
cess was predicted to be below the lower confidence limit of the
breeding success predicted given the underlying environmental
conditions.

2.5. Impact of sandeel fisheries on seabird productivity in the
North Sea

In order to examine whether the indicators were sensitive to
changes in fish stocks and fishing pressure, fisheries data and
sandeel stock assessment data were extracted for the North Sea
from the ICES Stock Assessment Database (ICES, 2011). As fisheries
data were only available for the North Sea subsequent analyses
focus on this region.
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Fig. 2. Change in the median indicator value between the ‘start’ period 1986-1990 and ‘end’ period 2006-2010 for (a) the abundance indicator in the North Sea, (b) the
abundance indicator in the Celtic Seas, (c) the breeding failure indicator in the North Sea and (d) the breeding failure indicator in the Celtic Seas. Species shown [1] Arctic
tern [2] little tern [3] common tern [4] Sandwich tern [5] kittiwake [6] razorbill [7] guillemot [8] shag [9] fulmar, ordered according to their sensitivity to food shortages as

assessed by Furness and Tasker (2000).

On an annual basis, the magnitude of the impact of sandeel fish-
eries may be dependent on the size of the stock during the year in
question. Cury et al. (2011) suggest that a third of the long-term
maximum population should be left for birds. This implies that it is
possible to harvest a higher proportion of sandeel during years in
which the stock s large, without having an impact on seabird popu-
lations. Consequently, to determine the impact of fisheries pressure
on our study species, we modelled our annual indicator values in
relation to sandeel population size and the proportion of sandeels
harvested. In order to examine the impact of fisheries on our study
species, we fitted an interaction term between sandeel population
size and the proportion of stock harvested, rather than consid-
ering the total number of sandeel available to our study species.
We then relate the model coefficients from each study species to
their sensitivity to reductions in sandeel abundance, as assessed by
Furness and Tasker (2000), and to the annual change in breeding
failure.

3. Results
3.1. Abundance

Between 1986 and 2010 trends in seabird abundance differed
strongly between the North Sea and Celtic Seas regions. In the North
Sea (Fig. 2a), eight out of the nine study species appear to have
declined in abundance; these declines have been particularly pro-
nounced in the kittiwake and fulmar. Patterns were more variable
in the Celtic Seas region, where only three species have declined,
and populations of the remaining six have been stable, or increased
(Fig. 2b).

3.2. Breeding failure rates

Breeding failure rates showed strong variation, between both
species and regions. Between 1986 and 2010, the rate of colony fail-
ures increased amongst eight species in the North Sea (Fig. 2¢). In
contrast, in the Celtic Seas, breeding failure rates increased in only
three species (Sandwich tern, kittiwake and guillemot), declined
in a further three (Arctic tern, little tern and common tern), and
remained around zero for the remaining species (Fig. 2d). Through-
out the study period, colony failure rates were typically higher at
North Sea colonies than at Celtic Seas colonies.

Breeding failure rates appeared to vary by species group. By
2010, the highest failure rates were recorded in terns and the kit-
tiwake (Fig. 2c and d).

3.3. Kittiwake breeding success

In the North Sea, SST_; had a significant, negative impact on
kittiwake breeding success at the sample colonies (Effect Size
—0.18 £0.05, P<0.001, R2=0.30, Fig. 3). However, in the Celtic
Seas the relationship was not statistically significant (Effect Size
0.07 +£0.24, P=0.77, R?2 =0.25). Use of the indicator was therefore
restricted to the North Searegion, where the probability of breeding
success being lower than expected at any given colony was assessed
by comparing observed levels of breeding success to the lower 95%
confidence limit on the value predicted given the observed SST_;
(Fig. 3).

The proportion of colonies at which breeding success was at
or above what would be expected given the underlying environ-
mental conditions fluctuated between 1986 and 1994 from 80% to
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Fig. 3. Kittiwake breeding success indicator at Isle of May and Sumburgh Head colonies between 1986 and 2010. Solid line shows level of breeding success expected at each
colony given the Sea Surface Temperature in February and March of the previous year. Where the recorded breeding success is below the 95% confidence limit surrounding

this value, shown by the broken line, the indicator target is said to have been missed.

