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Over four decades there were pronounced within-season changes in the proportion of a key prey
species (Lesser Sandeel Ammodytes marinus) in Common Guillemot Uria aalge chick diet. As
Sandeels became scarcer their occurrence was largely confined to the early part of the chick
period. Consequently, the mean annual proportion of Sandeels was poorly estimated if sampling
occurred within a short time window, particularly if this was early or late in the season. Within-
season variation is rarely considered in diet monitoring, but our results highlight the need for
further analyses across other species and sites to develop a deeper understanding of how best to

optimise sampling protocols.
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Many studies have concluded that climate change influences seabird breeding success indirectly
through changes in prey availability (e.g. Frederiksen ef al. 2013, Sydeman et al. 2021). Despite
this, monitoring of seabird diet generally receives much less attention than monitoring of
productivity. For example, from 1986-2019 the UK Seabird Monitoring Programme archived
productivity data for 23 species but diet data for only five species, and diet data were available for
many fewer years (JNCC 2021). In part, this disparity arises because collecting data on diet can be
logistically challenging since most species provision their young by regurgitation. However, this
limitation does not apply to the larger auks Alcidae and terns Sternidae where the parents bring
back food items in the bill, making it possible to identify prey species visually and hence
document diet without the need to handle adults or chicks (Barrett et al. 2007). Typically, the main
aim of dietary monitoring is to obtain annual estimates of the proportions of different prey
contributing to chick diet. Several studies have, however, shown that there can be marked within-
year changes in chick diet that could potentially bias annual estimates if sampling effort was
restricted to a short time window (Berruti et al. 1993, Kirkwood & Robertson 1997, Centrica
Energy 2009, Gaglio et al. 2018). Nevertheless, long-term changes in patterns of within-year
dietary variability are rarely documented, nor have their implications for how chick diet is

monitored been considered.

We assembled a multi-decadal dataset on chick diet of the Common Guillemot Uria aalge
(hereafter Guillemot) collected using morphological prey identification (Hoenig et al. 2021).
Guillemots are a major avian predator of small, shoaling, lipid-rich fish in the Northeast Atlantic
(Grandgeorge et al. 2008) and their breeding performance is widely monitored as an indicator of
the state of the marine environment (e.g. Cook ef al. 2014, Anker-Nilssen et al. 2018, INCC
2021). Previous analyses of some of the data included in our dataset highlighted a reduction in the
overall importance of Lesser Sandeel Ammodytes marinus and corresponding increase in
Clupeidae, predominantly Sprat Sprattus sprattus, over the last four decades (Anderson et al.
2014, Wanless et al. 2018). Here, we document within-season changes in diet over a 38-year
period at a major North Sea colony and evaluate the importance of timing of sampling effort for
obtaining robust annual estimates of diet. We discuss how within-season dietary changes of
predators may provide additional biological information on prey species, using Sandeels, a key

mid-trophic forage fish in the North Sea (Engelhard ef al. 2014) as an example.
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METHODS

The study was carried out on the Isle of May National Nature Reserve (56° 11°N, 02°33°W),
southeast Scotland in 1982-2019, where large numbers of breeding Guillemots can be observed
using binoculars or a telescope at distances of less than 30 m. During chick rearing, parents return
to the colony holding a single fish longitudinally in the bill making the prey easy to identify.
Sampling methods followed guidelines in Walsh et al. (1995) and remained constant throughout
the study. Observer consistency was high with MPH and SW contributing data in 38 and 36 years,
respectively, and MAN and CG data in 15 and 8 years, respectively. Data from other observers
were fewer in number and covered shorter time periods, usually just a couple of years. Most
observations were made opportunistically during daylight hours (mainly 05:30-21:30 h BST
although the times of observations were not recorded), on most days during the chick-rearing
period. In addition, for all years except 1982, 1- 8 (median 3) systematic all-day (03.30-22.30 h;
Supporting Information Appendix S1) watches were made of study plots containing up to 124
young (median = 42). Together, these observations provided good coverage of all hours of
daylight and thus estimates should be robust to any bias associated with diurnal variation in chick
diet. The opportunistic and systematic data were combined to provide annual diet information
across the chick-rearing period (mean + SD: 38.0 + 5.6 days, range 25—50 days, n = 38 years), and
a mean + SD annual total of 971 £ 476 fish (range 453—2882). In most cases individual birds were
not identifiable and since observations covered an area where there were >4 000 Guillemots
breeding, each fish is considered to be an independent observation. Fish were identified to family
level — Ammodytidae (37.3% of 36 909 fish recorded throughout the season over the 38 years),
Clupeidae (60.5%) or Gadidae and others (2.2%). All 457 Ammodytidae collected from breeding
ledges were Lesser Sandeel (hereafter Sandeel) that were at least one years old (1+ group). Of the
151 Clupeidae identified 139 (92%) were Sprat, the rest were Herring Clupea harengus, so for
convenience hereafter we refer to all Clupeidae as Sprat. Very few Gadidae were available for

