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The diet of terns is often considered indicative for the availability of prey or shifts in prey communities. So far,
most studies focused on the chick diet. Here we study the diet of breeding adult Sandwich terns based on faecal
samples collected in five different colonies in Belgium and the Netherlands in 2007–2015. Breeding adult Sand-
wich terns in the study area proved to be very specialistic with only three prey types frequently found in their
diet. Clupeidae were the most abundant fraction by number, making up 40 to 70% of the diet in most years.
The clupeid fraction almost exclusively consisted of relatively small (b95 mm) Herring Clupea harengus and
Sprat Sprattus sprattus. Ammodytidae accounted for another 20 to 60% of the diet composition, 80–140 mm
being the most common length class. In all years jaws of Nereididae were found in the diet with up to 57% of
the total diet consisting of Nereis-worms. We show that there is a clear link between the adult diet of Sandwich
terns and the ecology of the involved prey species. Also, differences in both species composition andmean length
of the prey species between colonies in the sameyearweremuch smaller than the differences between years.We
therefore argue that the diet of adult Sandwich terns might prove a cheap and good indicator for the availability
of small pelagic fish species.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Seabirds are positioned in the upper echelons of the food chain, their
diet often reflects the relative abundance, availability and shifts in for-
age species (Montevecchi, 1993). As such, they are considered to beuse-
ful indicators for the health of the marine environment (Furness and
Camphuysen, 1997; Diamond and Devlin, 2003; Boyd et al., 2006;
Parsons et al., 2008). For many species, a strong relationship between
a number of fitness indicators (such as breeding success or chick body
condition) and changes in oceanographic conditions (e.g. sea-surface
temperature) and/or abundance of prey has been found, suggesting a
bottom-up regulation of seabirds by the underlying trophic levels
(Frederiksen et al., 2006; Piatt et al., 2007). Understanding ecosystem
regulation is very important for predicting the fate of keystone species
and their predators (Frederiksen et al., 2006). When recruit fish make
up a considerable part of the diet, seabirds can be used as samplers of
the younger stages of fish, be it commercial or non-commercial species,
and to assess stock recruitment (Barrett and Furness, 1990;
Montevecchi, 1993; Greenstreet et al., 1999).
s).
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Because they have relatively short foraging ranges, specialized diets
and spend a relatively high proportion of the time foraging, terns are
particularly sensitive to changes in local prey availability (Monaghan
et al., 1989; Anker-Nilssen et al., 1997; Furness and Camphuysen,
1997). This makes them valuable sentinels, their diet, foraging behav-
iour and chick growth parameters often being indicative for shifts in
prey communities or ecological changes (Goyert, 2014; Owen and
Pierce, 2014; Pedro et al., 2014; Horn andWhitcombe, 2015). As a con-
sequence, many diet studies of terns covering a whole spectrum of spe-
cies have been conducted. However, the vast majority of these studies
considered the chick diet, which is often fairly easy to study.

In contrast, relatively few studies have been carried out on thediet of
adult terns (and of adult seabirds in general). This is especially true out-
side the breeding season, but even during the reproductive period, diet
studies of adult terns are few and far between. Themost important rea-
son for the lack of data on adult diets is the difficulty of collectingmate-
rial in a non-intrusive way (Barrett et al., 2007). Because adult seabirds
of most species forage offshore, it is almost impossible to gather infor-
mation on their diet without catching or harming them. Therefore, the
most convenient period to conduct diet studies is when the birds are
raising young and return to the colony on a regular basis. But even
then it may prove difficult to collect sufficient material. Methods that
are commonly used are the collection of food boluses, regurgitation
t of breeding adult Sandwich terns Thalasseus sandvicensis in Belgium
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pellets and faeces (Duffy and Jackson, 1986; Barrett et al., 2007). Also
fatty acids and stable isotope analyses are used to determine the diet
and trophic relationships of seabirds (Hobson et al., 1994; Iverson et
al., 2007).

Among the European tern species, Sandwich terns have the most
specialized food choice and are ranked among the five most vulnerable
seabirds with respect to reductions in food supply in the North Sea
(Furness and Tasker, 2000). They feed on fish in the upper water layers,
are single-prey loaders and feed up to 60 km from the colony (Stienen,
2006; Perrow et al., 2011; Fijn et al., this issue).

As is the case in most seabirds, also for Sandwich terns the majority
of studies deal with the diet of chicks in the breeding colonies in Europe
(Garthe and Kubetzki, 1998; Stienen et al., 2000; Dies and Dies, 2005;
Stienen et al., 2015) and the Americas (Quintana and Yorio, 1997;
Shealer, 1996 & Shealer, 1998; McGinnis and Emslie, 2001). Research
on adult diet is often limited to the wintering grounds (e.g. Dunn,
1972; Grimes, 1977; Brenninkmeijer et al., 2002) or relate to the
North- and South-American subspecies ‘Cabot's Tern’ T. s. acuflavidus/
eurygnathus (Blus et al., 1979; Shealer, 1996 & Shealer, 1998; Favero
et al., 2000; McGinnis and Emslie, 2001). Only very few diet studies of
breeding adults of the European populations were published so far. As
a consequence, the composition of the diet in the breeding colonies, be-
tween-year variability in composition, length frequencies and inter-col-
ony variation of prey is largely unknown.