100% (Fig. 4). After 1994, the frequency with which colonies failed
to achieve the target level of breeding success began to increase,
with as few as 52% of colonies in 2004 and 54% of colonies in 2008
satisfying the target.

3.4. Comparison of indicator values

In the North Sea, the abundance indicator appeared to be at least
as variable as the breeding failure indicator for all species except
Sandwich tern (Fig. 5). This pattern was repeated in the Celtic Seas.
Such variability makes it harder to discern a trend in the data from
background noise.

In the North Sea region, there was a significant correlation
between the indicator values for little tern, kittiwake and fulmar

:! T -4 - Abundance
—e— Breeding Failure
Breeding Success
o |
@« |
o

Indicator Value
06
|

04

0.0
1

T T T T T
1990 1995 2000 2005 2010

Year

Fig. 4. Annual abundance, breeding failure and breeding success indicators for kit-
tiwake in the North Sea. Abundance indicator shows population relative to 1986,
corrected for differences in survey coverage, breeding failure indicator shows the
proportion of colonies predicted to fledge more than 0.1 chicks nest~! and breeding
success indicator shows the proportion of colonies at which breeding success is at
the level expected given the underlying environmental conditions.

(Table 1). However, for eight of the nine study species the strongest
correlations were observed between the abundance indicator and
the breeding failure indicator one or more years previously. This
pattern is particularly noticeable in the fulmar, European shag,
kittiwake, guillemot and Arctic tern, where strong, negative cor-
relations were recorded between abundance and the incidence of
breeding failure two to three years previously (Table 1). Correla-
tions between abundance and the proportion of kittiwake colonies
achieving the required level of breeding success showed a simi-
lar pattern and were strongest when abundance was compared to
the value of the breeding success indicator two years previously
(r=0.65, P<0.01, Table 1).

A similar pattern was observed in the Celtic Seas region, where
the strongest correlations were typically between abundance and
breeding failure one to four years previously (Table 2). Again, the
strongest relationship was between kittiwake abundance and the
proportion of colonies achieving the required level of breeding
success two years previously (r=0.71, P<0.01). However, amongst
other species, relationships were less apparent, possibly the conse-
quence of fewer colonies contributing data in the Celtic Seas region
than in the North Sea region (Tables 1 and 2).

In the North Sea, the annual proportion of kittiwake colonies
achieving the required level of breeding success and the propor-
tion of kittiwake colonies where breeding failure was recorded
were, not unsurprisingly, strongly, negatively correlated (r=—0.95,
P<0.01, Fig. 4).

3.5. Impact of fisheries on seabird productivity in the North Sea

In years when the total biomass of sandeel in the North Sea
was low, a higher proportion of the stock was harvested (Fig. 1).
The proportion of sandeel harvested appeared to peak when total
biomass was estimated at around 2 million tonnes. As total biomass
rises above this figure, the proportion of the population harvested
declines.

The breeding failure indicators and kittiwake breeding success
indicator showed consistent negative relationships with fisheries
pressure, represented by the interaction between sandeel popula-
tion size and the proportion of the population harvested (Table 3).
The magnitude of these relationships varied on a species-specific
basis, being particularly strong in species like the little tern, kit-
tiwake and razorbill, but weaker in others like the Sandwich tern
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Fig. 5. Indicators for seabird breeding failure (solid line, shown as 1-proportion of colonies failing) and seabird abundance (broken line) in the North Sea between 1986 and

2010.

and guillemot. In contrast, the effect size for sandeel population size
alone was typically much lower, indicating a weaker relationship.

The species which showed the strongest relationship between
breeding failure rate and sandeel population size were weakly cor-
related with those assessed as being most vulnerable to reductions
in sandeel abundance by Furness and Tasker (2000) (Fig. 6a). How-
ever, sensitivity to changes in food supply did not appear to account
for the increases in breeding failure rate observed amongst these
species in the North Sea over the study period (Fig. 6¢). Instead,
there appeared to be a strong correlation between increases in
breeding failure and fisheries pressure when sandeel populations
were depleted (Fig. 6d). It is noticeable that the data point for

Table 1

little tern has high leverage in Fig. 6d, however, even with this point
excluded there is still a strong, negative correlation between breed-
ing failure rates and the effect size for fisheries pressure (r=-0.87,
p<0.01).