specific identification but included Whiting Merlangius merlangus and Saithe Pollachius virens.

Each year 500-1000 pairs of Guillemots (mean + SD: 832 + 114 pairs) were followed to determine
mean dates of hatching and fledging, and age at fledging (Harris & Wanless 1988). The areas
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where these birds bred coincided with those where the majority of observations on chick diet were
made. Since mean annual hatching date varied by 20 days (30 May—19 June), year-specific chick-
rearing periods were estimated to commence on the mean hatching date — 1 standard deviation,
and to end on the mean hatching date + 1 standard deviation + the mean fledging age of chicks in
that year. This period (mean + SD: 35.6 + 2.2 days, range 32—43 days) excluded 13% of all days
when diet data were recorded (mainly those at the end of the season), but only 1.7% of all fish.

Data for this standardised period were used for all analyses (see Supporting Information Table 1).

The number of fish recorded per day varied between 1 and 497 (median = 11; details in
Supporting Information Fig. S1) across the years. Given this variability we fitted a Generalized
Linear Model (GLM) to the binomial responses to estimate the proportion of Sandeel in the total
number of fish for each day (Anderson et al. 2014), using the Genstat statistical package (VSN
International 2020). This approach effectively weights the days by the sample size. The full model
fitted was Julian day + year + the interaction Julian day-by-year (Supporting Information
Appendix S2). The interaction allowed a test of whether the within-season change in the
proportion of Sandeel varied between years (the slope on the logit scale), as well as different
intercepts for each year. To assess the consequences of varying the timing of sampling effort
within the chick-rearing period we modelled the effect of using 10-day periods on the estimated
proportion of Sandeel each year, defining early, mid and late sampling periods as Julian day 156-
165, 166-175 and 176-185, respectively. Again, we used a GLM to model the binomial
proportions across years but without considering Julian day or its interaction with year,
specifically testing to see if the slopes and displacements differed between the three sampling
periods. For displaying and reporting, estimates on the logit scale were back transformed to
proportions. The approach is well illustrated by comparison of the four years 1991-94 where we
show the proportions of Sandeels (filled circles) for each day that fish were sampled and the fitted

logistic regression for each year (Supporting Information Fig. S2).

RESULTS

The overall model, including date, year and their interaction, explained 88% of the total deviance

in chick diet (see Table 1 and Supporting Information Appendix S2). Most of this variation was
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associated with differences in the proportions of the main prey between years (mean deviance =
405.8, df =37, P <0.0001), with Sandeel dominant in the early years and Sprat dominant in the
last two decades (Fig. 1a). In addition, Sandeel tended to become scarcer as the chick-rearing
season progressed (Julian day slope on the logit scale =-0.0634 £ 0.0014, P <0.001). However,
there were highly significant between-year differences in the slopes of within-season trends in
chick diet over the decades (Julian day-by-year interaction: Deviance ratioz; 1127=11.7, P <0.
001). The proportion of Sandeel increased over the standardised chick-rearing period in five (56%)
of the nine years between 1982-1990, but subsequently trends were increasingly likely to be
negative. Hence, in 1991-2000 only three out 10 were positive, in 2001-10 only one was positive,
and in 2011-19 none was positive (Fig. 2). Thus, as Sandeels became scarcer in the chick diet they
were largely confined to the early part of the season with very few fed to chicks after Julian Day

160.

