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Abstract

In large parts of the north-east Atlantic, the lesser sandeel (Ammodytes marinus)
is an important prey for seabirds, marine mammals and fish. A. marinus shows
strong spatio-temporal variation in abundance and size, including a sustained de-
cline in size in several locations in the North Sea. The variation in size has been
hypothesised to be mainly driven by variability in food conditions, but exploring
this hypothesis on a larger spatial scale has so far been hampered by the lack of
zooplankton data of sufficient spatio-temporal and taxonomic resolution. Further,
the extent to which the clear spatial structure in the sandeel population is reflected
in the populations of their seabird predators is not clear. This thesis aims to address
these gaps and contribute to the mechanistic understanding of bottom-up effects in
the zooplankton-sandeel-seabird food chain. As declines in the abundance and size of
sandeels as a result of changes in their zooplankton prey are thought to have played
a large role in driving the dramatic declines of seabirds in large parts of north-east
Atlantic, understanding drivers and bottom-up processes in this food chain is of
large importance.

The thesis first addresses the lack of the kind of high-resolution zooplankton data
required for exploring the role of food conditions in sandeel dynamics. For this
purpose, an approach for the generation of prey fields from spatially aggregated
Continuous Plankton Recorder data is developed. The generated prey fields are
then used to examine spatio-temporal patterns in sandeel food conditions, focusing
mainly on the North Sea and covering the time period 1975 to 2016. In the western
North Sea, there have been clear declines in both the total amount of energy available
to sandeels and the abundance of small copepods, which make up a large proportion
of the sandeel diet. In terms of Calanus spp., which are also an important part of the
sandeel diet, there was no clear change in abundances of Calanus �nmarchicus in
the examined locations, while abundances of Calanus helgolandicus showed a clear
increase in most of the study area around 2000. The average prey size generally
increased over time in the western North Sea, whereas it instead declined in the
north-east. Further, due to the differences in the timing of the feeding seasons, it is
clear that 0 group and 1+ group sandeels experienced different prey fields, with, for
example, a larger abundance of smaller copepods during the 0 group feeding season.

To explore to what extent this variation in food conditions can explain spatio-
temporal variation in sandeel size, a dynamic energy budget growth model is then
developed. This model estimates size daily throughout the first sandeel growth sea-
son as a function of food conditions, temperature, light conditions as well as size at
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and timing of metamorphosis. The model is run in six locations: southern Iceland,
the Faroes, Shetland and three locations further south in the North Sea, includ-
ing Dogger Bank, the Firth of Forth and the East Central Grounds. In the more
southerly locations considered, model predictions agreed well with observations in
terms of long-term mean lengths and spatial differences in length and the model also
reproduced a previously observed decline in length in the north-western North Sea.
Agreement with observations in the Faroes and Iceland was poorer. Food conditions
played the main role in driving predicted variation in size, with Calanus spp. being
particularly important. Timing of metamorphosis also had a substantial impact on
predicted sandeel size. In contrast, the direct effect of temperature was negligible.

Finally, the thesis explores the extent to which spatial patterns in the sandeel popu-
lation along the coast of the UK propagate up to their seabird predators. To do this,
geographical patterns in the synchrony of breeding success in black-legged kittiwake
(Rissa tridactyla) colonies are examined in areas where sandeels are an important
part of the diet. The distance between colonies was a strong determinant of between-
colony synchrony, with the scale of synchrony in kittiwake and sandeel populations
being similar. Further, the colonies also formed clusters with synchronous breed-
ing success with a clear spatial pattern, which generally aligned with the spatial
structure of the kittiwakes’ sandeel prey.

The results of the thesis thus suggest that food conditions play an important role in
driving observed variation in sandeel size. This implies that past and ongoing climate
change-driven changes in the sandeel prey field are likely to have a large impact on
sandeel growth rates, with potential knock-on effects on demographic rates. Further,
the results suggest that processes occurring at the level of the sandeel are reflected
in the structure of the local kittiwake population, indicating that the sandeels are
able to mediate changes occurring at lower trophic levels up to the level of their
seabird predators.
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– for giving me the opportunity to spend some of the best months of my PhD in the
middle of a guillemot colony.

Finally, my family. Axel – you are a very tough act to follow, if I manage to do even
half as well as you, I will be content. Pappa – you have not only been my personal
illustrator for the past three years but also an avid postcard-writer, stats consultant
and unwavering supporter throughout, and I cannot thank you enough. Mamma –
I could not have asked for a better role model. You have taught me not only the
greatness of Earl Grey, Ingvar Storm and programming but also that if a thing is
worth doing, it is worth doing well (which I hope is at least vaguely reflected in my
work).

iv



Table of contents

Abstract i

Acknowledgements iii

Abbreviations xiv

1 Introduction 1

1.1 Energy flow in marine ecosystems . . . . . . . . . . . . . . . . . . . . 1

1.2 Study system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

1.2.1 Ammodytes marinus . . . . . . . . . . . . . . . . . . . . . . 5

1.2.2 Sandeels and zooplankton . . . . . . . . . . . . . . . . . . . . 9

1.2.3 Sandeels and seabirds . . . . . . . . . . . . . . . . . . . . . . . 10

1.2.4 Bottom-up and top-down control in the zooplankton-sandeel-
seabird food chain . . . . . . . . . . . . . . . . . . . . . . . . 11

1.2.5 Temporal changes in the study system . . . . . . . . . . . . . 12

1.2.6 Understanding the dynamics of the sandeel food chain . . . . 15

1.3 Aim of thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

1.3.1 Thesis synopsis . . . . . . . . . . . . . . . . . . . . . . . . . . 17

v



I Spatio-temporal patterns in sandeel prey 19

2 Exploring spatio-temporal variation in lesser sandeel prey �elds
using Continuous Plankton Recorder data 20

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20

2.2 Continuous Plankton Recorder data . . . . . . . . . . . . . . . . . . . 22

2.2.1 CPR sampling biases . . . . . . . . . . . . . . . . . . . . . . . 23

2.3 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

2.3.1 Diet of post-metamorphic sandeels . . . . . . . . . . . . . . . 28

2.3.2 Taxonomic groups included . . . . . . . . . . . . . . . . . . . 29

2.3.3 Adjusting for clogging . . . . . . . . . . . . . . . . . . . . . . 30

2.3.4 Correction factors . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.3.5 Spatial aggregation of CPR data . . . . . . . . . . . . . . . . 36

2.3.6 Interpolation . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.3.7 Prey traits . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

2.3.8 Spatio-temporal variation in the sandeel prey field . . . . . . . 46

2.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

2.5.1 Caveats of the approach . . . . . . . . . . . . . . . . . . . . . 54

2.5.2 Spatio-temporal patterns in the sandeel prey field . . . . . . . 55

2.5.3 Relationship between prey field characteristics and sandeel
growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57

2.5.4 Applicability to other species and life stages . . . . . . . . . . 58

vi



II Exploring drivers of spatio-temporal variation in the
growth of juvenile lesser sandeels using a dynamic energy
budget model 60

3 Dynamic energy budget model description 61

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

3.2 Model framework . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

3.2.1 Differences compared with the MacDonald model . . . . . . . 66

3.3 Model equations and initial parameter values . . . . . . . . . . . . . . 69

3.3.1 Assimilated energy . . . . . . . . . . . . . . . . . . . . . . . . 74

3.3.2 Metabolic costs . . . . . . . . . . . . . . . . . . . . . . . . . . 88

3.3.3 Energy allocation . . . . . . . . . . . . . . . . . . . . . . . . . 93

3.3.4 Translating structural and reserve energy into length and wet
weight . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97

3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

4 Drivers of spatio-temporal variation in the growth of juvenile lesser
sandeels 104

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104

4.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

4.2.1 Model input . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

4.2.2 Initial conditions . . . . . . . . . . . . . . . . . . . . . . . . . 111

4.2.3 Sandeel data . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

4.2.4 Tuning of handling time and capture success . . . . . . . . . . 112

4.2.5 Spatio-temporal variation in 0 group growth . . . . . . . . . . 114

4.2.6 Parameter sensitivity analysis . . . . . . . . . . . . . . . . . . 115

4.2.7 Drivers of variation in growth . . . . . . . . . . . . . . . . . . 116

4.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119

vii



4.3.1 Spatio-temporal variation in 0 group growth . . . . . . . . . . 119

4.3.2 Parameter sensitivity analysis . . . . . . . . . . . . . . . . . . 122

4.3.3 Drivers of variation in growth . . . . . . . . . . . . . . . . . . 125

4.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130

4.4.1 Agreement between predictions and observations . . . . . . . . 130

4.4.2 Drivers of spatio-temporal variation in growth . . . . . . . . . 133

4.4.3 Climate change-driven decreases in size . . . . . . . . . . . . . 137

4.4.4 Future studies . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

III Spatio-temporal patterns in the dynamics of a sandeel
predator in relation to the spatial structure of their sandeel
prey 139

5 Spatial synchrony of breeding success in the black-legged kittiwake
(Rissa tridactyla) re
ects the spatial dynamics of its sandeel prey140

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140

5.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

5.2.1 Kittiwake breeding success data . . . . . . . . . . . . . . . . . 143

5.2.2 Synchrony in breeding success . . . . . . . . . . . . . . . . . . 143

5.2.3 Spatial patterns in synchrony . . . . . . . . . . . . . . . . . . 144

5.2.4 Inferring causes of synchrony . . . . . . . . . . . . . . . . . . 145

5.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148

5.3.1 Spatial patterns in synchrony . . . . . . . . . . . . . . . . . . 148

5.3.2 Inferring causes of synchrony . . . . . . . . . . . . . . . . . . 150

5.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

viii



IV General discussion 158

6 Discussion and conclusions 159

6.1 Bottom-up energy flow in the sandeel food chain and its implications 160

6.1.1 Knock-on effects on sandeel demographic rates . . . . . . . . . 163

6.1.2 Knock-on effects on seabirds . . . . . . . . . . . . . . . . . . . 164

6.1.3 Implications for fisheries . . . . . . . . . . . . . . . . . . . . . 166

6.2 How may sandeels be affected by projected environmental change? . . 167

6.2.1 Implications for seabirds . . . . . . . . . . . . . . . . . . . . . 169

6.3 Implications for the understanding of other zooplankton-forage fish-
seabird food chains . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

6.3.1 Other Ammodytes spp. . . . . . . . . . . . . . . . . . . . . . . 170

6.3.2 Lessons learnt about understanding variation in size and bottom-
up effects in forage fish . . . . . . . . . . . . . . . . . . . . . . 171

6.4 Potential directions for future work . . . . . . . . . . . . . . . . . . . 172

6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

A Appendix for Chapter 2 175

B Appendix for Chapter 4 177

C Appendix for Chapter 5 184

Bibliography 191

ix



List of �gures

1.1 Study area with distribution of sandeel grounds. . . . . . . . . . . . . 5

1.2 Annual cycle of lesser sandeels. . . . . . . . . . . . . . . . . . . . . . 6

1.3 Summary of drivers and processes in sandeel dynamics. . . . . . . . . 8

2.1 CPR samples within study area. . . . . . . . . . . . . . . . . . . . . . 27

2.2 Spatial and temporal variation in CPR sampling frequency. . . . . . . 28

2.3 Location of Stonehaven site together with CPR samples used to de-
velop correction factors. . . . . . . . . . . . . . . . . . . . . . . . . . 31

2.4 Correlation between Stonehaven abundances and abundances in local
CPR samples aggregated over different distances. . . . . . . . . . . . 33

2.5 Example of CPR interpolation. . . . . . . . . . . . . . . . . . . . . . 38

2.6 Map of available energy in sandeel prey. . . . . . . . . . . . . . . . . 49

2.7 Time series of available energy in sandeel prey. . . . . . . . . . . . . . 49

2.8 Map of abundance of small copepods. . . . . . . . . . . . . . . . . . . 50

2.9 Time series of abundance of small copepods. . . . . . . . . . . . . . . 50

2.10 Map of abundance of Calanus �nmarchicus. . . . . . . . . . . . . . . 51

2.11 Time series of abundance of Calanus �nmarchicus. . . . . . . . . . . . 51

2.12 Map of abundance of Calanus helgolandicus. . . . . . . . . . . . . . . 52

2.13 Time series of abundance of Calanus helgolandicus. . . . . . . . . . . 52

2.14 Map of abundance of average daily mean square root of prey image
area. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

x



2.15 Time series of abundance of average daily mean square root of prey
image area. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