4. Discussion
4.1. Seabird indicators
Ecological indicators have a widespread appeal to scien-

tists, environmental managers, politicians and the general public
(Niemi and MacDonald, 2004). They act as a means of conveying

Correlations between seabird breeding failure indicator and seabird abundance indicator between 1986 and 2010 in the North Sea.

No. of colonies No lag Year+1 Year +2 Year +3 Year +4 Year +5 Age at first breeding

Arctic tern 41 -0.12 -0.12 -0.42 -0.32 -0.04 0.21 4
Little tern 26 -0.44" -0.28 -0.15 -0.37 -0.02 -0.08 3
Common tern 45 0.08 0.10 -0.14 0.17 040 0.22 3
Sandwich tern 17 -0.15 -0.18 0.03 0.24 0.44 047 3
Kittiwake 37 -0.37 -0.33 -0.65" —0.49" -0.26 -0.42' 4
Razorbill 5 0.11 -0.07 -0.17 0.14 -0.03 -0.14 4
Common Guillemot 11 -0.28 -0.28 -0.44 0.03 -0.34 -0.12 5
Shag 11 -0.01 -0.55" -0.75" -0.16 -0.02 0.01 4
Fulmar 30 -0.34 -0.36 -0.26 -0.44" 0.10 0.03 9
Mean correlation -0.17 -0.23 -0.33 -0.13 0.03 0.02

Kittiwake breeding success indicator 0.35 0.32 0.65" 0.51° 0.35 0.44

Strongest correlation for each species in bold. Also shown is age at first breeding for each species, taken from Robinson (2005).
" Pearson correlation coefficients are shown for lags between abundance and breeding failure of between one and five years and are significant at P<0.1.
™ Pearson correlation coefficients are shown for lags between abundance and breeding failure of between one and five years and are significant at P<0.05.
™" Pearson correlation coefficients are shown for lags between abundance and breeding failure of between one and five years and are significant at P<0.01.
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Table 2
Correlations between seabird breeding failure indicator and seabird abundance indicator between 1986 and 2010 in the Celtic Sea.
No. of colonies No lag Year+1 Year+2 Year+3 Year+4 Year+5
Arctic tern 22 0.18 -0.09 0.10 -0.21 -0.06 -0.01
Little tern 4 -0.23 -0.23 0.14 0.02 -0.13 -0.16
Common tern 40 —-0.08 -0.09 -0.03 -0.26 -0.24 —-0.20
Sandwich tern 3 0.29 0.07 -0.08 -0.23 -0.37 -0.50"
Kittiwake 15 -0.35 —0.63" -0.71" -0.16 -0.01 -0.16
Razorbill® 2 NA
Common Guillemot 3 -0.08 -0.13 0.02 0.01 0.01 0.01
Shag 17 —0.05 0.01 -0.20 -0.19 -0.29 -0.04
Fulmar?® 15 NA
Mean correlation -0.04 -0.16 -0.11 -0.15 0.16 0.15

Strongest correlation for each species in bold.

2 Breeding failure not recorded in any fulmar or razorbill colony in the Celtic Sea over the study period so no correlations between indicators are possible for these species.
" Pearson correlation coefficients for lags between abundance and breeding failure of between one and five years and are significant at P<0.1.

™ Pearson correlation coefficients for lags between abundance and breeding failure of between one and five years and are significant at P<0.05.

™" Pearson correlation coefficients for lags between abundance and breeding failure of between one and five years and are significant at P<0.01.

information about the condition of the environment, an early war-
ning signal for potential ecological problems and as monitors for
trends in ecological resources. Consequently, indicators are widely
used within a legislative framework to determine progress towards
meeting environmental (and other) objectives. However, to be
effective, they need to capture the complexity of the ecosystem
concerned, as well as being simple enough to be understood with a
methodology that is both transparent and straightforward enough
to facilitate routine monitoring, both in terms of data capture and
cost (Dale and Beyler, 2001). For long-lived species, which may not
reach sexual maturity for several years, simple abundance-based
indicators (such as the number of birds attending a colony) may
not fully capture the complexity of the ecosystem concerned.