As a result of these contrasting within-season trends, different proportions of Sandeel would have
been estimated if diet had been sampled for only limited periods of the Julian calendar. This is
well illustrated by the variability in estimates for 10-day sampling windows: early (P1: Julian Day
156-165), mid (P2: Julian Day 166-175) and late (P3: Julian Day 176-185), compared with those
estimated for the full chick-rearing period. In particular, annual means were poorly estimated from
10-day windows in the 1990s when within-season variation in chick diet was marked (Fig. 1b). In
general, sampling early in the season (Fig. 3a) increased the estimates of the proportion of
Sandeels in the chick diet by a mean + SD of 0.041 £+ 0.107 (range -0.17 to 0.26) while sampling
late in the season (Fig. 3¢) consistently under-recorded the importance of Sandeel (mean + SD: -
0.068 &+ 0.121, range -0.16 to 0.16). However, sampling for 10 days in mid-chick rearing (Fig. 3b)
resulted in less bias (mean = SD: 0.018 + 0.066, range -0.44 to 0.21). Although the slopes for the
three periods were parallel, they were significantly displaced (Fig. 3d: displacement along the x-
axis of relative proportions e.g.: 0.50: F; 107=4.42, P =0.014). This was largely due to the
difference between P2 and P3 (£ ;= 4.52, P = 0.037), since there was no significant difference
between P1 and P2 (F 3= 0.33, P> 0.5). By contrast, there was no difference in estimates of the
long-term rate of decline in the proportion of Sandeel in chick diet over years (differences in
slopes: F 197= 0.8, P> 0.5). In addition, the mean confidence intervals of the estimates in these

10-day sampling periods (Fig. 3a, b, c) were approximately twice as large in the early and late
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periods, as in mid-season (mean + SD: P1 =0.204 £ 0.167; P2 =0.114 + 0.05; P3 =0.253 +
0.269).

DISCUSSION

Observation-based morphological prey identification of provisioning events revealed pronounced
within-season changes in chick diet in the Guillemot population on the Isle of May, as well as
extending previous findings of an extreme dietary shift across years from predominantly Sandeel
to predominantly Sprat (Anderson et al. 2014, Wanless et al. 2018). Thus, in the 1980s, when
Sandeel was the predominant prey, the proportion of Sandeel in chick diet increased in just over
half the years, whereas from 2001 onwards when Sprat was the predominant prey, the proportion
of Sandeel increased within the season only once and Sandeels were largely confined to the early
part of the chick-rearing period. Trends in diet composition during the dietary shift phase in the
1990s were particularly variable with highly contrasting within-season species trajectories in

consecutive years.

Within-season dietary changes can also provide additional biological information on prey species.
In the case of Guillemot chick diet, the Sandeel eaten are almost exclusively 1+ group fish. This
age group moves from the water column into sandy seabed sediments in May—July (Winslade
1974) becoming largely unavailable to Guillemots and many other seabirds (Wanless et al. 2018).
If dietary changes reflect changes in local prey availability, the disappearance of 1+ group
Sandeels from Guillemot chick diet could provide a proxy for the onset of burying behaviour.
Marked within-season declines in the proportion of 1+ group Sandeels have previously been
recorded in the diet of breeding Black-legged Kittiwakes Rissa tridactyla, European Shags
Gulosus aristotelis and Guillemots on the Isle of May (Lewis et al. 2001, Wilson et al. 2004,
Howells ef al. 2017), and other species such as Sandwich Tern Sterna sandvicensis elsewhere in
the North Sea (Cramp 1985, Centrica Energy 2009). However, in these studies data were reported
for only a few years so long-term changes in the timing of 1+ disappearance could not be assessed.
A study using Sandeel fishery catch per unit effort (CPUE) data suggested that the ratio between
May and June CPUE could be used to indicate the timing of the availability of 1+ group Sandeels
to seabirds with high ratios indicative of availability peaking early (Rindorf et al. 2000). However,
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again data were only available for a short period (five years), precluding any evaluation of long-

term changes.