3.1 Main variables and processes in DEB model. . . . . . . . . . . . . . . 65

3.2 Schematic representation of search rate. . . . . . . . . . . . . . . . . . 80

3.3 Predicted and observed sandeel gut evacuation rate. . . . . . . . . . . 85

3.4 Observed sandeel gut contents as a function of length. . . . . . . . . . 87

3.5 Summary of the key equations governing ingestion. . . . . . . . . . . 88

3.6 Predicted and observed sandeel standard metabolic rate. . . . . . . . 91

3.7 Allocation to structural energy as a function of total energy. . . . . . 96

3.8 Energy content predicted from length and weight compared to ob-
served energy content. . . . . . . . . . . . . . . . . . . . . . . . . . . 99

4.1 Model locations and associated CPR samples. . . . . . . . . . . . . . 111

4.2 Comparison of predicted and observed sandeel length. . . . . . . . . . 120

4.3 Predicted growth curves for each model location. . . . . . . . . . . . 122

4.4 Predicted length at overwintering for each model location. . . . . . . 123

4.5 Results of model parameter sensitivity analysis. . . . . . . . . . . . . 124

4.6 Model input versus predicted length. . . . . . . . . . . . . . . . . . . 126

4.7 Sensitivity of predicted length to environmental conditions. . . . . . . 128

4.8 Sensitivity of predicted length to initial conditions. . . . . . . . . . . 129

5.1 Maps of (a) study colonies, (b) colony pairs showing weaker/stronger
synchrony than expected based on distance and (c) cluster structure. 147

5.2 Effect of distance on inter-colony synchrony. . . . . . . . . . . . . . . 148

5.3 Time series of breeding success in each cluster. . . . . . . . . . . . . . 152

B.1 Sensitivity of length predictions to CPR correction factors . . . . . . 178

xi



B.2 Sensitivity of length predictions to prey energy content. . . . . . . . . 179

B.3 Sensitivity of length predictions to prey size. . . . . . . . . . . . . . . 180

C.1 Effect of sample size on estimated breeding success synchrony. . . . . 186

C.2 Determination of the value of k to use for clustering. . . . . . . . . . 187

C.3 Effect of distance on inter-colony synchrony based on r. . . . . . . . . 189

C.4 Maps of (a) colony pairs showing weaker/stronger synchrony than
expected based on distance and (b) cluster structure based on r. . . . 190

xii



List of tables

2.1 CPR abundance categories. . . . . . . . . . . . . . . . . . . . . . . . 23

2.3 CPR correction factors. . . . . . . . . . . . . . . . . . . . . . . . . . . 35

2.4 Prey trait values. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

3.1 DEB model variables and parameter values. . . . . . . . . . . . . . . 70

4.1 Comparison of predicted and observed sandeel length. . . . . . . . . . 121

4.2 Relative impact of drivers on predicted length. . . . . . . . . . . . . . 134

5.1 Results of fuzzy clustering of kittiwake breeding success. . . . . . . . 151

5.2 Weights for alternative models explaining synchrony. . . . . . . . . . 153

A.1 Corresponding CPR and Stonehaven taxa. . . . . . . . . . . . . . . . 175

B.1 Prey search classes. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177

B.2 Result of models of environmental input versus predicted length. . . . 180

C.1 Number of overlapping estimates of breeding success in two consecu-
tive years for all colony pairs. . . . . . . . . . . . . . . . . . . . . . . 185

C.2 Final synchrony cluster structure for each algorithm. . . . . . . . . . 188

xiii



Abbreviations

CI Confidence interval
CPR Continuous Plankton Recorder
DEB Dynamic energy budget
ECG East Central Grounds
DVM Diel vertical migration
GAM Generalised additive model
ICES International Council for the Exploration of the Sea
SDA Specific dynamic action
SMR Standard metabolic rate
SSB Spawning-stock biomass

xiv



Chapter 1

Introduction

1.1 Energy 
ow in marine ecosystems

Energy can be considered as the common, critical currency in ecology and un-
derstanding energy flows between trophic levels has been a long-standing quest in
ecology (Odum 1968). In marine ecosystems, three types of control on energy flow
are generally recognised: bottom-up control (producer-driven dynamics, increases
at lower trophic levels result in increases at upper trophic levels), top-down control
(predator-driven dynamics, increases at upper trophic levels result in decreases at
lower trophic levels) and wasp-waist control (dominant mid-trophic species exerts
bottom-up control on upper trophic levels and top-down control on lower trophic
levels) (Cury et al. 2003). While bottom-up control is thought to generally be the
main governing mechanism in marine ecosystems, different types of control will likely
act at the same time, and their importance may vary over time and space (Cury
et al. 2003). It is also increasingly recognised that trophic interactions are more
complex than mere responses to changes in abundance of adjacent trophic levels,
and that predators may also respond to changes in species composition, phenology
or prey size (e.g. Ljungström et al. 2020; Österblom et al. 2008; Régnier et al. 2019;
Scopel et al. 2019). If a system is bottom-up controlled, understanding how preda-
tors respond to spatio-temporal variation in prey dynamics is of key importance,
especially in the light of current global environmental change, where many of these
prey populations may be changing rapidly (e.g. Poloczanska et al. 2013; Richardson
2008).

In marine food webs, the mid-trophic position is often occupied by small, pelagic
forage fish, which play a key role in the transfer of energy from plankton to upper
trophic levels occupied by piscivorous fish, marine mammals, squid and seabirds
(Engelhard et al. 2014; Pikitch et al. 2014). The fitness of these top predators has
repeatedly been found to be strongly related to the abundance and quality of the
forage fish available (e.g. Cury et al. 2011; Engelhard et al. 2013, 2014; Scopel et al.
2019). Forage fish are also commercially valuable as many of the piscivorous fish
preying on them are important fisheries species, resulting in forage fish contributing
around 20% of the global value of marine fisheries (Pikitch et al. 2014). In light
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of this, and even more so considering the dramatic declines in many populations of
both forage fish and their predators (e.g. Hutchings et al. 2010; Paleczny et al. 2015),
understanding the dynamics of forage fish, and how these dynamics are reflected in
predator populations, is of key importance. Previous research suggests that the dy-
namics of forage fish are governed by multiple drivers. Most of the mortality appears
to be the result of predation, although mortality from fisheries can sometimes be
substantial (e.g. Engelhard et al. 2014). However, while in some cases this preda-
tion may result in top-down control, forage fish populations are often found to be
mainly bottom-up controlled (e.g. Ayón et al. 2008; Boldt et al. 2019; Engelhard
et al. 2014).

This bottom-up control means that understanding the dynamics of the zooplankton,
and the interactions between zooplankton and forage fish, is key. Again, this may go
beyond a simple response to variation in abundances, and instead aspects such as
size (e.g. Ljungström et al. 2020) or temporal variability in availability (e.g. Boldt
et al. 2019) may be more important for determining fish ingestion rates. However,
not only food conditions will determine net rates of energy acquisition of forage fish.
For example, metabolic costs are strongly related to temperature in fish (Clarke
and Johnston 1999) such that higher temperatures result in greater energetic losses.
Other less obvious aspects of the environment may also be important, such as light
conditions in the case of visually foraging fish (Aksnes 2007; Ljungström et al. 2020;
van Deurs et al. 2015; Varpe and Fiksen 2010). Further, as body size and energy
reserves are related to both mortality (e.g. Sogard 1997) and productivity (e.g.
Barneche et al. 2018) in fish, identifying not only drivers of variation in net energy
gain but also how this is divided between growth, energy reserves and reproduction
will improve the understanding of drivers of both abundance and size of forage fish.

All these variables that impact forage fish dynamics are likely to show considerable
spatial variation, which may also be reflected in spatial variability in the populations
of forage fish predators. For example, spatial variation in the local abundance of
forage fish, thought to be the result of variation in environmental conditions as a
result of different upwelling dynamics, was found to result in spatial variation in
the diet of rhinoceros auklets (Cerorhinca monocerata) in the California Current
System, which in turn affected chick growth (Thayer and Sydeman 2007). On top of
spatial variation, drivers of forage fish dynamics are also likely to show considerable
temporal variation, and many, such as zooplankton dynamics (Richardson 2008) and
ocean temperatures (Belkin 2009), are changing as a result of climate change. Due
to this sensitivity to rapidly changing environmental conditions, it is not surprising
that forage fish have been demonstrated to display all three “universal responses”
to climate change (see Daufresne et al. 2009): a decline in body size (e.g. Baudron
et al. 2014; Daufresne et al. 2009) as well as shifts in distribution and phenology
(Poloczanska et al. 2013). These temporal changes are also likely to propagate up to
the level of their predators. For example, a temperature-driven shift to a forage fish
community dominated by species of low energy density in the Gulf of Maine appears
to have resulted in reduced breeding success in several seabird species (Scopel et al.
2019).
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Understanding the dynamics of bottom-up effects in the zooplankton-forage fish-
top predator food chain is thus important, but how to approach this is not always
straightforward due to the complexity of the system. Temporal correlations are often
used to try to understand trophic interactions in marine food webs. However, as re-
sponses to lower trophic levels may not be a simple positive response to abundances,
identifying these relationships may require considering more complex responses. For
example, Ljungström et al. (2020) found that the response of herring (Clupea haren-
gus) intake rates to the size distribution of the available prey was much stronger
than the response to the abundance of prey. This means that while no traditional
bottom-up association between zooplankton and herring abundances may necessarily
be found, herring are nonetheless responding to changes occurring at lower trophic
levels. Further, improving the understanding of these trophic interactions is often
hindered by a lack of data. Lower trophic levels often have to be reduced to rough
estimates of biomass, or even represented by environmental proxies such as temper-
ature (e.g. Frederiksen et al. 2007a, 2006), which may make it difficult to identify
these complex interactions. Another complication is that several drivers may inter-
act, making relationships even more difficult to identify. For example, temperature
may have a positive effect on growth of forage fish through increased intake rates
when food is abundant, but may instead have a negative effect through increased
metabolic costs when food is scarce (e.g. Brodersen et al. 2011). The consequence of
this is that the impact of a single driver can potentially not be identified unless the
interacting driver is also accounted for. Finally, another important point is that even
when clear associations between variables are found, this does not necessarily mean
that these variables are directly related. For example, even if a positive correlation
between temperature and seabird breeding success is detected, this does not mean
that there is a direct effect of temperature on seabirds, but the relationship might
instead act through the seabirds’ forage fish prey (e.g. Frederiksen et al. 2007a). Un-
derstanding the mechanisms through which these indirect relationships are acting is
important for being able to extrapolate findings to other locations and time periods.
As such, an improved mechanistic understanding of trophic interactions in marine
food chains is crucial, especially in this time of rapid environmental change.
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1.2 Study system

This thesis focuses on parts of the north-east Atlantic where
the lesser sandeel (Ammodytes marinus, hereafter generally
referred to as ‘sandeel’), a small, pelagic planktivorous fish,
occupies a key role in the food web, providing an important
food source for several marine top predators (e.g. Engelhard
et al. 2014). The study area includes large parts of the North
Sea, as well as the coasts of the Faroes and southern Ice-
land (see Figure 1.1), with a particular focus on the western
and northern North Sea. While there are several species of
forage fish in this region, A. marinus is the principal prey
species for many species of seabirds, marine mammals and
piscivorous fish (Engelhard et al. 2014). Seabirds are par-
ticularly dependent on sandeels as prey (Engelhard et al.
2014). Both seabird breeding success (Christensen-Dalsgaard
et al. 2018a; Rindorf et al. 2000; Vigfúsdóttir 2012) and sur-
vival (Oro and Furness 2002) have repeatedly been linked to
sandeel availability and energy content. It has been hypothe-
sised that declines in the energy content and abundance of A.
marinus have contributed to the widespread decline in many
species of seabirds along the North Sea coast (MacDonald et
al. 2015). These declines are in turn hypothesised to result
from temperature-driven changes in the sandeel zooplankton
prey base, as well as potentially also direct effects of temper-
ature on the sandeels (MacDonald et al. 2015).

In this section, A. marinus and the drivers of its population
dynamics are introduced in more detail. This is followed by
a synthesis of the links between A. marinus and both its
zooplankton prey and its seabird predators, as well as a dis-
cussion of bottom-up and top-down control in the sandeel
food chain. The section finishes with a discussion on how the
ecosystem on which the sandeel depends has changed, and is
expected to continue to change.
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Figure 1.1: Study area with lesser sandeel grounds marked in yellow (Jensen et al.
2011 and data provided by Marine Scotland Science). Mapped grounds are limited
to locations where more complete data exist as a result of fisheries (Faroese and
Icelandic waters have never been fished). Locations regularly used in the text are
also marked out (FoF = Firth of Forth, DB = Dogger Bank, ECG = East Central
Grounds).

1.2.1 Ammodytes marinus

A. marinus is part of the sandeel family (Ammodytidae). There are six recognised
species of the genus Ammodytes, all inhabiting the oceans of the Northern Hemi-
sphere, where they often constitute an important prey for seabirds, marine mammals
and piscivorous fish (Reay 1970; Robards et al. 1999a). As both the English and sci-
entific names imply (ammos = sand, dytes = diver), sandeels, which all lack swim
bladders, spend much of their time burrowed in sandy substrates (Reay 1970).