The trends obtained from our abundance and breeding failure
indicators highlight differences between seabird populations in the
North Sea and Celtic Seas. In the North Sea, species abundance
at breeding colonies is declining and breeding failure rates are
increasing. In the Celtic Seas, the picture is more mixed, with some
species declining, and others relatively stable or increasing. These
differences may be related to food supply and the pressure from
fisheries. SST_; is believed to influence kittiwake breeding success
through impacts on sandeel productivity (Frederiksen etal., 2004a).

In developing the abundance and breeding failure indicators,
data were available from fewer colonies in the Celtic Seas than in
the North Sea reflecting, in part and the distribution of several of
our study species, and in part the distribution of surveyors. If the
sample colonies were drawn from a single part of the Celtic Seas,
there is a danger that they would not reflect patterns across the
region as a whole (Cook et al., 2011). However, whilst for several
species data were available from a limited number of colonies, these
reflected the geographic extent of the region, minimising the prob-
ability of trends being influenced by data from a more localised
area.

Table 3

In developing the kittiwake breeding success indicator, our anal-
yses showed that the relationship between sandeel productivity
and kittiwake breeding success held in the North Sea, but not the
Celtic Seas. The lack of a relationship is consistent with another
recent study that failed to detect a climatic effect on kittiwake pro-
ductivity there (Lauria et al., 2012). The different relationships for
the two regions may reflect differences in prey availability, with
herring Clupea harengus a more important component of seabird
diets in the Celtic Seas than in the North Sea (Chivers et al., 2012;
Lauria et al., 2012). Kittiwake breeding failure in the North Sea
was strongly correlated with the proportion of colonies at which
breeding success was lower than would have been expected given
the underlying environmental conditions (Fig. 4). However, taking
environmental conditions into account meant important changes
could be detected earlier than by focussing purely on breeding
failure. The proportion of colonies at which breeding failure was
recorded remained relatively stable between 1992 and 1997, with
declines thereafter. However, when for environmental conditions
are accounted for, the results suggest that breeding success may
have started to decline as early as 1994 (Fig. 4).

4.2. Impact of fisheries

These indicators can be displayed in a manner which makes it
possible to readily determine which colonies are failing, how fre-
quently they fail and whether failures are localised, or occur more
widely as indicated by the kittiwake breeding success indicator in
Fig. 7.We can then make inferences about the pressures influencing
these indicators and how these are changing over time.

Sandeel are a key prey species for many seabirds, and we show
that the presence of an active fishery can have a detrimental effect
onseabird populations (Cury etal.,2011; Frederiksen et al., 2004a,b,
2007, 2008; Parsons et al., 2008). Our study species had varying

Effect sizes from models of species breeding failure rates (and the kittiwake breeding success indicator) in relation to sandeel population size and the interaction between
sandeel population size and the proportion of the population harvested. Species listed in descending order of their sensitivity to reductions in sandeel abundance as assessed

by Furness and Tasker (2000).

Sandeel population size coefficient Sandeel population size: fisheries coefficient Model R?
Arctic tern 0.01 + 0.06 -0.12 £ 0.21 0.02
Little tern 0.09 + 0.06 -0.69 + 0.21 0.30
Common tern —0.04 + 0.05 —0.16 + 0.17 0.25
Sandwich tern 0.07 + 0.06 —-0.03 + 0.19 0.10
Kittiwake -0.01 + 0.05 -0.25 £ 0.16 0.18
Razorbill 0.03 + 0.01 —0.22 + 0.06 0.41
Common Guillemot 0.01 + 0.01 —0.04 + 0.02 0.24
Shag 0.01 £ 0.01 —-0.13 £+ 0.06 0.27
Fulmar —-0.02 + 0.03 —-0.11 £ 0.12 0.12
Kittiwake breeding success indicator —0.01 + 0.05 -0.20 £ 0.18 0.12
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Fig. 7. Change in kittiwake breeding success indicator in relation to the presence of the Wee Bankie sandeel fishery. Following Frederiksen et al. (2004a) the sandeel
fishery was assessed as present from 1990 to 1998. Each pie chart represents a kittiwake breeding colony, green indicates that breeding success reflected the underlying
environmental conditions in the target year, red indicates that breeding success was lower than expected given the underlying environmental conditions and black/white
indicates colony was not recorded in the target year. Darker segments indicate the proportion of the preceding years in which the target level of breeding success was not
achieved in the pre-fishery (1986-1989), operational fishery (1990-1998) and closed fishery (1999-2010) periods. (For interpretation of the references to color in text, the
reader is referred to the web version of this article.)
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levels of dependency on sandeel (Furness and Tasker, 2000), but
this did not reflect inter-specific differences in the breeding fail-
ure indicator. Instead, we found that changes in species breeding
failure rates were strongly correlated with pressure from fisheries.
The extent to which sandeel fisheries impact upon breeding seabird
populations may be linked to how accessible different stocks are,
and how readily larval sandeel can disperse between populations
on different banks in the North Sea (Poloczanska et al., 2004;
Wright, 1996). Whilst both the Wee Bankie and Shetland sandeel
fisheries have been closed over part of our study period, the most
intensive North Sea sandeel fishery operates on Dogger Bank (ICES,
2011). This area is within the foraging range of several of our study
species from colonies on the east coast of the UK (Thaxter et al.,
2013), and others may be willing to travel greater distances to
exploit the predictable food resource it offers, particularly when
local prey availability is reduced (Baudini and Hyrenbach, 2003;
Bertrand et al., 2012; Hamer et al., 2001).