In this study, we delineate a detailed protocol to process faeces sam-
ples and aim to come to grips with the diet of adult Sandwich terns and
to specify the variability in species- and length class composition be-
tween years and between colonies. We examine if the diet of adult
Sandwich terns is a suitable candidate to serve as an indicator for the
availability of small pelagic fish populations and their spatial and tem-
poral variation. If so, we expect that the within-year variation in the
diet between neighbouring colonies in the Dutch Delta area will be
Fig. 1. Location of the Sandwich tern colonies where the faecal sam
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small, whereas temporal changes in the forage fish communities will
be strongly reflected in both neighbouring colonies.

2. Material and methods

2.1. Study sites and origin of samples

All faecal samples for his study were collected in the key Sandwich
tern colonies in the Dutch Delta area and Belgium (Fig. 1). In the
Dutch Delta area, four colony-sites were sampled. From north to
south, these were the Scheelhoek nature reserve in the Haringvliet
(51°49′N, 04°04′E) in 2009–2015, the Slijkplaat in the Haringvliet
(51°48′N, 04°09′E) in 2014, Markenje in the Grevelingen (51°48′N,
03°58′E) in 2010–2015 and the Hooge Platen in the Western Scheldt
River (51°24′N, 03°39′E) in 2014–2015. These colonies make up the
so-called ‘Delta-population'. In this population, every year at least
three major colonies (1000+ breeding pairs) are formed alongside
some smaller ones. In Belgium, all samples were taken in Zeebrugge
(51°21′N, 3°12′E) in 2007–2008 (Table 1). Here, the colonywas situated
on a peninsula in the harbour, while in the Delta area all colonies are sit-
uated on natural orman-made islands. The colony of Zeebruggewas va-
cated in 2009 after severe predation by Red fox Vulpes vulpes. In 2014,
the colony in the Haringvliet moved from the Scheelhoek to the
Slijkplaat, 6 km upstream. Because the flight route from the Slijkplaat
to the foraging grounds passes by the Scheelhoek, the data of 2014 are
grouped with the Scheelhoek series for the analysis of between year
variability.

Contrary to most of the other European tern species, incubating
Sandwich ternsdefecate next to the nest, resulting in a thick layer of fae-
ces at the end of the incubation period (20 to 24 days). This makes the
study of the diet of adults relatively easy compared to other seabird spe-
cies. From 2007 up to 2015, we gathered faeces of adult Sandwich terns
ples used in this study were collected between 2007 and 2015.

t of breeding adult Sandwich terns Thalasseus sandvicensis in Belgium
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Table 1
Sampled Sandwich tern colonies between 2007 and 2015, colony size and date of
sampling.

Year Location Colony size Sampling date

2007 Zeebrugge 1127 23/5
2008 Zeebrugge 249 ~3/6
2009 Scheelhoek 1593 ~23/5
2010 Markenje 450 25/5
2010 Scheelhoek 1442 21/5
2011 Markenje 4479 11/5
2012 Markenje 1750 18/5
2012 Scheelhoek 3307 16/5
2013 Markenje 3800 4/6
2013 Scheelhoek 1533 3/6
2014 Hooge Platen 2500 29/5
2014 Markenje 330 22/5
2014 Slijkplaat 3090 21/5
2015 Hooge Platen 2100 26/5
2015 Markenje 2000 26/5
2015 Scheelhoek 1858 26/5
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just before the hatching of the first chicks (mostly in the last two weeks
of May). Each sample in this study consists of the faeces collected
around 15 to 20 nests in the study colony. The samples were stored in
a freezer until after the breeding season.

2.2. Cleaning protocol for the faeces samples

During the years of the study, the cleaning protocol for the faeces
samples was refined. In the first years, samples were simply washed
with water over a 125 μm sieve after which the remaining fraction
was cleaned with 1 M NaOH. We also tried heating the samples while
treating them with NaOH to dissolve the urea quicker. We, however,
abandoned this treatment after discovering it can damage the jaws of
ragworms (they become ‘twisted’) which makes it difficult to identify
and especially tomeasure them. The final cleaning protocol is described
in detail below.

2.2.1. Dividing the samples
The samples were thawed by rinsing them with water over three

stacked sieves (4 mm, 500 μm and 180 μm). The fraction smaller than
180 μm was discarded because analysis of a dataset of samples where
no sieves were used (where all hard fractions were present) showed
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Fig. 2.Group composition of the diet of breeding adult Sandwich terns in Zeebrugge (Belgium) a
size for each colony is indicated above the bars.
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that by using a sieve of 180 μm as smallest aperture, no otoliths or
other useful remains are lost. The 180–500 μm and +500 μm fraction
were each transferred to a separate glass container for further
treatment.

2.2.2. +4 mm fraction
The +4 mm fraction (mostly consisting of remains of vegetation,

small stones etc.) was discarded after being thoroughly rinsed over
the sieves and checked under a stereo microscope (magnification of
16×). Apart from jaws of ragworms (Nereididae, further referred to as
Nereis-jaws), generally no useful dietary remains are present in this
fraction.

2.2.3. +500 μm floating fraction
The floating material in the +500 μm container was carefully sepa-

rated from theheavybottom fraction bydecanting it in another contain-
er. The floating +500 μm fraction mainly consists of vegetable matter,
but some parts of animal origin (especially Nereis-jaws) may be at-
tached to it.

2.2.4. +500 μm bottom fraction
In order to dissolve the clumps of urea in the sample, each container

wasfilledwith 0.67MNaOHand stirred about every 15min. After about
two hours, the substrate was again sieved over a combination of a 500
μm and a 180 μm sieve. The 180–500 μm fraction was added to the cor-
responding container and the remaining+500 μm fraction was treated
a second timewith 0.67MNaOH following the sameprotocol in order to
remove the small left-over bits of urea.