1.2.1.1 Habitat and life cycle

A. marinus occurs from the northern coast of Russia into the Barents Sea, down
along the coast of Norway and into the North Sea, as well as along the coasts of the
Faroes and Iceland, and into the western Baltic Sea (Robards et al. 1999a). It has
very specific habitat preferences, favouring hydrodynamically active regions (Tien et
al. 2017) of 30–70 m depth and medium to coarse sand (Holland et al. 2005; Wright
et al. 2000). During the summer feeding season, they spend the night burrowed into
the sand, but during winter they remain buried in the sand throughout day and
night. The timing of overwintering varies, but generally occurs from around June–
October to March–April, depending on age (Reeves 1994). A diagram of the annual
cycle of the sandeel is shown in Figure 1.2.
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Figure 1.2: Annual cycle of lesser sandeels. Dot-dash lines indicate inter-individual
and inter-annual variability. Grey lines = reproductive processes, red lines = over-
wintering, blue lines = feeding and growth.

Sandeels live up to around 9 years of age (Macer 1966), but due to high mortality
rates, the age distribution is strongly skewed towards younger age classes (e.g. Cook
2004). They normally mature at an age of 1–2 years (Boulcott et al. 2007) and
spawning usually takes place between December and February (Bergstad et al. 2001;
Macer 1966) when the sandeels briefly emerge before returning to burrow in the
substrate. The eggs are demersal and usually hatch in February–March (Wright and
Bailey 1996). Following this, the larvae drift passively with the prevailing currents
(e.g. Christensen et al. 2008; Gurkan et al. 2013; Jensen 2000; Proctor et al. 1998).
They then metamorphose in around May-June at a size of roughly 35–55 mm (Jensen
2000; Régnier et al. 2017; Wright and Bailey 1996). After metamorphosing and
settling, sandeels are highly sedentary, usually only moving a few kilometres from
their nightly burrowing habitat (Engelhard et al. 2013; Johnsen et al. 2017; van der
Kooij et al. 2008).

1.2.1.2 Population dynamics

Several processes govern sandeel dynamics, which in turn govern the energy available
to upper trophic levels (Figure 1.3). Inter-annual variability in recruitment, which
is substantial, is generally the main driver of variation in sandeel abundance (e.g.
ICES 2017; Poloczanska et al. 2004). The maturation rate, which determines the
number of spawners, is strongly related to size (Bergstad et al. 2001; Boulcott and
Wright 2008; Boulcott et al. 2007) as well as rate of energy acquisition (Boulcott and
Wright 2008). Following maturation, the sandeels continuously allocate resources
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to gonad development from their energy reserves, which they have accumulated
during summer, with most investment occurring after the sandeels have initiated
overwintering (Bergstad et al. 2001; Boulcott and Wright 2008). The total amount of
energy allocated to gonads depends on the size of the energy reserves built up during
summer and the energy lost from reserves through metabolic maintenance costs
during gonad development (Wright et al. 2017a). When the metabolic rate increases
at higher temperatures, sandeels seem to prioritise survival and thus reduce gonad
investment (Wright et al. 2017a). Gonad investment will determine fecundity, which
explains why fecundity is related to size (Bergstad et al. 2001; Boulcott and Wright
2008, 2011), but gonad investment will also impact the timing of spawning (Boulcott
et al. 2017; Wright et al. 2017b). Together with a temperature-dependent incubation
period (Régnier et al. 2018), the timing of spawning, which is asynchronous and often
protracted (Boulcott et al. 2017; MacDonald et al. 2019a), will determine timing of
hatching, which often shows large intra- and inter-annual variability (MacDonald
et al. 2019a; Régnier et al. 2017; Wright and Bailey 1996). Loss rates during the
incubation phase are largely unknown.

The growth patterns of the subsequent larval phase will depend on the temperature
and prey the larvae are exposed to while drifting with the currents (Christensen et
al. 2008; Gurkan et al. 2013). Several studies suggest that food conditions during the
early larval stages are a key determinant of recruitment (Arnott and Ruxton 2002;
Régnier et al. 2017; van Deurs et al. 2009), likely through their effect on larval growth
rates, and subsequent effects on size-selective mortality. While the yolk-sac provides a
bit of a buffer, hatching within two weeks of peak food production may be necessary
to obtain sufficient food resources for surviving the early larval period (Régnier
et al. 2018). Further, successfully drifting to a location of suitable habitat at the
time of metamorphosis may be another key determinant of recruitment, suggesting
that current patterns will be important (Christensen et al. 2008; Proctor et al.
1998). The advective regime may also be important through its effect on larval food
conditions by controlling the retention of prey close to sandeel grounds (Henriksen
et al. 2018). In addition, several studies have found a negative relationship between
recruitment and 1 group abundance (Arnott and Ruxton 2002; Lindegren et al.
2017; van Deurs et al. 2009), which has been suggested to act through cannibalism
(Arnott and Ruxton 2002; Eigaard et al. 2014; Lynam et al. 2013), disruption of the
demersal eggs when adult sandeels are burrowing (Arnott and Ruxton 2002) and/or
competition for food or habitat (Arnott and Ruxton 2002; Lindegren et al. 2017;
van Deurs et al. 2009). Finally, several studies have reported a correlation between
winter temperature and recruitment (Arnott and Ruxton 2002; Lindegren et al.
2017; van Deurs et al. 2009). It is unclear what exact mechanism might generate
this correlation, as temperature may have direct impacts on reproductive investment
(Wright et al. 2017a), timing of spawning (Wright et al. 2017b), incubation period
(Régnier et al. 2018) and larval growth (Christensen et al. 2008), but may also be
related to food conditions (Régnier et al. 2017).
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Figure 1.3: Main known drivers and processes in sandeel dynamics determining the
energy available to upper trophic levels. Blue text and arrows = sandeel demographic
processes. Red text and arrows = environmental drivers. Blue boxes = determinants
of energy availability to upper trophic levels.

Once the sandeels have metamorphosed, the size at and timing of which vary de-
pending on timing of hatching and the larval growth period (Régnier et al. 2017;
Wright and Bailey 1996), they settle and begin feeding together with older sandeels.
As such, the timing of metamorphosis will to a large extent determine when 0 group
sandeels become available to predators in a particular sandeel ground, whereas re-
cruitment will determine the number available. At the time of 0 group settlement,
the 1+ group sandeels will likely have been present and feeding for 1–2 months al-
ready (Reeves 1994). The timing at which the 1+ group sandeels become available
to predators will depend on when they emerge from overwintering, and it is still
unknown what drives this. It is possible that the sandeels use temperature, light
or other environmental drivers as a cue (Winslade 1974a,b). Both 0 group and 1+
group sandeels will then continue feeding, being available to predators in the wa-
ter column during the day, until they initiate overwintering. When overwintering is
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initiated varies between age groups and years (Bergstad et al. 2002; Reeves 1994),
likely as a result of variability in energy reserves (MacDonald et al. 2018; van Deurs
et al. 2011a), but it is possible that environmental conditions also play a role.

During the feeding season, environmental conditions and the abundance and com-
position of prey will impact intake rates and growth (Eliasen 2013; MacDonald et al.
2018; van Deurs et al. 2015, 2014). This variation in growth and energy acquisition
will have knock-on effects not only on maturation rates, fecundity and timing of
spawning as discussed above, but also on starvation mortality (MacDonald et al.
2018), further strengthening the link between sandeel energy reserves and demo-
graphic rates. While starvation mortality can be substantial in some years (Mac-
Donald et al. 2018), the greatest source of mortality is likely predation, primarily
from fish (Furness 2002). Further, where fishing occurs, this will also introduce addi-
tional mortality (Furness 2002). Finally, density-dependent effects will also impact
mortality, through, for example, increased competition for food or habitat, although
different density-dependent mechanisms appear to largely cancel each other out
(Rindorf et al. 2019).

1.2.1.3 Spatial structure and connectivity

An important feature of sandeel dynamics is the clear spatial structure. As a result of
their preferred habitat being patchily distributed, sandeels are patchily distributed
themselves (see Figure 1.1). Further, the patterns of larval dispersal, which is the
main source of connectivity between sandeel sub-populations, also introduces a spa-
tial structure (Wright et al. 2019). Some sub-populations are strongly connected,
whereas other regions show high levels of larval retention, resulting in more isolated
sub-populations (Christensen et al. 2008; Wright et al. 2019). The resulting spatial
structure is reflected in studies of otolith chemistry (Gibb et al. 2017; Wright et al.
2018), to some degree in genetic studies (Jiménez-Mena et al. 2020) as well as in the
degree of synchrony in abundances between sub-populations (Wright et al. 2019).
Sandeels may also show asynchronous variation in abundances at smaller scales of
just a few kilometres (Jensen et al. 2011). Spatial variability in environmental con-
ditions is also likely to contribute to the asynchronous dynamics, as well as the clear
spatial variation in size (Bergstad et al. 2002; Boulcott et al. 2007; Rindorf et al.
2016).

1.2.2 Sandeels and zooplankton

Food conditions are important for sandeel dynamics both at the larval stage and
after metamorphosis. At the larval stage, copepod nauplii, copepod eggs and ap-
pendicularians make up the main part of the sandeel diet (Economou 1991; Ryland
1964). Again, the temporal match of hatching and food abundance is an important
determinant of recruitment, with Calanus copepods potentially playing a particu-
larly important role (Arnott and Ruxton 2002; Régnier et al. 2017; van Deurs et al.
2009; but see Henriksen et al. 2018). Beyond the larval stage, copepods are the main
food source (Eliasen 2013; Godiksen et al. 2006; Macer 1966; Roessingh 1957; van
Deurs et al. 2014), but the sandeels also feed on appendicularians (Gómez Garćıa et
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al. 2012; van Deurs et al. 2010), cladocerans (Roessingh 1957), krill (Godiksen et al.
2006), amphipods, mysids (Eigaard et al. 2014), crustacean larvae (Eliasen 2013),
polychaetes (Macer 1966) and their larvae (Eliasen 2013) as well as fish eggs (Rank-
ine and Morrison 1989; Roessingh 1957) and larvae (Eigaard et al. 2014; Godiksen
et al. 2006; Rankine and Morrison 1989; Roessingh 1957). As with larval sandeel,
the abundance and composition of zooplankton consumed by adult sandeels have
been related to growth and demographic rates. Eliasen (2013) and MacDonald et
al. (2019b) both found a positive relationship between zooplankton biomass and
sandeel size. Similarly, MacDonald et al. (2018) found that food availability had a
large impact on growth, with knock-on effects on starvation mortality. Their study
also pointed to the importance of the type of prey available, with variation in the
abundance of large copepods having a larger impact on sandeel growth than varia-
tion in the abundance of small copepods. This aligns with the finding that sandeels
feeding on larger copepods (mainly Calanus spp.) tend to show higher consump-
tion rates than those feeding on smaller ones (van Deurs et al. 2014). Modelling
results have suggested that this mainly results from the sandeels, which are visual
foragers (Winslade 1974c), being able to detect larger copepods from further away
(van Deurs et al. 2015). As such, the abundance and composition of zooplankton
play a large role in the growth and demographic rates of sandeels, and thus also the
energy available to upper trophic levels.

1.2.3 Sandeels and seabirds

The timing, energy content and abundance of sandeels available to their seabird
predators during the breeding season will vary over space and time, which may im-
pact seabird breeding success. As 0 group sandeels are often used to feed chicks,
the agreement of the timing of appearance of 0 group sandeels in the water column
and the timing of chick energy demand may affect chick-rearing success (Wright and
Bailey 1993). On the Isle of May in the north-western North Sea, the difference be-
tween the timing of peak chick energy demand and the date when 0 group sandeels
reach a specified threshold size has increased since the early 1980s, although this
mismatch does not seem to have had a negative impact on the seabirds yet (Burthe
et al. 2012). Further, while some seabird species, such as European shags (Pha-
lacrocorax aristotelis), are able to extract sandeels from the sand (Watanuki et al.
2008), the initiation of overwintering generally makes sandeels unavailable for most
foraging seabirds, meaning that the timing of overwintering may also be important.
This mechanism likely explains the negative impact of early overwintering in local
sandeels on seabird breeding success at the Isle of May (Rindorf et al. 2000).