Whilst sandeel are largely sedentary, their larvae are capa-
ble of dispersing more widely (Christensen et al., 2007, 2008;
Procter et al,, 1998) and disruption to this dispersal can signifi-
cantly affect local sandeel availability (Poloczanska et al., 2004;
Wright, 1996). Consequently, intensive fisheries activity during
the spawning period in areas like Dogger Bank, may reduce the
supply of larvae elsewhere. The structure of North Sea sandeel
populations means that this may be a particular problem in
the east of England (Christensen et al., 2008), with a detrimen-
tal impact on species with restricted foraging ranges, like little
tern.

Fisheries impacts may be direct or indirect. The Wee Bankie
sandeel fishery operated between 1990 and 1999, although land-
ings were small in 1990 and 1999 (Frederiksen et al., 2004a,b).
Using the kittiwake breeding success indicator, given the under-
lying environmental conditions, it is possible to investigate the
impact of the fishery on breeding populations of the kittiwake
(Fig. 7). Following the start of the Wee Bankie fishery, the num-
ber of colonies failing to achieve the level of breeding expected
given the underlying environmental conditions increased. These
increases were particularly noticeable in areas close to Wee Bankie
on the east coast of Scotland and North East of England. Following
the closure of the fishery, colonies failing to achieve the desired
level of breeding success became clustered around Orkney and
Shetland, where great skua Catharacta skua predation makes a sig-
nificant contribution to mortality (Oro and Furness, 2002; Votier
et al., 2004, 2007). This may reflect an indirect impact of fisheries
as predation rates are linked to the availability of different food
resources (Votier et al., 2004).

The use of seabirds as biological indicators of environmen-
tal pressures in this fashion has been questioned (Gremillet and
Charmantier, 2010). In particular, there is concern over the plas-
ticity of behavioural characteristics, such as diet, which may blur
functional relationships between the seabird indicator and the
pressure they are monitoring. In the Celtic Seas alternative prey to
sandeel may be available (Chivers et al., 2012; Lauria et al., 2012)
and the resultant plasticity in diet may make seabirds more valu-
able as sentinels of wide-scale ecological processes, rather than
quantitative indicators. However, in the North Sea there is a long-
established link between sandeel stocks and seabird productivity,
with declines closely linked to sandeel availability (i.e. Wanless
etal., 2005,2007). Our results further demonstrate the potential for
using breeding success to assess the impact of fisheries on seabirds
in the North Sea. If there is a direct impact of fisheries on breed-
ing seabirds at a population level, we would expect two conditions
to be satisfied; (1) failing colonies would be widely distributed, as
seen in the kittiwake breeding success indicator in 1998 and (2) a
greater proportion of the colonies of those species most sensitive to
fisheries pressure, such as kittiwake, are failing than is the case for

species, such as fulmar, which are less sensitive to pressure from
the North Sea sandeel fishery.