Using the slope of the within-season Sandeel trend in Guillemot chick diet as a proxy for temporal
changes in Sandeel availability (assuming that positive slopes indicate that availability peaked late
and negative slopes indicate early peaks), suggests that the timing of burying behaviour in 1+
group Sandeels around the Isle of May became earlier over the four decades (Supporting
Information Fig. S3). Although the timing of breeding of Guillemots varied between years it
showed no trend over time during our study period (Keogan et al. 2018, Supporting Information
Table S1)). Nonetheless, because of changes in Sandeel phenology it is possible that the Guillemot
chick-rearing period has become progressively mismatched from when 1+ group Sandeels are in
the water column. Evidence from European Shags that feed on Sandeels when they are buried in
the sediment, indicated that 1+ group Sandeels were still present in the area when Guillemots were
feeding their chicks mainly on other prey (Watanuki et al. 2008, Howells et al. 2017). However,
whilst within-season changes in Guillemot chick diet are consistent with an earlier onset of 1+
group Sandeel burying behaviour, Sprat stocks in the North Sea, including those close to the Isle
of May, increased in the 2000s (Lenoir et al., 2011; Jennings et al., 2012) and both Sandeel and
Sprat have become smaller (Wanless ef al. 2018, unpubl. data). These changes in prey availability
and profitability could also contribute to Guillemots shifting to feed their chicks on Sprat earlier in

the season.

In the context of dietary monitoring, our study highlights that contrasting within-season trends in
prey composition can potentially produce important bias in annual estimates of diet if monitoring
occurs during restricted periods of the season. Although the long-term decline in Sandeel in
Guillemot chick diet on the Isle of May would have been detected irrespective of when sampling
was carried out, annual means were poorly estimated from 10-day windows during the period
when the diet shift occurred. More generally, sampling either early or late would have over- or
under-estimated the importance of Sandeel. In part, these biases arise because there are not always
10 days of sampling in these windows due to between-year differences in the timing of breeding,

hence the larger confidence intervals compared to mid-season sampling. Despite this effect and the
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large day-to-day variation in fish sample sizes across adjacent sampling days, the mean estimate
for that interval in any year appears robust, but typically is too short to estimate the within-season
trend, since it represents less than a third of the mean chick-rearing period. Overall, our findings
highlight how variable sampling periods between years in relation to breeding phenology of the
predator, may introduce noise that might mask weaker temporal or spatial patterns in seabird diets.
Furthermore, the ability of short sampling windows to detect patterns of change over time might

be reduced in cases where within-season trends are weak.

Other studies of seabirds, including Guillemots, have reported long-term changes in chick diet
(Ainley et al. 1996, Osterblom et al. 2006, Howells et al. 2017, Riordan & Birkhead 2018,
Montevecchi ef al. 2019, Mills et al. 2020), but fine-scale details of within-season changes are
rarely reported, and hence probably not accounted for. This lack of information currently limits
our ability to assess whether sampling bias is likely to be a widespread problem. Moreover,
within-season diet variation is likely to be species- and site-specific so we caution against simply
generalising from our results to other situations. Rather we hope that our findings will stimulate
similar analyses of other datasets thereby helping to develop a deeper understanding of how best
to optimise diet sampling under changing environmental conditions. At the very least, our study
reinforces the importance of having a rigorous, explicitly described sampling design for diet
monitoring programmes. There is also a need for transparent reporting of meta-data, for example
sampling dates relative to the breeding season, and breeding success in comparison to the long-
term mean, that would be informative for multi-site, multi-species analyses. Furthermore, given
the increased likelihood of breeding failure as a consequence of increased environmental
variability when most, or all, chicks die before reaching fledging age (Ashbrook et al. 2010,
Sydeman et al. 2021), guidelines for dietary monitoring should advocate the collection of data

from as soon as feasible in extreme years.

More generally, given predicted changes in the abundance, distribution and phenology of many
prey species, and seabirds’ role as sentinels of environmental change (Einoder 2009, Sydeman et
al. 2021), there 1s an urgent need for dietary monitoring to be leveraged both to exploit the wealth
of existing information through improved analytical methods, and to take full advantage of the
advent of laboratory-based techniques such as DNA-based methods, stable isotope analyses and

dietary biomolecule tracing (Hoenig ef al. 2021). As with morphological prey identification,
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indirect methods for estimating prey composition all have strengths and weaknesses associated
with them and in many cases require specialised equipment and skilled operators, However, they
have the potential to add dietary information outside the breeding season which is largely lacking
for seabird species, and across time scales ranging from hours to years depending on the tissue
sampled (Bearhop et al. 2003, Inger & Bearhop 2008, Hobson & Bond 2012, Owen et al. 2013).
Traditional morphological prey identification methods also have the potential to be extended
through the use of camera traps to record data in remote regions or nocturnal species and artificial
intelligence to process large amounts of data. Finally, there is scope to combine dietary,
demographic and tracking data to describe ‘nutritional seascapes’ of seabirds for key periods of

the life cycle such as moult (e.g. St. John Glew et al. 2019).