The energy content of individual sandeels varies between years (Wanless et al. 2018),
which may also impact seabird breeding success (Frederiksen et al. 2006). In 2004,
the energy content of sandeels in the Firth of Forth was exceptionally low, and this
coincided with widespread seabird breeding failure (Wanless et al. 2005). Species
that are single-prey loaders, such as common guillemots (Uria aalge), seem to be
more sensitive to variability in energy content than species such as black-legged
kittiwakes (Rissa tridactyla, hereafter ‘kittiwake’), which feed their chicks through
regurgitation (Frederiksen et al. 2006).
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Studies of sandeel diet also show that there is clear inter-annual variability in the
amount of sandeels eaten by seabirds (Wanless et al. 2018). To a large extent, this
likely reflects variation in the abundance of sandeels in the water column (e.g. Bailey
et al. 1991; Daunt et al. 2008). However, it may also reflect variability in the acces-
sibility of sandeels to the seabirds, as well as the foraging behaviour of the birds.
Sandeel abundance may show fine-scale horizontal variation (e.g. van der Kooij et
al. 2008; Wright and Bailey 1993), which will impact accessibility to the seabirds
as well as foraging costs. The vertical distribution of sandeels also varies (Freeman
et al. 2004; Johnsen et al. 2017; Wright and Bailey 1993), which may explain why
diving species of seabirds sometimes have higher levels of sandeel in their diet com-
pared to surface-feeding species (e.g. Chivers et al. 2012). Seabirds also show some
behavioural flexibility in their response to food conditions, such as switching prey,
or adjusting foraging range and time as their prey become more scarce (e.g. Suryan
et al. 2000). This will also impact the relationship between sandeel dynamics and
seabird breeding success, and may contribute to the variability in the amount of
sandeels consumed by seabirds. Due to differences in foraging costs, time budgets,
foraging ranges, diving ability and ability to switch diets, different species of seabirds
are likely to respond differently to changes in the sandeel populations (e.g. Furness
and Tasker 2000).

1.2.4 Bottom-up and top-down control in the zooplankton-
sandeel-seabird food chain

While sandeels are evidently responding to variability in their zooplankton prey, and
variability in sandeel populations is in turn important for their seabird predators, it
is still not fully clear to what extent the zooplankton-sandeel-seabird food chain is
top-down versus bottom-up controlled and how this may vary over time and space.
Several studies have found positive relationships between biomass/abundance of
zooplankton and biomass/abundance of sandeels (Arnott and Ruxton 2002; Eliasen
2013; Frederiksen et al. 2006), indicative of bottom-up control. Again, the sandeels
may also show more complex responses to their zooplankton prey. For example,
sandeel intake and growth rates are also related to the size composition of available
prey (MacDonald et al. 2018; van Deurs et al. 2015, 2014). However, this trophic
link does not seem to solely be subject to bottom-up control, as sandeels also are
able to exert top-down control on their zooplankton prey (Jacobsen et al. 2019).
Further, sandeels may themselves also be subject to top-down control. In Shetland,
sandeel and herring have been found to show mirrored, opposite trends in abun-
dance, which could suggest top-down control by herring (Frederiksen et al. 2007b).
Whiting (Merlangius merlangus) and mackerel (Scomber scombrus) have also been
suggested to exert top-down effects on sandeels in the North Sea (Lynam et al. 2017;
MacDonald 2017). In addition, fisheries constitute another source of top-down con-
trol (Lynam et al. 2017). However, while fisheries appear to have a minor impact
on sandeel abundances, this is generally thought to be smaller than the impact of
environmental variability (Greenstreet et al. 2006; Poloczanska et al. 2004). Any
effect of fisheries is likely to be larger in older age groups, with variation in 0 group
abundance mainly driven by environmentally controlled variability in recruitment
(Greenstreet et al. 2006). While it thus seems as if predators can exert top-down

11



control on sandeels, this trophic link also seems to be subject to bottom-up control
(Engelhard et al. 2014). Along these lines, several positive correlations have been
found between sandeel biomass/abundance and seabird survival and breeding success
(Daunt et al. 2008; Eliasen 2013; Frederiksen et al. 2006; Oro and Furness 2002). As
with the sandeels, the relationship between the seabirds and their prey may be more
complex, for example may the breeding success of some species of seabird depend
more strongly on the size of the sandeels rather than their abundance (Frederiksen
et al. 2006).

As such, the evidence to date supports the presence of bottom-up control in the
zooplankton-sandeel-seabird food chain, but also occasionally top-down effects, which
are likely to vary in strength over time and space (Frederiksen et al. 2007b). Either
way, it is clear that the adjacent trophic levels in this food chain are strongly linked.
As such, improving the understanding of drivers of each component of the food
chain and how interactions result in the propagation of impacts up through the food
chain is of large importance, especially in the light of the marked temporal changes
occurring in the surrounding environment and at all trophic levels.

1.2.5 Temporal changes in the study system

The study system has seen substantial changes over the last few decades. The North
Sea is one of the most rapidly warming oceans (Belkin 2009), and temperatures are
predicted to continue to increase (Schrum et al. 2016). Similarly, temperatures are
rapidly increasing on the Icelandic and Faroese shelves (Belkin 2009). These tem-
perature changes may have direct impacts on several physiological rates in sandeels
(van Deurs et al. 2010; Wright et al. 2017a), but are also likely to impact lower
trophic levels (Edwards et al. 2020; Richardson 2008). In addition to changes in
temperature, currents are also expected to change as a result of climate change
(Holt et al. 2018), which could alter larval transport patterns and may also impact
the planktonic food of the sandeel. For example, the population of C. �nmarchicus
in the North Sea is replenished each year through advective transport from more
northerly waters (Heath et al. 1999), and these currents are likely to show reduced
power in the coming decades (Holt et al. 2018). Hydrodynamic changes are also
likely to impact the underwater light conditions in the study area, where increased
wave action has led to an increase in suspended particulate matter (Wilson and
Heath 2019), which is likely to have contributed to the increase in turbidity that has
been observed in the North Sea (Capuzzo et al. 2015; Dupont and Aksnes 2013).
This may have resulted in a reduced ability of the sandeels to detect their prey (van
Deurs et al. 2015).

1.2.5.1 Phytoplankton and zooplankton

Likely as a result of these physical changes as well as changes in nutrient input
(Capuzzo et al. 2018), primary productivity has changed over time. On the scale of
the north-east Atlantic, primary productivity has increased, although trends vary
between regions (Edwards et al. 2020). In the North Sea, primary productivity has
declined since the late 1980s (Capuzzo et al. 2018). Phenological shifts have also
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occurred in the phytoplankton, with dinoflagellates generally showing earlier phe-
nology (which is in line with the general pattern of phytoplankton, Poloczanska et
al. 2013), while diatoms have shown shifts in both directions (Edwards and Richard-
son 2003). The species composition has also changed, including a marked decline in
dinoflagellates in large parts of the North Sea (Edwards et al. 2020), and in gen-
eral, a move towards smaller phytoplankton, which is likely to have impacted food
conditions for the zooplankton (Schmidt et al. 2020).

Accordingly, large changes have also been observed in the zooplankton, the food of
the sandeel. In general, there has been a decrease in the abundance of cold-water
zooplankton species and an increase in the abundance of warm-water zooplankton
species in the North Sea and up towards the Faroes (Alvarez-Fernandez et al. 2012;
Beaugrand 2004). As part of this shift from cold-water to warm-water species, there
has been a marked shift in dominance from C. �nmarchicus to Calanus helgolandicus
since the 1960s (Edwards et al. 2020). Both species are important food sources for
the sandeel (Eliasen 2013; MacDonald 2017; van Deurs et al. 2014). In contrast, no
clear temporal trend in the abundance of C. �nmarchicus seems to have occurred
in Iceland (Gislason et al. 2014) and the abundance of C. helgolandicus remains
low (Bonnet et al. 2005). Multiple other sandeel prey groups have also changed over
time, including a decline in krill (Beaugrand et al. 2003) and fish larvae (Capuzzo
et al. 2018) in the North Sea since the late 1980s. Observed temporal trends in the
zooplankton are not uniform, but instead there is clear spatial variability. While the
average size of zooplankton is declining in the northern North Sea, it is increasing in
the southern North Sea (Pitois and Fox 2006). This trend towards an increased size
in the south is likely driven by a decline in the abundance of small species rather than
an increase in larger species (Capuzzo et al. 2018; Pitois and Fox 2006). Most of the
temporal changes in the zooplankton are not linear but are instead often associated
with regime shifts. In the greater North Sea, a cold-episodic event in the late 1970s
was followed by a shift to a warmer regime in the late 1980s, which was in turn
followed by a shift occurring around the year 2000 which also involved an increase
in temperature, as well as a change in current patterns (Alvarez-Fernandez et al.
2012; Beaugrand et al. 2008). The shift occurring in the late 1980s was associated
with a sharp shift in the relative abundance of warm-water and cold-water copepods,
while the one occurring around the year 2000 involved a decline in the abundance of
neritic copepod species and fish larvae (Alvarez-Fernandez et al. 2012). Both shifts
thus had a large impact on species making up the majority of the sandeel diet. In
addition to changes in abundance and distribution, changes in phenology have also
been observed. For example, long-term monitoring at Stonehaven on the east coast
of Scotland has shown an extension of the C. helgolandicus growing season since the
start of monitoring in the late 1990s (Edwards et al. 2020).

1.2.5.2 Sandeel predators and �sheries

In addition to changes in the zooplankton prey of the sandeels, changes have also
occurred in the populations of their predators. The vast majority of predation on
sandeels comes from piscivorous fish (Furness 2002) and this source of mortality has
increased over time, at least in the southern North Sea (ICES 2017), and may be
likely to continue to increase as the stocks of previously over-fished predators, such
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as herring, recover (Frederiksen et al. 2007b). Fisheries introduce further mortality
and the fishing pressure on sandeels in the North Sea increased greatly from the
1950s to the end of the century (Furness 2002). Fishing mortality shows inter-annual
variation, but there was a clear reduction in fishing effort in the northern North
Sea in the early 2000s following the introduction of greater precautionary measures
(ICES 2020a,b,c), which was partly in response to concerns regarding the impact
of fisheries on sandeel-eating seabirds (Greenstreet et al. 2006). In Shetland, the
fishery has not operated since 2006 (ICES 2017). Sandeels have never been exploited
commercially in the Faroes (Eliasen 2013) or Iceland (Vigfúsdóttir 2012).

1.2.5.3 Sandeel abundance, size and phenology

Likely due to a combination of the described factors, marked spatio-temporal varia-
tion has been observed in several aspects of sandeel dynamics. Since 2011, ICES has
produced annual age-based assessments for four stock assessment areas in the North
Sea using catch-at-age data and research survey indices. In the south-western North
Sea, which includes Dogger Bank (see Figure 1.1), both spawning-stock biomass
(SSB) and recruitment were higher in the 1980s and 1990s compared to recent
decades (ICES 2020c). Similar drops in SSB around 2000 were observed in the
north-eastern North Sea (which includes the East Central Grounds, see Figure 1.1)
and the north-western North Sea (which includes the Firth of Forth, see Figure 1.1)
(ICES 2020a,b). In the latter case, this also coincided with a period of very low
recruitment (ICES 2020b). Following this drop however, there has been a number of
strong year-classes, which is also reflected in the SSB estimates. In Shetland, SSB
data suggest an increase from the mid-1970s to the mid-1980s, followed by a decline
until the early 1990s and a partial recovery thereafter (Cook 2004; Poloczanska et
al. 2004). Annual Marine Scotland Science trawl surveys indicated a further decline
in recruitment in the early 2000s before the survey ended in 2007. In the Faroes,
data are only available on 0 group sandeels, which show large variability but no
clear long-term trend (Eliasen 2013; Jacobsen et al. 2019). Finally, in Iceland, no
long-term datasets from direct sandeel sampling are available. However, one dataset
on the proportion of haddock (Melanogrammus aegle�nus) with sandeels in their
stomachs covering the years 1997 to 2012 suggests a decline from the 1990s to the
early 2000s, with generally low values since then (Lilliendahl et al. 2013).

In addition to variation in abundance, sandeels show clear inter-annual variability
in size (e.g. Jacobsen et al. 2019; Wanless et al. 2018), as well as long-term trends
in some locations. For instance, at Dogger Bank, the length of 1+ group sandeels
increased from 1975 until the late 1980s before starting to decline (although larger
values were again observed in the late 2000s, van Deurs et al. 2014). Further, in the
Firth of Forth, the length of 0 group and 1+ group sandeels dropped by Atlantic
puffins (Fratercula arctica, hereafter ‘puffin’) on the Isle of May when mistnetted
after coming in from a foraging trip has also declined over time since the start of
measurements in 1975 (Wanless et al. 2018). Based on a comparison between new
field samples and historical data, it has also been concluded that sandeel growth
rates were higher in several fishing grounds in the North Sea in the 1960s and late
1970s compared to in the late 1990s (Bergstad et al. 2002). Similarly, in the Faroes,
sandeels have been found to be smaller in recent years (Jacobsen et al. 2019).
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Finally, in terms of phenology, the timing of spawning (Régnier et al. 2019), hatching
(Régnier et al. 2019; Wright and Bailey 1996), metamorphosis (Jensen 2000; Régnier
et al. 2017; Wright and Bailey 1996) and overwintering (MacDonald 2017; Reeves
1994) varies between years, but there are only a few sufficiently long time series that
can be used to explore whether any systematic changes have occurred. However,
in those that do exist there is no evidence of any long-term trends. Time series of
estimated spawning and hatching timing in the Firth of Forth from 2000 to 2016 did
not show any clear trends (Régnier et al. 2019). Further, based on an examination
of samples of sandeel larvae mainly from the North Sea, no clear temporal trends in
the timing of larval emergence were observed (Lynam et al. 2013).