2.2.5. 180–500 μm fraction
The container with the 180–500 μm fraction followed the same

treatment protocol as described for the +500 μm fraction. After 1 or
2 cycles of NaOH-treatment (depending on the presence of clumps of
urea), the floating material was carefully separated from the bottom
fraction. The floating part of the 180–500 μm fraction mainly consists
of very tiny bone fragments (which complicate the search for otoliths)
and was discarded after a check for useful fragments under a stereo mi-
croscope (16×).

When finished with the cleaning protocol, all fractions (except for
the removed Nereis-jaws which were stored in a small Eppendorf
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Table 2
Total number of all prey species found in faeces samples of adult Sandwich terns in Belgium and the Netherlands in 2007–2015. The percentage for each group in the column ‘Total’ is the average percentage over all years.

Group Species 2
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Clupeidae European anshovy Engraulis encrasicolus 2 2 1 2 1 1 2 5 1 2 3 22

Clupeidae Sprat Sprattus sprattus 18 55 33 46 26 48 33 35 7 4 14 6 30 51 45 451

Clupeidae Herring Clupea harengus 322 456 43 36 1 26 2 8 21 198 43 117 207 126 94 65 1765

Clupeidae Clupeid sp. Clupeidae sp. 476 359 80 26 227 24 94 269 2608 158 18 142 35 173 138 50 4877

Clupeidae Total 818 872 156 109 256 99 130 312 2636 360 63 278 249 331 283 163 7115

Clupeidae Percentage 68.6 71.2 36.4 15.8 17.2 35.4 41.0 51.5 70.7 50.1 39.6 44.6 41.6 77.5 58.6 53.6 48.3

Ammodytidae Sandeel sp. Ammodytidae sp. 352 341 212 414 360 169 160 177 1001 230 90 309 304 88 183 104 4494

Ammodytidae Total 352 341 212 414 360 169 160 177 1001 230 90 309 304 88 183 104 4494

Ammodytidae Percentage 29.5 27.9 49.4 60.2 24.2 60.4 50.5 29.2 26.9 32.0 56.6 49.5 50.8 20.6 37.9 34.2 40.0

Other fish Sand goby Pomatoschistus minutus 1 2 5 12 26 3 3 4 56

Other fish Transparent goby Aphia minuta 6 1 15 2 3 27

Other fish Black goby Gobius niger 1 1

Other fish Common/Lozano's goby Pomatoschistus microps/lozanoi 2 1 1 2 4 1 11

Other fish Goby sp. Gobiidae sp. 1 7 5 2 1 8 2 1 1 1 29

Other fish Whiting Merlangius merlangus 6 1 1 1 9

Other fish Cod-like fish Gadidae sp. 3 1 3 1 8

Other fish European smelt Osmerus eperlanus 1 1 2

Other fish European seabass Dicentrarchus labrax 1 1

Other fish Common sole Solea solea 1 1

Other fish Carp sp. Cypriniformes sp. 1 1

Other fish Perch-like fish sp. Perciformes sp. 6 6

Other fish Stickleback sp. Gasterosteidae sp. 2 2 4

Other fish Pipefish sp. Syngnathidae sp. 2 2 2 2 2 2 2 2 2 2 2 2 26

Other fish Total 19 5 3 1 22 10 7 14 40 20 1 19 10 3 3 3 180

Other fish Percentage 1.6 0.4 0.7 0.1 1.5 3.6 2.2 2.3 1.1 2.8 0.6 3.0 1.7 0.7 0.6 1.0 1.5

Other invertebrates Shrimp sp. Caridea sp. 3 1 4

Other invertebrates Squid sp. Cephalopoda sp. 1 1 2

Other invertebrates Crab sp. Brachyura sp. 4 1 1 6

Other invertebrates Total 1 4 5 1 1 12

Other invertebrates Percentage 0.1 0.3 1.2 0.0 0.1 0.0 0.0 0.2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1

Nereididae Common ragworm Hediste diversicolor 2 2

Nereididae Eunereis longissima Eunereis longissima 2 9 59 23 2 11 48 46 16 5 7 29 5 8 2 272

Nereididae Common clam worm Alitta succinea 2 2

Nereididae Sandworm Alitta virens 7 2 9

Nereididae Ragworm sp. Nereididae sp. 2 44 98 823 9 50 1 92 11 6 6 32 1174

Nereididae Total 2 2 53 164 846 2 20 102 49 108 5 18 35 5 14 34 1459

Nereididae Percentage 0.2 0.2 12.4 23.8 57.0 0.7 6.3 16.9 1.3 15.0 3.1 2.9 5.9 1.2 2.9 11.2 10.1

Total 1192 1224 429 688 1485 280 317 606 3726 718 159 624 598 427 483 304 13260
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Tube) were put together in a plastic container, labelled and put in the
freezer until further analysis.

2.3. Diet analysis

2.3.1. Sorting the samples
The samples were once again sieved over a combination of a 180 μm

and 500 μmsieve before analysis in order to facilitate the search for use-
ful dietary remains. The resulting fractions were each sorted separately.
A small amount of substrate (tip of the stem of a teaspoon) was put in
the four parts of a quadrant Petri dish and carefully checked under a ste-
reo microscope (magnification of 14 to 18×, depending on the size of
the fraction). When sorting through the 180–500 μm fraction, extreme
carewas taken not to overlook very small (b300 μm)otoliths. The useful
dietary remains that were encountered were removed with a pincer
and stored in Eppendorf Tubes.