We thank the many people who helped collect the data particularly Linda Wilson, Jenny Bull, Kate Ashbrook, Duncan
Halley, Chris Thaxter and Sophie Bennett. We thank Ruedi Nager, Chris Thaxter and two anonymous reviewers for
greatly improving the manuscript, Richard Howells for advice, NatureScot and its predecessors for access to the Isle

of May,
FUNDING

The Natural Environment Research Council (award number NE/R016429/1 as part of the UK-SCaPE programme

delivering National Capability) and the Joint Nature Conservation Committee for funding.

AUTHOR CONTRIBUTIONS

MPH, SW and FD won funding for the long-term study. MPH, SW, MN and CG collected the
data. The paper was conceived by SA, MPH and SW and evolved through discussions with FD.
SA did the statistical analysis, while MPH and SW led the writing of the paper, with contributions

from all the authors.

DATA AVAILABILITY STATEMENT

This article is protected by copyright. All rights reserved



DATA AVAILABILITY
STATEMENT

The data that support the findings of this study are available on request from the authors.

REFERENCES

Ainley, D.G., Spear, L.B., Allen S.G. & Ribic, C.A. 1996. Temporal and spatial patterns in the
diet of the Common Murre in California waters. Condor 98: 691-705.

Anderson, H.B., Evans, P.G.H., Potts, J.M., Harris, M.P. & Wanless, S. 2014. The dict of
Common Guillemot Uria aalge chicks provides evidence of changing prey communities in the
North Sea. Ibis 156: 23-34.

Anker-Nilssen, T., Barrett, R., Christensen-Dalsgaard, S., Hanssen, S.A., Reiertsen, T.K.,
Bustnes, J.0., Descamps, S., Erikstad, K.-E., Follestad, A., Langset, M., Lorentsen, S.-H.,
Lorentzen, E., Strom, H. & Systad, G.H. 2018. Key-site monitoring in Norway 2017, including
Svalbard and Jan Mayen. SEAPOP: 14.

http://www.seapop.no/en/publications/published seapop/2018/index.html.

Ashbrook, K., Wanless, S., Harris, M. P. & Hamer, K. C. 2010. Impacts of poor food
availability on positive density dependence in a highly colonial seabird. Proc. Royal Soc. B. 277
2355-2360.

Barrett, R.T., Camphuysen, C.J., Anker-Nilssen, T., Chardine, J.W., Furness, R.W., Garthe,
S., Hiippop, O., Leopold, M.F., Montevecchi, W.A. & Veit, R.R. 2007. Diet studies of seabirds:
a review and recommendations. ICES J. Mar. Sci. 64: 1675-1691.

Bearhop, S., Furness, R.W., Hilton, G.M., Votier, S.C. & Waldron, S. 2003. A forensic
approach to understanding diet and habitat use from stable isotope analysis of (avian) claw

material. Funct. Ecol. 17: 270-275.

Berruti, A., Underhill, L.G., Shelton, P.A., Moloney, C. & Crawford, R.J.M. 1993. Seasonal
and interannual variation in the diet of 2 colonies of the Cape Gannet (Morus capensis) between

1977-78 and 1989. Colon. Waterbirds 16: 158-175.

This article is protected by copyright. All rights reserved


http://www.seapop.no/en/publications/published_seapop/2018/index.html
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
javascript:;
https://www.webofscience.com/wos/author/record/31460328
https://www.webofscience.com/wos/author/record/93749
https://www.webofscience.com/wos/author/record/548715
https://www.webofscience.com/wos/author/record/378980
https://www.webofscience.com/wos/author/record/83620

Centrica Energy. 2009. Race Bank, Chapter 6: Biological Environment. Centrica, Uxbridge.

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.

Cramp, S. (ed.) 1985. The Birds of the Western Palearctic, Vol. 4. Oxford: Oxford University

Press.

Einoder, L. D. 2009. A review of the use of seabirds as indicators in fisheries and ecosystem

management. Fish. Res. 95: 6-13.