1.2.5.4 Seabirds

Along with the changes in sandeel populations, there have also been several changes
in the populations of sandeel-eating seabirds. Long-term data from the Isle of May
(Wanless et al. 2018, source for all diet information in the following section) suggest
that the amount of sandeel in the seabird diet varies between years, and so does the
ratio of 1+ to 0 group sandeels in the diet for those species feeding on both, such as
kittiwakes and puffins. The longest time series available from the Isle of May is from
puffins (1973-present), which shows a shift from a clupeid-dominated to a sandeel-
dominated diet occurring in the first few years of the time series. Thereafter, the
proportion of sandeel in seabird diets has generally remained high, although with a
distinct temporary drop in the early-to-mid-1990s in all monitored species. A lower
proportion of sandeel in the diet of most of the species has also been observed since
the early 2000s, in particular in common guillemots and European shags. These
trends are not necessarily driven by changes in the local sandeel populations but
could also be driven by, for example, variation in the abundance of alternative prey.
In addition to changes in diet, the colony sizes and breeding success of several
species of sandeel-eating seabirds have declined in large parts of the study area
(Fauchald et al. 2015; JNCC 2016; MacDonald et al. 2015). However, these trends
vary strongly over space and between species (JNCC 2016; MacDonald et al. 2015).
While they are likely the result of multiple factors, declines in sandeel energy content
and abundance are thought to have contributed to the observed trends (Fauchald
et al. 2015; MacDonald et al. 2015).

1.2.6 Understanding the dynamics of the sandeel food chain

To understand the impact of past changes on the sandeel food chain, and predict
the impact of further changes, a clear understanding of interactions between trophic
levels, as well as of the impact of external drivers, is necessary. A substantial body
of work have already contributed much to this understanding, but there are still
gaps in our knowledge.

As described in Section 1.2.2, sandeels may respond not only to general changes in
the prey biomass (Eliasen 2013; MacDonald et al. 2019b), but may also be sensi-
tive to, for example, size (MacDonald et al. 2018; van Deurs et al. 2015, 2014) or
timing of prey availability (van Deurs et al. 2010). As such, to explore the inter-
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action between sandeels and their prey, zooplankton data of high taxonomic and
within-season temporal resolution may be needed. However, this type of data are
often not available. This means that rougher metrics with low taxonomic and tem-
poral resolution have to be used, which could potentially hinder the identification
of existing relationships (e.g. Rindorf et al. 2016). When higher-resolution data are
available, they may be restricted to a specific location (e.g. MacDonald et al. 2018)
and therefore not useful for understanding larger-scale variation.

It is also clear that the mechanisms connecting trophic levels are complex and that
relationships are not consistently found across space and time. One study that exam-
ined the relationship between kittiwake breeding success and winter temperatures
and stratification, as a proxy for sandeel availability, at several colonies around the
British Isles, found that relationships varied widely between colonies (Carroll et al.
2015). This variability likely results from the chain of links between the sandeel proxy
and kittiwake breeding success being a product of interactions and indirect effects,
meaning that depending on local conditions, different relationships may be found.
This highlights the importance of a mechanistic understanding of the processes in-
volved, which is necessary if findings are to be extrapolated to other time periods and
locations. Using mechanistic modelling may thus be a useful way forward for teasing
apart the impact of different drivers and identifying interactions between drivers.
Due to the relationship between sandeel size and demographic rates (Bergstad et al.
2001; Boulcott and Wright 2008, 2011; Boulcott et al. 2007; MacDonald et al. 2018;
van Deurs et al. 2011a), mechanistic growth models may be particularly useful for
understanding spatio-temporal variation in sandeel dynamics. As both abundance
and size of sandeels may impact the fitness of their predators (e.g. Engelhard et al.
2014; Frederiksen et al. 2006; Rindorf et al. 2000), the output of growth models
are directly relevant for understanding the energy available to upper trophic levels.
While previous foraging and growth modelling approaches have provided valuable
insight into drivers of variation in growth (MacDonald et al. 2018; van Deurs et al.
2015), they have been limited in their spatial and temporal extent and there is still
a lack of understanding of what has driven the observed strong variation in sandeel
size over time (Jacobsen et al. 2019; van Deurs et al. 2014; Wanless et al. 2018) and
space (Bergstad et al. 2002; Boulcott et al. 2007; Rindorf et al. 2016).

The clear spatial variation in sandeel size (Bergstad et al. 2002; Boulcott et al.
2007; Rindorf et al. 2016), alongside spatial independence in abundance (Wright et
al. 2019), is likely to also be reflected in the populations of their predators. Indeed,
previous studies by Furness et al. (1996) and Frederiksen et al. (2005) suggested
that in the British Isles, the spatial pattern in the breeding success of kittiwakes
- which are particularly sensitive to variation in sandeel populations (Furness and
Tasker 2000) - mirrored the spatial structure of the surrounding sandeel populations.
However, these studies were based on a very coarse understanding of sandeel spatial
dynamics. This understanding has since been much improved (see Wright et al. 2019
in particular), but it is unclear whether the spatial pattern in kittiwake breeding
success reflect this refined structure.
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1.3 Aim of thesis

The aim of this thesis is to contribute to the mechanistic understanding of bottom-up
effects in the zooplankton-sandeel-seabird food chain. Specifically, objectives include:

1. Improving the understanding of spatio-temporal variation in sandeel food con-
ditions in the study area.

2. Quantifying the relative importance of drivers of spatio-temporal variation in
sandeel size by further developing and applying a mechanistic growth model.

3. Exploring to what extent spatial structure at the level of the sandeels may be
reflected in the breeding success of sandeel-eating kittiwakes.

1.3.1 Thesis synopsis

To address the lack of sandeel prey data of sufficient temporal, spatial and taxonomic
resolution, the thesis starts at the lowest trophic level in the zooplankton-sandeel-
seabird food chain and describes an approach for creating daily sandeel prey fields
based on Continuous Plankton Recorder data (Chapter 2). Using the generated prey
fields, the chapter then explores the question of how sandeel food conditions - in
terms of total energy availability, prey size, and abundance of some key prey types
- have varied over time and space in the North Sea since the mid-1970s.

To explore to what extent this variation in food conditions can explain spatio-
temporal variation in sandeel size, a dynamic energy budget (DEB) growth model
is then developed, which estimates size daily throughout the first sandeel growth
season as a function of food conditions, temperature, light conditions as well as
size at and timing of metamorphosis. The model, which is described in Chapter 3,
draws on the DEB model developed by MacDonald et al. (2018) but improves its
generality to make it possible to run it in more locations and time periods, partly by
incorporating components from the sandeel foraging model developed by van Deurs
et al. (2015).

In Chapter 4, the model is then run in six locations: southern Iceland, the Faroes,
Shetland and three locations further south in the North Sea: Dogger Bank, the
Firth of Forth and the East Central Grounds. The chapter explores the role of food
conditions (as based on prey fields developed in Chapter 2), temperature, light con-
ditions as well as size at metamorphosis and timing of metamorphosis in explaining
observed spatio-temporal variation in size, and what the impact of some expected
future changes in these variables may be.
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The thesis finishes at the top of the food chain by exploring the extent to which
spatial patterns in the sandeel population along the coast of the UK propagate up to
their kittiwake predators (Chapter 5). Specifically, the chapter examines whether the
spatial patterns of inter-colony synchrony in kittiwake breeding success reflect the
spatial structure of their sandeel prey. If the patterns are aligned, this would suggest
that processes occurring at the level of the sandeel act to structure the populations
of their predators. This chapter is published in Marine Ecology Progress Series (see
Olin et al. 2020). Slight modifications have been made to the published version to
better align it with the format of the thesis.

Finally, in Chapter 6, the implications of the findings for the understanding of
sandeel-mediated bottom-up effects in the north-east Atlantic are discussed, with a
particular focus on seabirds. Further, the impact of potential future environmental
change is discussed, as well as what the findings contribute to the understanding of
dynamics of other Ammodytes spp. and forage fish-mediated bottom-up effects in
general.
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Part I

Spatio-temporal patterns in
sandeel prey
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Chapter 2

Exploring spatio-temporal
variation in lesser sandeel prey
�elds using Continuous Plankton
Recorder data

2.1 Introduction

Forage fish have repeatedly been found to be mainly bottom-up regulated, so that
the dynamics of the fish (abundance, size, condition) are strongly related to those
of zooplankton biomass/density (e.g. Ayón et al. 2008; Boldt et al. 2019). While
the abundance of prey is undoubtedly important, the response of the fish to the
prey field is often more complex than that. Prey traits, such as size, will impact the
ability of the fish to detect and successfully capture a given prey type, and may also
determine whether they would actively select this prey type (Eggers 1977). As such,
the composition of the prey field will be important for intake rates. In addition to
the abundance and type of prey, the time at which the prey becomes available is also
important. For example, that the end of the larval yolk-sac period and peak avail-
ability of larval prey coincide has long been recognised as a key determinant of fish
recruitment, as it regulates growth rates, which has knock-on effects on starvation
and predation rates (Cushing 1990; Durant et al. 2007; Hjort 1914). The abundance,
composition and phenology of the prey are all likely to show marked spatio-temporal
variation. Average abundances and long-term trends for a given taxon may vary on
relatively small spatial scales, such as in different parts of the North Sea (Pitois
and Fox 2006), which will impact spatio-temporal patterns in both abundance and
composition. The timing of seasonal peaks also varies by both taxon and location,
again on relatively small scales such as in the shelf waters off western UK (McGinty
et al. 2011).

This means that to fully characterise the important aspects of the forage fish prey
field, zooplankton data of high taxonomic, temporal and spatial resolution are re-
quired. This resolution may vary between different zooplankton datasets. Longer-
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term zooplankton sampling schemes can roughly be sorted into point samples of
high temporal resolution, and larger scale surveys with a wide spatial extent but
poorer temporal resolution (Everett et al. 2017). While the former may be better
at capturing variation in phenology, the latter will be necessary for understanding
larger-scale dynamics, and the two thus complement each other (Ostle et al. 2017).
Within these two types of sampling schemes, there are several different sampling
techniques, including different types of nets, optical plankton counters, bioacoustic
approaches as well as the Continuous Plankton Recorder (CPR), a device towed
after ships sampling plankton with continuously moving bands of silk. The different
sampling techniques have different strengths and inherent biases, for example will
data obtained from bioacoustic approaches have very high spatial and temporal reso-
lution, but very coarse taxonomic resolution, and no one technique will be optimised
in all respects (Everett et al. 2017). In addition to using field samples to charac-
terise prey fields for forage fish, these can also be generated using models (as in e.g.
Gurkan et al. 2013). However, while these, depending on the model, can be produced
with the spatio-temporal resolution needed, they will represent idealised conditions
rather than actual conditions, and they may also have quite poor taxonomic res-
olution. As such, it is often a challenge to obtain forage fish prey field data with
sufficient spatio-temporal and taxonomic resolution that can be used in statistical
approaches or mechanistic models to pinpoint drivers of forage fish dynamics.