2.3.2. Species composition
All sagittal otolithswere photographed (6 to 60 per picture, depend-

ing on the size of the otoliths) with a Leica camera attached to a stereo
microscope and identified to the highest possible taxonomic level. Iden-
tification was done by means of identification guides (Härkönen, 1986;
Leopold et al., 2001) and a reference collection of otoliths cut from fish
of known species and length (Verstraete, in prep). Ammodytidae were
currently left unidentified because the criteria for species identification
up to now being inadequate. Nereis-jaws were identified following
Witteveen (2014).

Apart from otoliths and Nereis-jaws, other useful dietary remains
were also collected. We focused on bones of fishes other than clupeids
and sandeels (mainly pharyngeal bones and vertebrae of Gadidae,
spines of Gasterosteidae, scales of Agonidae and vertebrae of
Syngnathidae and Callionymidae) and parts of invertebrates (mainly
squid beaks, pincers of crabs and parts of shrimp).

Because we collected only one sample every year, containing pooled
information on the adult diet from the laying of the eggs (mainly first
week of May) onward till the hatching of the first chicks (mainly last
week of May), we did not distinguish between left and right otoliths
and Nereis-jaws to quantify the number of prey items. All sagittal oto-
liths and jaws were treated as if coming from respectively a different
fish or worm. Vertebrae of Syngnathidae and spines of Gasterosteidae
were aggregated to the number of fish they potentially originated
from and the resulting numberwasmultiplied by two to be comparable
with the rest of the dietary items.

2.3.3. Calculating total length (TL) of prey fish
The length (OL) andwidth (OW) of otoliths of clupeids and sandeels

were measured (to 0,1 μm) on the pictures with the Leica Application
Suite or ImageJ©. Because most otoliths did not show any or only very
slight signs of wear compared to reference otoliths cut from fish, we
chose not to correct for this (see Discussion). Based on these measure-
ments and by using species-specific formula's, total fish length (TL)
was calculated. The formula's usedwere derived from otoliths extracted
from clupeids and sandeels of known length caught betweenMarch and
July in the Belgian part of theNorth Sea (Verstraete, in prep). The follow-
ing formulas were used:

Herring Clupea harengus TL ¼ 5 � 10−5 � OW2–0:0009 � OW
þ 31:185 R2 ¼ 0:95;n ¼ 106

� �

Sprat Sprattus sprattus TL ¼ 9 � 10−5 � OW2–0:0378 � OW
þ 43:603 R2 ¼ 0:92;n ¼ 23

� �

Clupeid sp:Clupeidae sp: TL ¼ 5 � 10−5 � OW2 þ 0:0015 � OW
þ 30:471 R2 ¼ 0:95;n ¼ 129

� �

Sandeel sp:Ammodytidae sp: TL ¼ 6 � 10−6 � OL2–0:0311 � OL
þ 24:161 R2 ¼ 0:96;n ¼ 121

� �
Please cite this article as: Courtens, W., et al., Faecal samples reveal the die
and the southern part of the Netherlands..., J. Sea Res. (2017), http://dx.do
with TL= length of thefish fromhead to the tip of the tail (mm), OW=
width of otolith (μm) and OL = length of otolith (μm). The formula for
unidentified clupeids (mostly otoliths too small to identify to species
level) was derived from the pooled data for Herring (n = 106) and
Sprat (n = 23). We believe that the numerical abundance of Herring
over Sprat in the equation for unidentified clupeids does not cause a
substantial bias in the calculated prey lengths, especially because the
majority of the otoliths where the species remained unknown were
very small and the regression lines for small otoliths of the two species
are quite similar. All average lengths in this paper are given with s.d.

Based on the length histograms, clupeids were divided in 2 length
classes with a cut-off level of 95 mm while sandeels were divided in
three distinct length classes with cut-off levels of 80 mm and 140 mm.
3. Results

3.1. Overall diet composition

Faecal samples of breeding adult Sandwich tern in Belgium and the
Dutch Delta area almost exclusively contained remains of three groups
of prey (Fig. 2, Table 2). Clupeidae (n = 7115, 48.3 ± 18.2%) and
Ammodytidae (n = 4494, 40.0 ± 13.6%) were the most abundant
groups by numbers. Ragworms (Nereididae) were found in all investi-
gated colonies (n = 1459, 10.1 ± 14.4%), but only in 2010 they made
up a large proportion of the diet in both colonies (Markenje 23.8% and
Scheelhoek 57.0%). Other invertebrates (n = 12, 0.1 ± 0.3%) and
other species of fish (n= 180, 1.5 ± 1.0%) were present in very limited
numbers.
3.2. Clupeidae

The identifiable clupeid fraction almost exclusively consisted of Her-
ring (n = 1765, 34.0 ± 24.3%) and Sprat (n = 451, 14.4 ± 15.0%). An-
chovy was only marginally present (n = 22, 0.7 ± 0.9%) (Fig. 3).
However, a total of 68.5% (n = 4877) of all clupeids could not be iden-
tified to species level, mostly because the otoliths were too small to be
identified and in a minority of the cases because they were broken or
damaged. The ratio identified Herring/Sprat varied widely between
years with Sprat being absent in some years and present in large num-
bers in others. Note, however, that most of the identified clupeids are
quite large whereas most of the very small otoliths remain unidentified
for the moment and are most probably a mixture of Sprat and Herring
(see Discussion).