Engelhard, G.H., Peck, M.A., Rindorf, A., Smout, S.C., van Deurs, M., Raab, K., Andersen,
K.H., Garthe, S., Lauerburg, R.A.M., Scott, F., Brunel, T., Aarts, G., van Kooten, T., &
Dickey-Collas, M. 2014. Forage fish, their fisheries, and their predators: who drives whom? ICES
J. Mar. Sci. 71: 90-104.

Frederiksen, M., Anker-Nilssen, T., Beaugrand, G. & Wanless, S. 2013. Climate, copepods
and seabirds in the boreal Northeast Atlantic — current state and future outlook. Glob. Chang. Biol.
19: 364-372.

Gaglio, D., Cook, T.R., MclInnes, A., Sherley, R.B. & Ryan P.G. 2018. Foraging plasticity in
seabirds: A non-invasive study of the diet of greater crested terns breeding in the Benguela region.

PLoS ONE 13(1): 0190444,

Grandgeorge, M., Wanless, S., Dunn, T.E., Maumy, M., Beaugrand, G. & Grémillet, D.
2008. Resilience of the British and Irish seabird community in the twentieth century. Aquat. Biol.
4: 187-199.

Harris, M. P. & Wanless, S. 1988. The breeding biology of Guillemots Uria aalge on the Isle of
May over a six-year period. /bis 130: 172-192.

Hobson, K.A. & Bond, A.L 2012. Extending an indicator: year-round information on seabird
trophic ecology from multiple-tissue stable-isotope analyses. Mar. Ecol. Prog. Ser. 461: 233-243.

Hoenig, B.D., Snider, A.M., Forsman, A.M., Hobson, K.A., Latta, S.C., Miller E.T., Polito,
M.J., Powell, L.L., Rogers, S.L., Sherry, T.W., Toews, D.P.L., Welch, A.J., Taylor, S.S. &
Porter, B.A. 2021. Current methods and future directions in avian diet analysis. Auk 139: 1-28.

This article is protected by copyright. All rights reserved



Howells, R.J., Burthe, S.J., Green, J.A., Harris, M.P., Newell, M.A., Butler, A., Johns, D.G.,
Carnell, E.J., Wanless, S. & Daunt, F. 2017. From days to decades: short- and long-term
variation in environmental conditions affect offspring diet composition of a marine top predator.

Mar. Ecol. Prog. Ser. 583: 227-242.

Inger, R. & Bearhop, S. 2008. Applications of stable isotope analyses to avian ecology. /bis 150:
447-461.

Jennings, G., McGlashan, D.J. & Furness, R.W. 2012. Responses to change in sprat abundance
of common tern breeding numbers at 12 colonies in the Firth of Forth, east Scotland. /CES J. Mar.
Sci. 69: 572-577.

JNCC. 2021. Seabird Population Trends and Causes of Change: 19862019 Report.
(https://jncc.gov.uk/our-work/smp-report-1986-2019). Joint Nature Conservation Committee,
Peterborough. Updated 20 May 2021.

Keogan, K., Daunt, F., Wanless, S., Phillips, R.A., Walling, C.A., Agnew, P., Ainley, D.G.,
Anker-Nilssen, T., Ballard, G., Barrett, R.T., Barton, K.J., Bech, C., Becker, P., Berglund,
P.-A., Bollache, L., Bond, A.L., Bouwhuis, S., Bradley, R.W., Burr, Z.M., Camphuysen, K.,
Catry, P., Chiaradia, A., Christensen-Dalsgaard, S., Cuthbert, R., Dehnhard, N., Descamps,
S., Diamond, T., Divoky, G., Drummond, H., Dugger, K.M., Dunn, M.J., Emmerson, L.,
Erikstad, K.E., Fort, J., Fraser, W., Genovart, M., Gilg, O., Gonzalez-Solis, J., Granadeiro,
J.P., Gremillet, D., Hansen, J., Hanssen, S.A., Harris, M., Hedd, A., Hinke, J., Igual, J.M.,
Jahncke, J., Jones, 1., Kappes, P.J., Lang, J., Langset, M., Lescroél, A., Lorentsen, S.-H.,
Lyver, P. O'B., Mallory, M., Moe, B., Montevecchi, W.A., Monticelli, D., Mostello, C.,
Newell, M., Nicholson, L., Nisbet, 1., Olsson, O., Oro, D., Pattison, V., Poisbleau, M., Pyk, T.,
Quintana, F., Ramos, J., Ramos, R., Reiertsen, T.K., Rodriguez, C., Ryan, P., Sanz-Aguilar,
A., Schmidt, N.M., Shannon, P., Sittler, P., Southwell, C., Surman, C., Svagelj, W.S.,
Trivelpiece, W., Warzybok, P., Watanuki, Y., Weimerskirch, H., Wilson, P.R., Wood, A.G.,
Phillimore, A.B. & Lewis, S. 2018. Global phenological insensitivity to shifting ocean
temperatures among seabirds. Nat. Clim. Change 8: 313-318.