In lesser sandeels (Ammodytes marinus, hereafter ‘sandeel’), food conditions have
long been hypothesised to be behind the clear spatial variation in size (Bergstad
et al. 2002; Boulcott et al. 2007; Macer 1966). However, while food conditions have
been shown to be linked to temporal variation in size (Eliasen 2013; MacDonald
et al. 2018; MacDonald et al. 2019b), it is not clear what role they play in the
observed spatial variation. Rindorf et al. (2016) explored this question, but found no
relationship between sandeel growth and the metric used to represent food conditions
- average abundance of copepod and proto-zooplankton between March and June
based on model predictions. The authors suggested that the lack of a relationship
may have been down to the data not capturing variation in the shape and timing of
the zooplankton peak, which will be important as the degree of match between the
sandeel foraging window and peak availability of zooplankton is a key determinant of
fitness in post-metamorphic sandeels (van Deurs et al. 2010). It is also possible that
a better taxonomic resolution is required. While the diet of lesser sandeels consists
mainly of copepods (Eliasen 2013; Godiksen et al. 2006; Macer 1966; Roessingh
1957; van Deurs et al. 2014), they also feed on wide variety of other prey types,
which may at times dominate the diet (e.g. Gómez Garćıa et al. 2012; van Deurs
et al. 2010). The prey composition is important as the type of prey available has
been suggested to be linked to growth rates, in particular through a positive effect of
a larger proportion of large Calanus copepods (MacDonald et al. 2018; van Deurs et
al. 2015, 2014). As such, to capture the aspects of the prey field that drive variation
in intake rates and subsequent growth, it may be necessary to consider a prey field
with high taxonomic and within-season temporal resolution. Further, prey fields
would need to match the scale of the observed spatial variation in sandeel size (see
Bergstad et al. 2002; Boulcott et al. 2007; Rindorf et al. 2016) in order to further
explore the hypothesis that food conditions are behind the observed variation.
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This chapter describes the development of an approach for generating sandeel prey
fields of high taxonomic, temporal and spatial resolution from CPR zooplankton
data. The focus is on the greater North Sea and the area up towards the Faroes
and Iceland, an area where sandeels play an important role in the food web and
that is also quite well covered in terms of CPR transects. The purpose is to fill a
gap by creating a dataset with the resolution needed to examine the relationship
between food conditions and sandeel growth on a larger spatial scale. To this end,
the generated prey fields are used in Chapter 4 as input for a sandeel growth model
to determine whether variation in food conditions can explain the observed variation
in size. Further, in this chapter they are used to explore the question of how sandeel
food conditions - in terms of total energy availability, prey size, and abundance of
some key prey types - vary over time and space.

First, in Section 2.2, the CPR dataset is introduced in more detail and some of the
potential biases in this dataset are discussed. Then, a review of studies on sandeel
diet is presented (Section 2.3.1). Based on these studies, taxonomic groups sampled
by the CPR that match the sandeel diet are identified. As a result of some of the
biases in the CPR dataset, the abundances estimated by the CPR may be quite
different from actual abundances for some taxa. For this reason, correction factors
are developed with the help of data from the Stonehaven point-based sampling
scheme (Bresnan et al. 2015) to correct for some of the sampling efficiency issues.
While there are published correction factors for some CPR taxa (see Pitois and Fox
2006), the ones develop here add to previous work by also accounting for variation
in sampling efficiency due to diel vertical migration. Following this, the methods
used to translate CPR samples into prey fields are outlined. Briefly, these involve
temporal interpolation of spatially aggregated data on scales over which plankton
dynamics are considered to be sufficiently coherent. Then, collated information on
size, weight and energy content for each taxon is presented. Finally, spatio-temporal
patterns in characteristics of the lesser sandeel prey field thought to be important
to sandeel growth conditions (total available energy, abundance of different copepod
groups, average prey image area) are presented.

2.2 Continuous Plankton Recorder data

As part of the large-scale CPR sampling scheme, the CPR is towed behind “ships of
opportunity” along commercial routes, thus providing good coverage of large parts
of the study area, which is heavily trafficked. The CPR is towed at a depth of
between 2 and 10 m (average 6.7 m), collecting plankton in the water entering the
1.27�1.27 cm square opening using continuously moving bands of silk filter with a
mesh size of approximately 270 �m (Warner and Hays 1994). The speed at which
the silk moves is adjusted to the speed at which the ship travels, so that 10 cm of
silk (one sample) corresponds to 10 nautical miles (18.72 km) of tow (Reid et al.
2003a). Each sample takes around 15–30 minutes to collect (Everett et al. 2017). As
the CPR is towed through the water, the continuously moving filter silk is wound
together with covering silk and collects in the rear of the CPR where it is fixed with
buffered formaldehyde. Once the tow is complete, it is hauled and transported to
the laboratory facilities to be processed (Reid et al. 2003a).
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The samples are then analysed using a method that has remained unchanged since
1958 (see Richardson et al. 2006 for details). First, the silk is divided into individual
samples corresponding to 10 nautical miles. Then, the green colouration (which is
a proxy for phytoplankton abundance) is assessed in relation to standard pantone
colour charts. After this, the abundances of various plankton taxa are determined.
Depending on the length of the silk, either all or alternate sections are examined. The
assessment of zooplankton abundance is done in two stages. First, a ‘traverse’ count
is conducted. Here, the silk is placed under 48� magnification and a traverse of both
the filter silk and the covering silk is conducted, during which around 1/50 of the
silk is viewed. For the traverse, all zooplankton are identified and counted, with the
focus being on <2 mm organisms. Second, an ‘eye count’ is made, where all larger
(>2 mm) zooplankton on the filtering and covering silks are removed, identified and
counted. Following this, counts are sorted into abundance categories (see Table 2.1).
Each category has an accepted midpoint, which is lower than the arithmetic mean,
reflecting the fact that the abundances are generally skewed towards lower values.
This categorical system is a trade-off between numerical accuracy and speed of
processing and has been found to only result in a small (4%) underestimate of
average abundances (Clark et al. 2001). For taxa counted with the traverse method,
values are then multiplied by 50 in order to obtain the total abundance for a section
of silk.

Table 2.1: Abundance categories used when processing CPR zooplankton data.

Number counted Category Accepted midpoint
0 0 0
1 1 1
2 2 2
3 3 3

4–11 4 6
12–25 5 17
26–50 6 35
51–125 7 75
126–250 8 160
251–500 9 310
501–1000 10 640
1001–2000 11 1300
2001–4000 12 2690

2.2.1 CPR sampling biases

The CPR data, as with all forms of zooplankton sampling, contain several sources of
bias. This means that the data as they are should be interpreted more as a form of
semi-quantitative abundance index, rather than a representation of absolute abun-
dances. Comparisons with other plankton samplers have found that while showing
similar seasonal and, to a lesser degree, inter-annual variation in overall plankton
abundance, absolute estimates of abundance tend to differ, with the CPR often
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producing lower estimates when compared to samples based on larger net samplers
with a finer mesh (Batten et al. 2003; Clark et al. 2001; John et al. 2001; Kane
2009). For example, a spatially matched comparison with the net-based Dove time
series from the western North Sea found that while the Dove time series caught
4500 individuals m�3 on average, the CPR only caught 293 individuals m�3 on av-
erage (Clark et al. 2001). Furthermore, as the type and impact of different sources
of bias may vary between different taxa (Richardson et al. 2004), this means that
changes in community composition are not straightforward to assess (Clark et al.
2001; John et al. 2001; Kane 2009). Different sources of bias are discussed in the
following sections.

2.2.1.1 Variation in sampling volume

As plankton accumulates in the CPR, it becomes clogged. This will reduce the
amount of water filtered, which is important as estimated plankton densities depend
on the volume filtered (Batten et al. 2003). However, even at maximum clogging,
the volume filtered is only reduced by 20% and the effect on estimated abundances
is very small compared to the observed variation in abundances (John et al. 2002).
Similarly, another study concerning phytoplankton found that any bias introduced
by clogging is not a dominating driver of observed patterns (Barton et al. 2013). In
addition, it is possible to some extent to correct for this by adjusting the sampled
volume based on the estimated extent of clogging (see Section 2.3.3).

2.2.1.2 Vertical distribution and diel vertical migration

Zooplankton are generally not evenly distributed throughout the water column,
which means that the samples collected by the CPR may not necessarily be repre-
sentative of average densities as integrated over the whole water column, as only one
depth is sampled (on average 6.7 m, but it has been suggested that the vessel tow-
ing the CPR may generate mixing down to 15 m, Everett et al. 2017, or potentially
even deeper, David Johns, pers. comm.). For many taxa, peak densities are often
found below the sampling depth of the CPR (Batten et al. 2003). The fact that the
vertical distribution of a given taxon may vary with stage, sex, time of day, season,
weather conditions and location, and that the patterns of this will vary with taxon
(Lalli and Parsons 1997), also means that the relationship between the abundance
sampled by the CPR and the abundance integrated over the whole water column
will not be constant. Further, if the depth distribution is fully below the sampling
depth, this may mean that CPR does not detect the presence of the taxon at all.

Still, correlations between CPR abundance estimates and abundance estimates based
on sampling from the whole water column are often positive and strong (e.g. Clark
et al. 2001; John et al. 2001; Kane 2009), suggesting that CPR estimates are rep-
resentative of abundances deeper down. One study looking specifically at how CPR
data collected for Calanus �nmarchicus corresponded to abundances integrated over
the whole water column found that the abundances sampled at the depth of the CPR
were generally highly correlated with abundances at greater depths (Hélaouët et al.
2016). Still, it should be recognised that the relationship between abundances at the
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CPR sampling depth and abundances as integrated over the whole water column
may vary, and that this variation may to some degree be systematic, for example as
a function of water depth.

One source of systematic variation in the depth of peak zooplankton density in
relation to the CPR sampling depth is diel vertical migration (DVM) (Richardson et
al. 2006), which generally involves a movement of zooplankton up towards shallower
depths at sunset and a return towards deeper depths at sunrise. DVM behaviour
tends to differ between taxa, some even showing reversed migration under certain
conditions, and it may also differ depending on environmental conditions (see e.g.
Irigoien et al. 2004). As such, the relationship between abundances measured by the
CPR and average abundances integrated over the whole water column may differ
between day and night, but the magnitude of this difference will depend on the taxon
and environmental conditions. Some of this variation will be systematic, where, for
example, the strength of DVM may vary systematically over the year (e.g. Beare and
McKenzie 1999a), but there will also be more complex and unpredictable sources of
variation. The presence of DVM means that if CPR samples used are not equally
distributed between day and night, this could thus introduce a bias, which is not
always accounted for (but see e.g. Beaugrand et al. 2001).

2.2.1.3 Small zooplankton slipping through mesh

Another bias is introduced by the fact that the relatively large mesh size may lead to
certain taxa slipping through the mesh. It has been found that samplers with smaller
mesh sizes than the CPR generally catch larger abundances of small zooplankton
such as Oithona spp. (e.g. Batten et al. 2003; Clark et al. 2001; John et al. 2001;
Kane 2009; Thompson et al. 2012). Experiments in which different zooplankton
assemblages were poured through the CPR also confirmed that while around 98% of
large copepods were retained, for smaller species such as Oithona spp. only around
40% were retained (Batten et al. 2003). In reality, even fewer are likely retained as
the pressure exerted is increased when the CPR is towed. At the same time, increased
clogging may act to reduce effective mesh size (Batten et al. 2003). Smaller taxa, such
as Oithona spp., present further problems in that they can be difficult to identify
and this may be further exacerbated by them, together with other soft-bodied taxa,
being damaged by the double-silk winding method (Hunt and Hosie 2003; Kane
2009), potentially introducing further bias (Richardson et al. 2004).

2.2.1.4 Gear avoidance

On the other side of the spectrum, for larger zooplankton for which mesh size is not
an issue, discrepancies between estimates from CPR samples and other samplers
are likely the result of active avoidance (e.g. Batten et al. 2003; Clark et al. 2001;
Kane 2009; Richardson et al. 2004). Avoidance is related to the speed of the device
and the mouth area (Richardson et al. 2004). While the speed at which the CPR is
towed is relatively high, the opening is small, which could allow some taxa to escape
(Clark et al. 2001).
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2.2.1.5 Spatio-temporal pattern in samples

One distinctive feature of the CPR data is the uneven distribution of samples as
a result of the set-up, where the sampler is towed along certain shipping routes.
This results in clear spatial patterns in sampling frequency (Figure 2.1) but also
in temporal patterns as shipping routes have a fixed timetable, which introduces a
temporal structure to the data. Furthermore, as shipping routes may change or be
cancelled, this can lead to gaps in the data or variation in the sampling frequency
over time (Figure 2.2).

This spatio-temporal structure is important to consider when trying to infer patterns
from CPR data. In addition to large-scale spatio-temporal patterns, zooplankton are
inherently patchy in time and space. This patchiness occurs on several scales. Any
patchiness on a finer spatial scale than the length of one sample (18.72 km) will
be averaged out. However, patchiness occurs on larger scales too. A transect study
in the northern North Sea, conducted during the latter part of the spring bloom,
found that patchiness occurred on multiple scales (Mackas et al. 1985). On top of
finer scale variability, the transect first covered a �25 km section with lower abun-
dances, followed by a section of around equal length with higher abundances. This
larger-scale patchiness would not be averaged out in the CPR samples. The study
also highlights that this patchiness may vary with taxon, with higher trophic levels
showing more fine-scale patchiness. Whether the CPR samples inside or outside a
high-density patch will have a large impact on the estimated abundance and will
determine to what degree a sample is representative of a larger area.

26



Figure 2.1: Translucent markers show CPR samples between 1975 and 2016 within
the study area. The rectangles (a) and (b) show the locations of the rectangles used
in Figure 2.2.