Fig. 4 shows the length class composition for Herring, Sprat and un-
identified clupeids. Over all years and colonies, the vast majority of clu-
peidswas rather small (97.6±2.7% of all Clupeidaewas b95mm). In all
years, Sprat was by far the longest clupeid in the adult diet with a mean
length of 82.3 mm ± 10.5 mm, while Herring measured 52.8 mm ±
11.0 mm and Clupeid sp. 44.1 mm± 5.4 mm (Table 3).
3.3. Ammodytidae

Sandeels could up to now not be identified to species level with cer-
tainty. When we apply the current identification criteria for Greater
sandeel, 15.2 ± 14.5% of all sandeels belong to this species. Most of
the sandeels consumed by Sandwich terns probably are Small and to a
lesser extent Lesser sandeels Ammodytes tobianus/marinus (see
Discussion).

Over all years and all colonies, a fairly comparable percentage (10.5
±4.7%) of sandeelswere larger than 140mm(Fig. 5). A similar percent-
age (11.5± 10.6%) was b80mm long. Themain length class of sandeels
was 80–140 mm and in most years accounted for 40 to 80% of all
sandeels found (63.5 ± 17.0%).

The mean length of Sandeel sp. was 105.9 ± 7.7 mm (Table 3).
t of breeding adult Sandwich terns Thalasseus sandvicensis in Belgium
i.org/10.1016/j.seares.2017.03.014

http://dx.doi.org/10.1016/j.seares.2017.03.014


0%

10%

20%

30%

40%

50%

60%

70%

80%

90%

100%

2
0
0
7
  
 Z

e
e
b
ru

g
g
e

2
0
0
8
  
 Z

e
e
b
ru

g
g
e

2
0
0
9
  
 S

c
h
e
e
lh

o
e
k

2
0

1
0

  
 M

a
r
k
e

n
je

2
0
1
0
  
 S

c
h
e
e
lh

o
e
k

2
0
1
1
  
 M

a
r
k
e
n
je

2
0
1
2
  
 M

a
r
k
e
n
je

2
0
1
2
  
 S

c
h
e
e
lh

o
e
k

2
0
1
3
  
 M

a
r
k
e
n
je

2
0

1
3

  
 S

c
h

e
e

lh
o

e
k

2
0
1
4
  
 H

o
o
g
e
 P

la
te

n

2
0
1
4
  
 M

a
r
k
e
n
je

2
0
1
4
  
 S

li
jk

p
la

a
t

2
0
1
5
  
 H

o
o
g
e
 P

la
te

n

2
0

1
5

  
 M

a
r
k
e

n
je

2
0
1
5
  
 S

c
h
e
e
lh

o
e
k

S
p

e
c
ie

s
 c

o
m

p
o

s
it
io

n
 (

%
)
 

Colony 

Anshovy

Sprat

Herring

Clupeid sp.

 818       872       156        109        256        99        130        312      2636       360        63        278        249       331       283       163 

Fig. 3. Species composition of the clupeid fraction in the diet of breeding adult Sandwich terns in Zeebrugge (Belgium) and the Dutch Delta Area (the Netherlands) for all years (2007–
2015) and all colonies investigated. The sample size for each colony is indicated above the bars.
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3.4. Other fish

There were remains of at least 12 other species of fish present in the
samples: Sand goby Pomatoschistus minutus, Transparent goby Aphia
minuta, Black goby Gobius niger, Common/Lozano's goby P. microps/
lozanoi, Whiting Merlangius merlangus, European smelt Osmerus
eperlanus, European seabass Dicentrarchus labrax and Common sole
Solea solea and 4 extra taxa (Carp sp. Cypriniformes sp., Perch sp.
Perciformes sp., Stickleback sp. Gasterosteidae sp. and Pipefish sp.
Syngnathidae sp.) which could not be identified to species level (Table
2). The most common families were Gobidae (n = 124, 68.9%),
Syngnathidae (n = 24, 13.3%) and Gadidae (n = 17, 9.4%).

3.5. Nereididae

A total of four species of ragworms was positively identified, al-
though only Eunereis longissima could so far be identified with enough
certainty to obtain total numbers over all samples. This species was
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Fig. 4. Length class composition of Sprat, Herring and Clupeid sp. in the diet of breeding adult S
years (2007–2015) and all colonies investigated. The sample sizes indicated above the bars are
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present in almost all samples (93.8%) and made up 18.6% of all
Nereididae found. The other species found were Hediste diversicolor,
Alitta succinea and A. virens.

3.6. Other invertebrates

Other invertebrateswere very infrequently encountered in the adult
diet. The ‘other invertebrate’ fraction consisted of shrimp sp. (n = 4),
squid sp. (n = 2) and crab sp. (n = 6) (Table 2).

3.7. Between year and inter-colony differences

We hypothesized that the adult diet of Sandwich terns might be
used as an indicator of biodiversity to reflect the availability of small pe-
lagic fish populations. A suitable indicator should act on a scale larger
than the foraging area of a Sandwich tern colony and thus we expect
the variability in the adult diet between colonies in the same year to
be small and the between year difference to be more pronounced. The
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andwich terns in Zeebrugge (Belgium) and the Dutch Delta Area (the Netherlands) for all
smaller compared to Fig. 3 as not all otoliths could be measured.
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Table 3
Average length+ s.d. (mm) and sample size of all measuredHerring, Sprat, Clupeid sp. and Sandeel sp. found in faeces samples of adult Sandwich terns in Belgium and theNetherlands in
2007–2015. Sample sizes smaller than 10 are indicated in grey. The mean length (lower row) is the mean of the average lengths over all years.
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colonies of Scheelhoek and Markenje provide the ideal test-case. The
colonies are only 7 km apart (Fig. 1) but individuals probably forage in
at least partly separated areas because they leave the colonies in differ-
ent directions (own observations). In five years (2010, 2012, 2013, 2014
and 2015) a Sandwich tern colony was present at both locations (Table
1).