4.3. Setting targets

Indicators such as these are used to assess environmental con-
ditions and monitor progress towards a target (Sanderson, 2006),
in this case achieving “Good Environmental Status” in the North
Sea and other European waters by maintaining biological diversity
and ensuring species distributions reflect prevailing environmen-
tal conditions (EU, 2008). Such targets must reflect baseline levels
of diversity, against which future changes can be assessed. Ideally,
indicators should also account for prevailing climatic conditions
so that they are sensitive to specific anthropogenic pressures
rather than wider environmental changes. In terms of the impact
of fisheries on seabirds, this means identifying species likely to
be affected, understanding what both baseline levels of breeding
failure/success and the demographic mechanisms of population
change should be, determining the rate at which populations
can recover and understanding how management can be used to
achieve these targets (Bridgewater, 2011).

Determining the species negatively affected by fisheries and
suggesting management measures to achieve targets, for example
limiting fisheries take, can be reasonably straightforward. How-
ever, as a proportion of colonies may be expected to fail in any given
year, irrespective of anthropogenic pressures (Poloczanska et al.,
2004), defining baseline levels of breeding failure or success and
population recovery rates is more complex. Indicator targets are
setin a variety of ways. Sanderson (2006) suggests a four stage pro-
cess (1) achieve demographic sustainability, (2) ensure sufficient
recruitment to maintain breeding population, (3) ensure popula-
tions can withstand irregular disruption through factors such as
disease or predation, (4) ensure populations can withstand regu-
lar disruption or catastrophic events. In the North Sea, breeding
failure rates are increasing and targets therefore should focus on
the first stage of this process, achieving demographic sustainability
and ensuring that colonies do not fail repeatedly over short time
periods.

Such targets will, by their nature, be arbitrary, but should
account for species’ differing ecologies. Using the breeding failure
as an example, for those, like auks, where colony-level breeding
failure is a rare event, ensuring this does not occur in consecu-
tive years may be a reasonable target. In species, like terns, where
breeding failure is naturally more common, a realistic target may be
ensuring that it does not occur over more half the indicator repor-
ting cycle (e.g. no more than three of the preceding six years). Focal
species should be those for which the fisheries impact is greatest,
such as kittiwake, little tern and razorbill. The spatial distribution
of failing colonies should also be considered. Pressures like fish-
eries, which reduce food availability in shared foraging grounds,
would be expected to impact populations over a broad spatial scale.
Localised failures may reflect alternative pressures, like nest preda-
tion, which are less important, particularly where between-colony
recruitment is likely.

4.4. Advantages of demographic indicators

There is a strong demographic and evolutionary rationale for the
use of seabird indicators based on productivity. Most indicators for
these species are based on abundance. However, abundance is a
function of the distribution, survival and productivity of a species
and consequently, oftenlagged in relation to environmental param-
eters (e.g. Sether, 1997; Thompson and Ollason, 2001). Therefore,
by focussing on abundance, we may miss events which impact upon
a species’ population. Demographic indicators allow a more imme-
diate assessment of the state of a population. Monitoring seabird
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survival can be difficult, as many species spend a significant portion
of the year away from their colonies, and adults may skip breed-
ing seasons (e.g. Aebischer and Wanless, 1992; Catry et al., 1998;
Harris and Wanless, 1995), making re-sightings of marked individ-
uals on annual basis difficult. Monitoring breeding success can be
simpler, as tracking the progress of individual nests can be straight-
forward, and can often be achieved without having to enter the
colony (Walsh et al., 1995).

Our results illustrate that by focussing on indicators of pro-
ductivity, it is possible to detect important changes to seabird
populations before they became evident at a population level. By
correcting for environmental conditions, we can detect key changes
even earlier. In the coming years, the way the marine environ-
ment is managed is likely to be subject to significant changes as
aresult of the expansion of offshore developments, changes to dis-
card policy and the introduction of marine protected areas (Bicknell
etal, 2013; Garthe and Huppop, 2004; Lascelles et al., 2012). These
rapid changes mean it is vital to have up-to-date information about
impacts on the marine environment.

5. Conclusions

A key part of developing effective ecological indicators is
that they must accurately reflect the complexity of the systems
involved. By focussing on abundance in long-lived species, which
may not reach sexual maturity for several years, important pop-
ulation level changes may be missed. Focussing on demographic
parameters, like productivity which may be readily monitored
amongst colonially breeding species, can more accurately capture
this complexity. Demographic indicators can be further improved
by accounting for known relationships with environmental param-
eters.
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