2.2.1.6 Abundance categories

As described, abundances are recorded as one of 13 abundance categories (Table 2.1).
This system, as compared to recording actual abundances, may also introduce some
issues. For example, as the classes increase in size, where the last class encompasses
all values between 2000 and 4000, this means that it can be difficult to detect changes
in areas of high density (Beare and McKenzie 1999b).
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Figure 2.2: Example of spatial and temporal variation in CPR sampling frequency,
showing number of samples per year, based on the rectangles (a) and (b) as indicated
in Figure 2.1.

2.3 Methods

2.3.1 Diet of post-metamorphic sandeels

To determine which taxonomic groups from the CPR data should be included in the
generated prey fields, a review of published diet studies was conducted. Copepods
have repeatedly been pointed out as an important prey item for post-metamorphic
sandeels. One study from the southern North Sea found copepods of the genus
Temora to be the most common prey item, while Calanus copepods occurred in
30% of the sampled stomachs and copepods of the genus Pseudocalanus were present
at lower numbers (Macer 1966). Another early study conducted outside the Dutch
coast identified copepods of the genera Pseudocalanus, Paracalanus and Temora
(Roessingh 1957). Later studies at Dogger Bank have pointed to copepod species of
the genus Calanus, in particular Calanus �nmarchicus, as the most important prey
item (van Deurs et al. 2014). Calanus �nmarchicus was also found to be dominant
in a study conducted outside the coast of northern Norway (Godiksen et al. 2006).
Sandeel stomachs sampled from the Faroe shelf contained the copepods Calanus
�nmarchicus, Temora longicornis and Pseudocalanus sp. Finally, a study in the Firth
of Forth found Temora longicornis and Acartia clausi as well as other unidentified
copepods in the sampled sandeel stomachs (Gómez Garćıa et al. 2012).

In addition to copepods, other crustaceans including krill (Godiksen et al. 2006)
amphipods, mysids (Eigaard et al. 2014) as well as crustacean larvae (Eliasen 2013)
are also part of the diet. Fish larvae have also been found repeatedly in sandeel
stomachs (Eigaard et al. 2014; Godiksen et al. 2006; Rankine and Morrison 1989)
and may be underestimated as a prey item as they are rapidly digested and may
thus not be detected at the time of sampling (Christensen 2010; Godiksen et al.
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2006). Fish eggs have also been found in sampled stomachs (Rankine and Morrison
1989; Roessingh 1957). Further, appendicularians were found to be the dominant
prey item at the survey in the Firth of Forth (Gómez Garćıa et al. 2012) and has
also been found to be the dominant prey of sandeel at other sampling sites in the
North Sea (van Deurs et al. 2010). Finally, cladocerans (Podon and Evadne spp.,
Roessingh 1957) as well as polychaetes (Macer 1966) and their larvae (Eliasen 2013)
have been found in sampled stomachs. It should be noted that as the prey available
to sandeels will vary over time and space, these surveys should be thought of as
snapshots of stomach content and may as such not necessarily be representative of
diet in the long term. Still, taken together, these studies should provide a good idea
of the range of prey consumed by the sandeel.

2.3.2 Taxonomic groups included

All taxonomic groups that were considered to be part of the sandeel prey base (as
based on the review above in Section 2.3.1) and that were present in at least 5%
of the CPR samples within the study area (see Figure 2.1) were included. These
taxa included the copepod groups Acartia spp., Calanus �nmarchicus, Calanus hel-
golandicus, Calanus I–IV, Centropages typicus, Metridia lucens, Oithona spp., Para-
Pseudocalanus spp. and Temora longicornis. In terms of other crustaceans, this in-
cluded Euphausiacea and the amphipod group Hyperiidea, and for crustacean larvae,
this included copepod nauplii and Decapoda larvae. Appendicularia, fish eggs, fish
larvae as well as the cladocerans Evadne spp. and Podon spp. were also included.
Even though they did not fulfill the criterion for inclusion, Centropages spp. and
Calanus V–VI were also included, as they, respectively, represent individuals of the
Centropages and Calanus genera that could not be identified to species levels, and
Calanus �nmarchicus, Calanus helgolandicus and Centropages typicus did meet the
criterion. As the group Centropages spp. may also include unidentified Centropages
hamatus, this species was also included, even though it fell just short of the 5%
threshold. Taxonomic details of the groupings used in the CPR dataset are provided
by Richardson et al. (2006).

This final dataset, which spans the years 1975–2016, covers all the taxonomic groups
that make up the vast majority of sandeel prey (see Section 2.3.1). However, it may
still be that it excludes prey items that could potentially be locally important in
some years. For example, it does not include polychaete larvae, which was reported
in sampled stomachs by Eliasen (2013), although only found in 3 years out of 5,
making up 5–20% of the diet. However, this potential reduction in prey availability
is balanced against the benefit a simpler dataset with less uncertainty, as each prey
group requires correction factors and prey characteristics to be determined, which
both introduce uncertainty. Furthermore, since the abundance criterion for inclusion
was generous, it does not have a big impact on total abundances.
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2.3.3 Adjusting for clogging

To translate the raw data, which are in the format of abundance per 10 nautical
miles, into individuals m�3, each abundance estimate was divided by the filtered
volume. The filtered volume was estimated from an empirical relationship between
phytoplankton abundance (indicated by silk colour) and filtered volume estimated
by a flowmeter, where volume filtered = 3:19�0:07�colour index (John et al. 2002).

2.3.4 Correction factors

As a result of the various biases outlined above in Section 2.2.1, the raw CPR data
are not equivalent to absolute average abundances. While all plankton samplers
have inherent biases (Owens et al. 2013) some of the issues of the CPR, such as
small zooplankton slipping through the mesh, may be reduced in other samplers.
As such, in order to produce something more similar to absolute abundances, CPR
samples can be compared with data collected by other plankton samplers to develop
correction factors that can be used to bring CPR samples up to a similar level.
While applying these correction factors will not result in “true” estimates for a
given location and time point, for example as a result of variation in the vertical
distribution in relation to the depth of the CPR, the resulting estimated long-term
average may be more similar to the true long-term average. It was assumed that
abundances averaged over the whole water column are sufficiently representative of
sandeel feeding conditions as sandeels are generally present throughout the water
column during the day (Freeman et al. 2004; Johnsen et al. 2017) and generally
forage in areas with stronger currents (Tien et al. 2017) that are thus well-mixed.

Data from the Stonehaven sample site in the north-western North Sea (57�N 2.1�W,
see Figure 2.3) were used to develop the correction factors. Zooplankton abundance
estimates collected weekly at this site since 1997 were obtained from Marine Scotland
Science (2018), but the copepod nauplii data were provided separately by Margarita
Machairopoulou. The sampling site is located 5 km offshore to reduce the freshwater
influence from rivers (Bresnan et al. 2015) and due to strong tidal currents, thermal
stratification is minimal (Bresnan et al. 2009). Zooplankton samples are collected
by vertical hauls from a depth of 45 m, which is close to the total depth of 48 m
(Bresnan et al. 2015). The sampler used is a 40 cm diameter bongo net with a 200
�m mesh (Bresnan et al. 2015). Several of the biases present in the CPR dataset are
reduced in the Stonehaven dataset. The vertical haul from close to the seabed means
that variation in the vertical distribution of the zooplankton (including as a result
of DVM) is not going to impact the abundance estimates. Further, the small mesh
size of the bongo net means that small zooplankton are less likely to pass through
the mesh, whereas the larger diameter reduces the ability of larger zooplankton to
escape. However, the slower speed at which it is towed, compared to the CPR, may
enhance the ability of larger zooplankton, such as krill, to escape.

In order to create correction factors, taxonomic groups in the CPR and Stone-
haven samples had to be matched up (see Table A.1 in Appendix A). If one CPR
taxon corresponded to multiple groups in the Stonehaven dataset, these were added
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Figure 2.3: Location of the Stonehaven sample site is indicated by the red point.
Translucent black markers show CPR samples used to develop the correction factors.

up. While the categories were matched up as closely as possible, there may some-
times be certain discrepancies due to, for example, age categories being handled
differently. It should be noted that the CPR copepod categories generally refer to
adult copepods (V–VI), unless otherwise noted (Calanus I–IV) (Richardson et al.
2006). One exception is the Para-Pseudocalanus spp. This category includes adults
of Paracalanus and Pseudocalanus spp., but may also include other unidentifiable
small copepods, including juveniles (Richardson et al. 2006). This is reflected in the
groupings for this category (see Table A.1 in Appendix A, based on pers. comm.
Margarita Machairopoulou). For the Centropages categories (Centropages hamatus,
Centropages typicus and Centropages spp.), these were all grouped and a single
correction factor was calculated. For Calanus V–VI, which includes unidentifiable
Calanus V–VI, a correction factor was not calculated but instead the average of the
correction factors for Calanus �nmarchicus and Calanus helgolandicus was used, as
this category likely represents a mix of these two species in the study area.

Following this, a subset of the CPR data which corresponded to the Stonehaven
dataset in location and time span was created. This subset had to provide a large
enough sample size for the CPR data, but still display as similar plankton dynamics
to Stonehaven as possible. The waters surrounding the Stonehaven sampling site
display mixed hydrodynamic regimes, which may impact the plankton dynamics
(Capuzzo et al. 2018) and could possibly mean that measurements at Stonehaven
are not very representative of dynamics in a larger area. To determine how similar
the dynamics in the CPR data are to those measured at Stonehaven, the correlation
between monthly averages were assessed (Pearson correlation r). The arithmetic
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mean was calculated for a given year-month combination if there were at least 3
samples per month, for both the Stonehaven dataset and the CPR dataset sepa-
rately. The area used to aggregate CPR data was centred on the Stonehaven sam-
pling site, where the radius was incrementally increased by 1 km from 50 km (16
year-month combinations with data from both sources) to 200 km (142 year-month
combinations with data from both sources). The distances were calculated using
the function spDistN1 in the package sp (Bivand et al. 2013; Pebesma and Bivand
2005) in R 3.5.2 (R Core Team 2018, used for all analyses in this chapter), where
distances are measured as Great Circle (WGS84 ellipsoid) distances. The approach
of aggregating data over circular areas centred on Stonehaven is based on the idea
that samples closer in space are likely to be more similar. However, it may be that
greater coherence is achieved by using samples that are located further away, but
in locations that are hydrodynamically similar. Based on this idea, an alternative
approach where data were aggregated over an area which corresponded roughly to
the permanently mixed and intermittently stratified coastal waters along the Stone-
haven coast and up into the Moray Firth as based on Figure 1a in Capuzzo et al.
(2018) was also used (132 year-month combinations with data from both sources).
The results can be seen in in Figure 2.4.

It was clear that below around 75 km, estimated correlation strengths were quite
variable, likely due to the smaller sample sizes. Further, it was clear that the dif-
ferent taxa displayed quite different patterns in how the strength of the correlation
changed with increasing radius used for the area of aggregation. The strength of the
correlation based on data following the coastline as compared to aggregating data
based on a maximum radius also differed between taxa, but did not generally result
in greater correlations than using circular areas centred on Stonehaven. While no
distance was optimal for all taxa, somewhere between 80–100 km appeared to work
well for most (ignoring distances below 75 km where estimates were more variable).
As some taxa showed an increase in correlation strength between 80 and 100 km
and others a decrease, a value of 90 km was chosen as a compromise (it should also
be noted that correction factors as developed below based on either a 80 km or a
100 km radius gave similar results). This is well within previously used distances
that achieved coherence between local point-samples and CPR samples (discussed
in Section 2.3.5). From this area, all CPR samples from years for which sampling in
Stonehaven was run (1997–2016) were extracted.