We tested for differences in diet composition (χ2 tests for the ratio of
the clupeid and sandeel fractions, Table 4) and length of fish species
(Anova for the Herring, Sprat and Sandeel sp. length classes, Figs. 7 &
8) between years for Scheelhoek and Markenje. All year effects were
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Fig. 5. Length class composition of Sandeel sp. in the diet of breeding adult Sandwich terns in Ze
and all colonies investigated.
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highly significant (p b 0.001 except for the N140 mm length class of
Sandeel sp. which has p b 0.01).

We also tested for differences in the composition of the fish fraction
(Table 4, Fig. 6) and fish length between colonies within the different
years (t-test for differences in length of Herring and Sprat (Fig. 7) and
Sandeel sp., Fig. 8). The proportion Clupeidae and Ammodytidae
differed significantly for 2010, 2012 and 2013, but not for 2014
and 2015. As for the length of Herring, Sprat and Sandeel sp., in thema-
jority of cases there was no significant difference between the colonies
(Figs. 7 & 8).
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Table 4
Differences in the ratio of Clupeidae and Ammodytidae between years for Markenje and
Scheelhoek (upper section) and differences between Scheelhoek and Markenje for all
years when both colonies were present. The data for the Slijkplaat in 2014 were grouped
with the Scheelhoek-data.

χ2 df p

Colony
Scheelhoek 106.5 5 b0.001
Markenje 688.5 5 b0.001

Year
2010 54.8 1 b0.001
2012 25.9 1 b0.001
2013 31.7 1 b0.001
2014 0.5 1 0.47
2015 0.0 1 0.99
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Both for species composition (Fig. 6) and the length of the species
(Figs. 7 & 8), the between year variability was a lot more pronounced
than between colonies in the same year.

4. Discussion

4.1. Diet composition and the ecology of prey species

This study is the first to come up with comprehensive data (a long
time series and several colonies investigated) on the diet of adult Sand-
wich terns of the European population. Our findings indicate that adult
Sandwich terns in our study area are almost entirely dependent on clu-
peids (Herring and Sprat), sandeels and Nereis-worms with only occa-
sionally other fish or invertebrate species taken.

Although to date only two quantitative studies on the adult diet of
the European population have been published, both based on a small
sample size (Collinge, 1925; Perrow et al., 2011), our results compare
quite well with the diet composition described. The nine stomachs in-
vestigated by Collinge (1925) (adult birds shot in May–August in Nor-
folk, United Kingdom) contained on average 31.5% of ‘food fish’, 34.8%
of Ammodytidae, 32.5% of Annelida and 1.3% of marine mollusks. In
the study of Perrow et al. (2011), besides Clupeidae and Ammodytidae
self-feeding adults also took 26% of invertebrates (likely crustaceans).

Sandwich terns in our study area mainly fed on relatively small
prey: clupeids b95 mm and sandeels b140 mm. The cut-off level
for the length classes of the clupeids corresponds more or less with
Fig. 6. Between year and inter-colony differences for proportion of clupeids in the fish
fraction. χ2 tests were used to assess differences between diet composition (n.s. = not
significant, * = p b 0.05, ** = p b 0.01, *** = p b 0.001).
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the maximum size of age 1 Sprat (Torstensen, 1998; ICES Species
factsheet Sprat). Sprat occurs year round along the coasts of the
Southern North Sea and shows a seasonal distribution pattern.
Most of the Sprat present in the first half of the year are post-larval
(age 0, probably spawned in February–March) and juveniles of the
previous year (age 1), while adult Sprat is absent from May onwards
(Rappé, 2004). This coincides very well with the data from the adult
diet where 84.3% of all identified Sprat was age 0 or 1 (based on TL)
and only 15.7% age + 1.

In the first half of the year, most of the Herring along the coasts of
Belgium and the southern part of the Netherlands probably originates
from the autumn spawning Downs-population (Pawson, 1995). The
post-larval stadia appear along the coast from March onward and are
about 30 mm long (Corten, 1996; Rappé, 2004). Taking into account
growth rates for larval and metamorphosed Herring (Arrhenius and
Hansson, 1996), in May they are 40–75 mm long. Breeding adult Sand-
wich terns almost exclusively feed on this age class (98.2% of all identi-
fied Herring consumed is b75 mm), older specimens are only very
occasionally found in the diet. Probably these larger individuals ema-
nate from one of the relatively small residential populations of spring
spawners in the Channel area (Pawson, 1995).

As for the very small, unidentified clupeids, a lot of uncertainty ex-
ists. With the current knowledge, it is impossible to identify most of
the otoliths with an OW smaller than 475 μm (corresponding with a
TL of 43 mm). These post-larval clupeids are most probably a mixture
of both Sprat and Herring. At the Belgian coast, the first post-larval
Sprat is being observed from April or May onward and remains abun-
dant until July (Rappé, 2004) and thus mixes up with post-larval Her-
ring which arrives in March.