Kirkwood, R. & Robertson, G. 1997. Seasonal change in the foraging ecology of emperor
penguins on the Mawson Coast, Antarctica. Mar. Ecol. Prog. Ser. 156: 205-223.

This article is protected by copyright. All rights reserved


https://jncc.gov.uk/our-work/smp-report-1986-2019/

Lenoir, S., Beaugrand, G. & Lecuyer, E. 2011. Modelled spatial distribution of marine fish and
projected modifications in the North Atlantic Ocean. Glob. Chang. Biol. 17: 115-129.

Lewis, S., Wanless, S., Wright, P.J., Harris, M.P., Bull, J. & Elston, D.A. 2001. Diet and
breeding performance of black-legged kittiwakes Rissa tridactyla at a North Sea colony. Mar.
Ecol. Prog. Ser. 221: 277-284.

Mills, W.F., Xavier, J.C., Bearhop, S., Cherel, Y., Votier, S.C., Waluda, C.M. & Phillips,
R.A. 2020. Long-term trends in albatross diets in relation to prey availability and breeding
success. Marine Biology 167:29 https://doi.org/10.1007/s00227-019-3630-1.

Montevecchi, W.A., Gerrow, K., Buren, A.D., Davoren, G.K., Lewis, K.P., Montevecchi,
M.W. & Regular, P.M. 2019. Pursuit-diving seabird endures regime shift involving a three-
decade decline in forage fish mass and abundance. Mar. Ecol. Prog. Ser. 627:171-178.

Osterblom, H., Casini, M., Olsson, O. & Bignert, A. 2006. Fish, seabirds and trophic cascades
in the Baltic Sea. Mar. Ecol. Prog. Ser. 323:233-238.

Owen, E., Daunt, F., Moffat, C., Elston, D.A., Wanless, S. & Thompson, P. 2013. Analysis of
fatty acids and fatty alcohols reveals seasonal and sex-specific changes in the diets of seabirds.

Mar. Biol. 160: 987-999.

Rindorf, A., Wanless, S. & Harris, M.P. 2000. Effects of changes in sandeel availability on the
reproductive output of seabirds. Mar. Ecol. Prog. Ser. 202: 241-252.

Riordan, J. & Birkhead, T. 2018 Changes in the diet composition of Common Guillemot Uria
aalge chicks on Skomer Island, Wales, between 1973 and 2017. Ibis 160: 470-474.

St. John Glew, K., Wanless, S., Harris, M.P., Daunt, F., Erikstad, K.E., Strem, H.,
Speakman, J.R., Kiirten, B. & Trueman, C.N. 2019. Sympatric Atlantic puffins and razorbills
show contrasting responses to adverse marine conditions during winter foraging

within the North Sea. Mov. Ecol. 7: doi.org/10.1186/s40462-019-0174-4.

This article is protected by copyright. All rights reserved



Sydeman, W.J., Schoeman, D.S., Thompson, S.A., Hoover, B.A., Garcia-Reyes, M., Daunt,
F., Agnew, P., Anker-Nilssen, T., Barbraud, C., Barrett, R., Becker, P., Bell, E., Boersma,
P.D., Bouwhuis, S., Cannell, B., Crawford, R.J.M., Dann, P., Delord, K., Elliott, G., Erikstad,
K.E., Flint, B., Furness, R., Harris, M., Hatch, S., Hilwig, K., Hinke, J., Jahncke, J., Mills, J.,
Reiertsen, T.K., Renner, H., Sherley, R.B., Surman, C., Taylor, G., Thayer, J.A., Trathan,
P., Velarde, E., Walker, K., Wanless, S., Warzybok, P. & Watanuki, Y. 2021. Hemispheric

asymmetry in ocean change and the productivity of ecosystem sentinels. Science 372: 980-983.