Up to now, the identification criteria for sandeel otoliths are not suf-
ficiently known to identify them to species level with certainty. Based
on the current knowledge, most of the sandeels tentatively identified
were Small or Lesser sandeel (81.5%), with Greater sandeel accounting
for 18.5%. In the Delta area, Small sandeel is the most common species
and also occurs closest to the coast (Tien et al., this issue). The second
most common species is Lesser sandeel which prefers deeper waters
and is mainly found at a distance of 10 to 12 km from the coast. Greater
sandeel is less common than the former species, and like Small sandeel
prefers shallower areas. Sandwich terns in the Delta area have a forag-
ing range of up to 60 km from the colony (Fijn et al., this issue) so in the-
ory all three sandeel species are accessible. Experimental catches with a
pelagic net below groups of foraging adult Sandwich terns during the
breeding season only found Small sandeel present (unpublished data
Bureau Waardenburg).

Sandeels live buried in the sediment formost of the time,with differ-
ent age-classes showing distinct burying behaviour in timing and dura-
tion (Van Deurs, 2010). In May, three age-groups are present in our
study area: age 0 (spawned at the beginning of the year), age 1 (‘juve-
niles’, spawned in the previous year) and older ages (‘adults’). The divi-
sion in length classes of b80 mm, 80–140 mm and N140 mm,
corresponds to a large degree with the length of these three age-groups
of both Small (O'Connell and Fives, 1995; Laugier et al., 2015) and Lesser
sandeel (Monaghan et al., 1989; Bergstad et al., 2002; Wanless et al.,
2004; Boulcott et al., 2007; van Deurs, 2010). Adult sandeels only feed
in the pelagic realm for a short period of time with peak activity in
May, juvenile sandeels have a prolonged feeding period and post-larval
stadia are pelagic until the end of the year (van Deurs, 2010). Age 1
sandeels make up about 75% of the diet composition, they seem to be
most accessible (due to behaviour or abundance) for plunge-diving
Sandwich terns. Adult sandeels are much less frequently found in the
diet. Also age 0 sandeels are not very common in the adult diet, especial-
ly not in the Delta area.

A remarkable finding is the presence of jaws of Nereis-worms in all
colonies investigated, often in large numbers. This suggests annelids of
several species are a rather common prey type for incubating adult
Sandwich terns in NW-Europe. Collinge (1925) also mentions the
t of breeding adult Sandwich terns Thalasseus sandvicensis in Belgium
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Fig. 7. Between year and inter-colony differences in length for the b95 mm length class of Herring (left) and Sprat (right). Years with very low sample size (b5 otoliths measured in both
colonies) were omitted. In none of the years enough otoliths of the N95mm length class of Herring and Sprat were found. t-Tests were performed to analyse differences in length (n.s. =
not significant, * = p b 0.05, ** = p b 0.01, *** = p b 0.001).
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presence of Annelidae in the diet but there is only one reference of a
visual observation of a Sandwich tern taking a Nereis virens (in:
Leopold and Van Damme, 2003). In contrast, in other species, foraging
on Nereididae is quite frequently observed. It has been documented in
e.g. Atlantic puffins Fratercula arctica, Great cormorants Phalacrocorax
carbo, Black-legged kittiwakes Rissa tridactyla, Black-headed
Croicocephalus ridibundus and Common gulls Larus canus (Barrett et
al., 1990; De Kraker, 1993; Leopold and Van Damme, 2003; Markones
et al., 2009; Harris et al., 2015).
Fig. 8.Between year and inter-colonydifferences in length for the three length classes of Sandee
t-Tests were performed to analyse differences in length (n.s. = not significant, * = p b 0.05, **=
colonies ≥5 otoliths were found were placed between brackets.

Please cite this article as: Courtens, W., et al., Faecal samples reveal the die
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The incubation period of the Sandwich terns coincides fully with the
reproductive season of Nereididaewhich in the North Sea extends from
March to July and depends on the species (Hartmann-Schröder, 1996).
While they normally live in burrows in the sediment, in this period,
the males become pelagic (epitoke), form swarms and often swim
close to the surface which makes them vulnerable for avian predators.
Compared to fish-prey, Nereis-worms probably have a low energy con-
tent so apparently at a certain moment they are so abundant and/or
easy to catch, it becomes profitable for the birds to prey upon.
l sp. Yearswith very low sample size (b5 otolithsmeasured in both colonies)were omitted.
p b 0.01, ***= p b 0.001). The test results for length classes where in only one of the two

t of breeding adult Sandwich terns Thalasseus sandvicensis in Belgium
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Alternatively, Nereis-worms might contain elements (e.g. spore ele-
ments or calcium) the birds need andwhich are not present in sufficient
quantities in thefish-fraction of the diet (c.f. Brenninkmeijer et al., 1997;
Gibbs and Bryan, 1984).

4.2. The use of faeces in diet studies

Several papers put limitations on the use of otoliths for diet studies
of marine birds because their recovery rate depends on fish age and
size, number and time elapsed since ingestion (Alonso et al., 2013).
One of the main objections is the fact that small otoliths (especially
the ones of Clupeidae) are eroded by the gastric acids of the birds
and may even dissolve (Jobling and Breiby, 1986; Jobling, 1987;
Pierce et al., 1993), resulting in an underestimation of small sizes
and/or species with fragile otoliths (Votier et al., 2003). In this study,
we found no evidence for obvious erosion occurring in the digestive
tract of Sandwich terns. Even most very small and fragile otoliths
(b300 μm OW) remained intact and showed almost no signs of wear
compared to reference otoliths cut from fishes of different lengths, sug-
gesting that otoliths pass quickly enough through the digestive tract
not to be affected by the gastric acids. This fits with Dahdul and Horn
(2003) who showed gut-passage time of high-energy forage fish fed
to Elegant Tern Thalasseus elegans chicks is short and first excretion al-
ready starts after 2–3 h. Nevertheless, we are aware that the estimated
fish sizes might be slight underestimates, but not to a significant
extent.

Another possible limitation could be that species with very small
otoliths (such as Pipefish sp.) remain undetected, or the inverse,
where large otoliths are regurgitated in the form of pellets and as
such are not present in the faeces. For those species, we looked for
bone fragments instead of otoliths to correct for this. In the clupeids
and sandeels, we expect no bias towards smaller fish in the faeces be-
cause even the bigger individuals of both groups do not have body
parts which impede gut passage and that have to be excreted in the
form of pellets. As a matter of fact, almost no pellets (b15) were
found in the colonies or at the resting places on the beach during the
whole of the study period, so we do not expect a significant bias in
the species composition as well. Most pellets found contained bones
and otoliths of Gadidae, but for this group we also looked for the pres-
ence of additional bone fragments in the faeces which were rarely
found when otoliths of this group were not present. As a consequence,
we believe our data are a veracious reflection of the diet of adult Sand-
wich terns.

4.3. General comparison with chick diet

In theNorth Sea and theNorth Atlantic sandeels and clupeids are the
predominant prey fish of Sandwich tern chicks. Normally these species
constitute N95% of the chick's diet (Langham, 1968; Pearson, 1968;
Veen, 1977; Garthe and Kubetzki, 1998; Stienen et al., 2000, 2015). On
the Dutch island of Griend (Wadden Sea), Stienen et al. (2000) found
percentages of 33–84% of clupeids and an inversely corresponding 15–
67% of sandeels during a seven-year study (1992–1998). In Zeebrugge,
the clupeid fraction amounted to 67–92% in 2001–2007 (Stienen et al.,
2015). In the Dutch Delta area, between 2009 and 2015, clupeids
made up 49–88% of total prey delivered (unpublished results INBO).
These ranges are in line with the diet composition of the adult diet in
this study (38–68% Clupeidae).

In the Delta area, themean length of Clupeidae brought to the chicks
was 8.5–13.3 cm and that of Ammodytidae 11.0–14.5 cm (unpublished
results INBO). Considering the mean length of clupeids (3.7–6.8 cm)
and sandeels (9.0–11.4 cm) in the adult diet, obviously the chicks get
a lot bigger clupeids and to a lesser extent bigger sandeels than the
adults consume themselves. This difference in prey length selection be-
tween self-provisioning and chick feeding adults fits the central place
foraging theory (Orians and Pearson, 1979; Davoren and Burger,
Please cite this article as: Courtens, W., et al., Faecal samples reveal the die
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1999) and indeed similar differences were found in Sandwich terns in
Puerto Rico (e.g. Shealer, 1998). Chicks need sufficient energy to grow
so it can be expected that the adults select for more energy-rich species
or larger prey for their chicks than for themselves (Danhardt et al.,
2011). When self-feeding, there are no costs involved in delivering the
food to the colony and adults do not have to select for only themost en-
ergy-rich prey. Therefore the adult diet (although in itself possibly bi-
ased towards certain species or length-classes) might give a more
accurate reflection of the prevailing food situation. Because it is now rel-
atively easy to study both the adult (described method) and chick diet
(from a hide, with a high resolution video camera or with digital pho-
tography, e.g. Gaglio et al., 2016) of Sandwich terns, this species
makes for an ideal candidate to study parent-offspring foraging deci-
sions in a central place foraging situation.

4.4. Usability of the adult diet of Sandwich terns as an indicator

We showed that there is a clear link between the adult diet of Sand-
wich terns and the ecology of the involved prey species. Also the fact
that in most cases the between year variation in the diet is much
more pronounced than the between colony variation in the same year
actually suggests that the adult diet of Sandwich terns can be used as
an indicator for the availability of small pelagic fish populations for
breeding seabirds. The extent of the usability as an indicator should be
tested by comparing the diet composition with data on the availability
of the prey species.

The advantages of thismethod are the relatively cheap and unobtru-
sive way to collect data (not much disturbance of the colony). It might
even give a glimpse on the future because what the adults eat one
year is what the chicks will eat in the next breeding season. Also it
might provide information on reproductive behaviour or population
trends. Adult body condition, for example, is often being determined
by the prevailing food situation (Harding et al., 2011) and related to re-
productive decisions (Monaghan et al., 1992). Adults in poor condition
are known to abandon breeding attempts or refrain from breeding alto-
gether, relocate breeding sites, delay the onset of laying, produce small-
er eggs and/or clutches or show reduced foraging performance and nest
attendance (Cairns, 1987; Phillips et al., 1996; Suddaby and Ratcliffe,
1997; Wendeln, 1997; Furness and Camphuysen, 1997; Stienen et al.,
2015). Beside all this, poor body condition can also result in increased
adult mortality (Anker-Nilssen et al., 1997). Being a vulnerable species
occurring on the Annex I of the Bird Directive, all data that can shed
light on evolutions of colonies or populations should be unearthed,
adult diet being a long neglected one.
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