VSN International 2020. Genstat for Windows 20th Edition. VSN International, Hemel
Hempstead, UK. Web page: Genstat.co.uk.

Walsh, P.M., Halley, D.J., Harris, M.P., del Nevo, A., Sim, .LM.W. & Tasker, M.L. 1995.
Seabird Monitoring Handbook for Britain and Ireland: A Compilation of Methods for Survey and

Monitoring of Breeding Seabirds. Peterborough, Joint Nature Conservation Committee.

Wanless, S., Harris, M.P., Newell, M.A., Speakman, J.R. & Daunt, F. 2018. Community-wide
decline in the occurrence of lesser sandeels Ammodytes marinus in seabird chick diets at a North

Sea colony. Mar. Ecol. Prog. Ser. 600: 193-206.

Watanuki, Y., Daunt, F., Takahashi, H.A., Newell, M., Wanless, S., Sato, K. & Miyazaki, N.
2008. Microhabitat use and prey capture of a bottom-feeding top predator, the European shag,
shown by camera loggers. Mar. Ecol. Prog. Ser 356: 283-293.

Wilson, L.J., Daunt, F. & Wanless, S. 2004. Self-feeding and chick provisioning diets differ in
the Common Guillemot Uria aalge. Ardea 92: 197-208.

Winslade, P. 1974. Behavioural studies on the lesser sandeel, Ammodytes marinus. J. Fish Biol.

6: 565-586.

SUPPORTING INFORMATION

Additional supporting information may be found online in the Supporting Information section at

the end of the article.

Table S1. Annual mean Julian hatching dates and numbers of fish recorded during the restricted

year-specific chick-rearing periods.
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Appendix S1. Systematic all-day watches of fish deliveries to chicks.
Appendix S2. Modelling the changes in the proportion of Sandeel in the diet.

Figure S1. Frequency distribution of the number of fish recorded per day during chick-
rearing periods 1982-2019.

Figure S2. The proportion of Sandeel in daily fish samples collected in the chick-rearing
period of Guillemots in 1991-94.

Figure S3. Within-season change in the proportion of Sandeel plotted each year 1982-
2019

Figure S4. Modelled hourly variation in the median number of fish and proportion of fish

that were Sandeel fed to young Guillemots 1983-2019.
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Table 1. The model of the proportion of Sandeels in the daily diet of chicks over the 38 year study
showing the partitioning of Deviance (2 log-likelihood) into that attributed to each of the

explanatory terms in the model.

Deviance  df  Mean Deviance  Deviance ratio P
Overall model 18138.1 75 241.8 110.1 <0.001
Residual 2476.2 1127 2.2
Explanatory terms
Julian Day-by-Year 954.5 37 25.8 11.7 <0.001
Julian Day 204.4 1 204.4 92.9 <0.001
Year 15013.1 37 405.8 184.5 <0.001
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Figure 1. Temporal changes in the annual proportion of Sandeel in Guillemot chick diet. (a) The
modelled proportion + 95% confidence interval using all the data. The fitted logistic regression
explains 76.7% of the annual variation. (b) The difference between estimates using all data (a) and

the three 10-day windows in the Julian calendar (P1-early, P2-middle, P3-late).

Figure 2. Modelled logistic regression curves of the trends in the proportion of Sandeel in the diet
of Guillemot chicks during the chick-rearing period in each of 38 years, grouped into decades.
(light blue - 1991, 2001 & 2011; orange — 1982, 1992, 2002, 2012; light grey — 1983, 1993, 2003,
2013; yellow — 1984, 1994, 2004, 2014; mid-blue — 1985, 1995, 2005, 2015; green — 1986, 1996,
2006, 2016; dark blue — 1987, 1997, 2007, 2017; dark red — 1988, 1998, 2008, 2018; dark grey —
1989, 1999, 2009, 2019; brown — 1990, 2000, 2010).
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Figure 3. The annual proportion and 95% confidence intervals of Sandeel in Guillemot chick diet
in three 10-day periods each year between 1982 and 2019. (a) Early Julian day 156-165, (b)
Middle Julian day 166-175, (c) Late Julian day 176-185. Within each period, the long-term decline
in Sandeel is evident from the fitted logistic regression. (d) The fitted logistic regressions for the
three periods, together with the fitted curve using all the data within the defined chick rearing

season (black dashed curve) each year.
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