Next, the CPR samples were sorted into night and day samples in order to be able
to develop correction factors that accounted for any possible impact of DVM. To
do this, the function getSunlightTimes from the R-package suncalc (Thieurmel and
Elmarhraoui 2019) was used to calculate the timing of sunrise and sunset for each
day. Samples collected post-sunrise and pre-sunset were classified as day samples and
samples collected post-sunset and pre-sunrise were classified as night samples. To
account for DVM, separate correction factors were then calculated for day and night
samples for all taxa apart from the fish eggs, which were not expected to undergo
DVM as, unlike the other taxa, they are not capable of independent movement.
While not all other taxa may undergo any substantial DVM, assuming that they
do will not have a great impact on the results as it just means that the estimated
correction factors for day and night samples will be similar.
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Figure 2.4: Correlations between time-matched monthly average abundances at
Stonehaven and in the CPR dataset as aggregated for di�erent radii around the
Stonehaven sampling site. Grey markers show the estimated correlations and the
black full line shows the moving average based on a 10 km window. Horizontal
dotted line shows correlation strength based CPR data aggregated over coastal wa-
ters that are hydrodynamically similar to those at Stonehaven. Vertical lines show
�nal aggregation radii of 90 km for the development of correction factors (see Sec-
tion 2.3.4) and 135 km for generating prey �elds (see Section 2.3.5).
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To reduce any impact of seasonal or long-term trends, the samples were matched
up in terms of their temporal spread so that the proportional contribution of each
year-month combination was the same for both the Stonehaven dataset and the
CPR datasets (this was done separately for the night and day datasets). If there
was a higher proportion of Stonehaven samples than CPR samples for a given year-
month combination, the samples collected closest in time to the CPR samples were
used so that there was an equal proportion of samples. Similarly, if there was a
higher proportion of CPR samples than Stonehaven samples for a given year-month
combination, the samples collected closest in space to the Stonehaven sampling
site were used so that there was an equal proportion of samples. For each taxon
the correction factor was then calculated as the long-term mean abundance in the
Stonehaven samples divided by the long-term mean abundance in the CPR samples.
This was done separately for day and night samples. However, for �sh eggs, that do
not undergo DVM, all data were pooled instead.

As expected based on DVM behaviour, the estimated correction factors for day
samples (when the plankton are more likely to be below the sampling depth of the
CPR) were larger than the corresponding night correction factors (except for �sh
larvae where they were the same) and were generally within the range of previously
estimated values (Table 2.3). However, it should be noted that some of these previous
estimates showed large variation between di�erent studies and were also not available
for all taxa. When the estimated correction factor did not fall within the previously
observed range, the discrepancy was generally not large, especially in relation to
the range of values estimated from previous studies. While the estimated correction
factors will be dependent on local plankton dynamics, as well as the distribution
of CPR samples (which clearly are not uniformly distributed, see Figure 2.3), this
similarity with previous estimates suggest that the estimated correction factors can
be applied more generally. However, it should still be remembered that their validity
may vary, for example as a result of spatial patterns in DVM.

While the approach worked well for most taxa, this was not the case for Euphau-
siacea. Euphausiacea are well-known to be particularly di�cult to sample, showing
high levels of gear avoidance (Wiebe et al. 1982). This can also be seen in Ta-
ble 2.3, where some previous studies have estimated correction factors below zero,
which is also what was found when using the data from Stonehaven. For this reason,
estimates from studies aimed at quantifying the degree of undersampling of Eu-
phausiacea (Sameoto et al. 1993; Wiebe et al. 2013) were used to develop correction
factors for this taxon, resulting in a correction factor of 10 for day samples and 4 for
night samples. While these studies were based on samplers with a larger opening, it
seems as if for krill there is a trade-o� between aperture opening and the ability of
the krill to detect and avoid the sampler (Wiebe et al. 1982), suggesting that these
values may be representative for the CPR as well.
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Table 2.3: Final correction factors for each taxon based on the values calculated from
the Stonehaven and CPR datasets, or previous work in the case of Euphausiacea
(c.f. = correction factor). The number of samples used to calculate the correction
factors are given in brackets after each estimate. Previously published CPR cor-
rection factors/ratios are also presented. These include estimates for day and night
separately (as provided by Michael Heath) with the �rst value based on data from
the L4 station in Plymouth (same as in John et al. 2001) and the second based
on data from Stonehaven, as well as published estimates from Clark et al. (2001),
John et al. (2001), and Kane (2009), in which night and day samples are considered
together.

Taxon c.f. day c.f. night Heath
day

Heath
night

Clark John Kane

Acartia
spp.

21.9 (584) 11.3 (464) 3.8,
72.7

3.8,
23.1

13.2 2.3 -

Appendi-
cularia

12.7 (688) 7.3 (537) 7.3,
15.4

7.7,
6.9

10.1 - 13.8

Calanus
�nmar-
chicus

22.9 (688) 4.1 (537) -,
13.4

-,
4.1

2.8 2.1 2.2

Calanus
helgolan-
dicus

9.1 (688) 6.9 (537) 4.3,
4.9

3.8,
5.4

2.8 2.1 -

Calanus
V{VI

16.0 (688) 5.5 (537) -,- -,- - - -

Calanus
I{IV

5.8 (688) 3.5 (537) -,
2.3

-,
2.6

- - -

Centro-
pages
hamatus

5.2 (689) 3.1 (537) 0.2,
221.3

0.1,
332.0

- 0.95 -

Centro-
pages
typicus

5.2 (689) 3.1 (537) 0.8,
0.9

0.8,
0.6

0.8 0.95 1.6

Centro-
pages
spp.

5.2 (689) 3.1 (537) -,- -,- - - -

Copepod
nauplii

18.8 (632) 14.2 (480) -,- -,- - - -
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Decapoda
larvae

16.9 (689) 9.7 (537) 9.2,
16.9

5.5 ,
10.8

- - 7.7

Euphau-
siacea

10.0 4.0 0.9,
4.9

0.4,
1.2

- - 2.1

Evadne
spp.

18.0 (632) 13.0 (480) 22.3,
12.5

40.5,
11.3

18.2 - -

Fish eggs 6.0 (889) 6.0 (889) -,- -,- - - -

Fish
larvae

1.4 (689) 1.4 (537) -,- -,- - - 5.8

Hyperii-
dea

9.5 (632) 4.4 (480) 3.7,
12.5

2.9,
5.3

- - 18.1

Metridia
lucens

17.5 (584) 1.6 (464) 65.2,
15.4

5.1,
1.8

- 20.0 12.0

Oithona
spp.

127.0 (446) 83.3 (336) 58.5,
148.7

60.0,
76.1

47.5 43.3 -

Para-
Pseudo-
calanus
spp.

18.3 (689) 8.7 (537) 21.8,
46.7

15.6,
21.9

15.8 8.1 -

Podon
spp.

6.4 (689) 3.6 (537) 9.4,
9.6

13.2,
9.9

5 - -

Temora
longicor-
nis

15.6 (584) 6.8 (464) 27.5,
24.8

10.3,
25.6

12.3 14.9 -

2.3.5 Spatial aggregation of CPR data

To create time series of prey �elds, the CPR data were aggregated over space and
then interpolated (interpolation is described in the next section - Section 2.3.6).
The larger the area used for aggregation is, the more samples there are within each
year, which leads to more robust estimates. Further, using a larger area also means
that more years will have su�cient samples, resulting in a more complete series
of prey �elds. However, increasing the size of the area may mean that locations
where dynamics are di�erent from those at the focal location are included. Previous
studies interpolating CPR data have used quite large radii (463 km, Beaugrand et al.
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2000; 277.8 km, Pitois and Fox 2006). One study found high consistency, although
variable between taxa, between local samples with high temporal resolution and CPR
data averaged over a relatively large area (around 150 km maximum) (John et al.
2001), which suggests that using larger areas to develop representative estimates is
appropriate. Another study comparing data from a �ne-scale sampling station with
CPR data collected from around 120 km around found that while the correlation in
estimated monthly abundances often was poor, inter-annual variation and average
annual cycles were similar (Clark et al. 2001). A similar study found that while the
timing of spring and autumn peaks estimated by CPR data aggregated up to 3�

from the focal site matched those estimated by �ne scale sampling relatively well,
the best match was achieved by using data within 1/4� (� 30 km) of the sampling
station (Ostle et al. 2017). However, John et al. (2001) got a very good agreement in
the timing of peaks in spite of using a larger area. Finally, a study by Defriez et al.
(2016) looked at the relationship between distance and correlation in the annual
abundance of di�erent zooplankton taxa sampled by the CPR aggregated by 1� by
1� grid cells, �nding that this relationship varied between taxa, and in some cases
between time periods. In general, there seemed to be a steeper decline with distance
up to 200 km for the studied taxa consumed by sandeels, although in some cases,
correlations remained above zero beyond this.

Based on Figure 2.4, taxa showed di�erent patterns in how the strength of the corre-
lation between monthly averages at Stonehaven and monthly averages based on the
CPR data changes as the CPR data were aggregated over increasingly large areas.
However, most taxa show weaker correlations as the size of the area increases. Based
on the observation that several taxa that are important in the sandeel diet (Calanus
�nmarchicus, Calanus helgolandicus, Para-Pseudocalanusspp. and Temora longi-
cornis, see Section 2.3.1) seem to show a steeper drop in the strength of correlation
after 135 km, this was chosen as the radius used for interpolation. While correlations
were stronger for shorter distances (which is why a distance of 90 km was used for
calculating the correction factors), this would mean that prey �elds could only be
generated for very well-sampled areas. As such, the limit of 135 km is the result of
a trade-o� between coherence in dynamics and sample size. Compared to previous
studies as outlined in the preceding paragraph, this threshold is well within distances
for which coherent dynamics between the CPR and independent samples have been
found previously.

Again, for aggregating areas, distances were calculated using the functionspDistN1
in the R-packagesp (Bivand et al. 2013; Pebesma and Bivand 2005), where distances
are measured as Great Circle (WGS84 ellipsoid) distances.

2.3.6 Interpolation

To obtain daily values, interpolation was carried out on a yearly basis. CPR tran-
sects are generally run on a monthly basis, so this is the smallest temporal unit
that can be used for aggregating CPR data (Beare et al. 2003). Based on this idea,
the samples were sorted into 12 equally sized sampling intervals for a given year
and location. For each sampling interval, the arithmetic mean was calculated (see
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next paragraph for a discussion on why the mean was used to represent the central
tendency). This mean was then associated with the midpoint of each sampling in-
terval and values between each midpoint were obtained through interpolation. This
method ensured that the date of sampling would not introduce a bias in the pheno-
logical patterns. For the interpolation, piece-wise cubic Hermite interpolation with
the function pchip in the R-packagesignal (Signal Developers 2014) was used. This
type of interpolation preserves monotonicity, so that values will always be within
the range of the two observations between which values are interpolated. Compared
to linear interpolation, it has the bene�t of providing smooth estimates around in-
terpolation points, rather than sharp spikes. The method is described in Fritsch and
Carlson (1980) and an example can be seen in Figure 2.5. Interpolation was only
carried out if there were at least 3 samples per sampling interval during the period
of interest (in this case, the sandeel feeding season). If the period of interest started
before the midpoint of a given sampling interval, the previous sampling interval
also had to have at least 3 samples, as this sampling interval will also impact the
interpolated values in the �rst half of the next sampling interval. The threshold of
3 samples was the result of a trade-o� between making estimates more robust and
maximising the number of years for which daily time series could be produced.

Figure 2.5: Example of interpolation of abundance estimates. The dotted vertical
lines delineate the standardised sampling intervals. The grey dots show the raw CPR
estimates ofEvadnespp. abundance in the year 2016 in a 90 km radius around Stone-
haven (see Section 2.3.4). The yellow markers show the same raw CPR estimates
standardised to the midpoint of each sampling interval. The blue markers show the
mean value in each sampling interval (the mean of the values shown by the yellow
markers). The thick blue line shows interpolated values, using piece-wise cubic Her-
mite interpolation. Linearly interpolated values are also shown for reference with a
thinner line.
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The choice of using the arithmetic mean to represent the central tendency of a
sampling interval is not a given. Within each sampling interval there may be a lot of
variability. Prey �elds are patchy, and since sandeels tend to show limited horizontal
movement (Engelhard et al. 2008; Johnsen et al. 2017; van der Kooij et al. 2008),
they are reliant on the patches that pass over their feeding grounds. This means that
the spatial patchiness of zooplankton will translate into temporal patchiness for a
given location, with the characteristics of this patchiness depending on the size of
the patch and the advection speed. The impact of this patchiness on sandeel intake
rate depends to a large extent on how the sandeels respond to the prey �eld. If they
would be limited by their ability to process the prey, either by the time it takes to
catch the prey or by their stomach capacity, then the patchiness is important. If
prey availability is the main limiting factor, then patchiness is less important. For
example, if there is a peak one day and low abundances one day, sandeels that are
limited by stomach capacity or handling time might not be able to make full use
of the peak day as their intake is capped. As such, intake would be lower than if
they were feeding on the same total abundances averaged over two days. If instead
the sandeels would be limited by availability, then total intake would be similar to
intake based on abundances averaged over two days. In general, sandeel stomachs
are most of the time well below maximum capacity (see Figure 3.4), suggesting that
they are most often not limited by stomach capacity. In terms of handling times,
the length of handling time that was found to introduce a limitation on intake
based on a sandeel bio-energetic model (van Deurs et al. 2014), is greater than the
handling times observed in an experimental setting (Christensen 2010; Winslade
1974b). However, even if they are not limited by stomach space or handling time
in a strict sense, there are still other processes that may reduce the ability of the
sandeels to make full use of the prey �eld, such as the small-scale patchiness in the
prey �eld resulting in the sandeels most of the time being exposed to below-average
abundances (see further discussion in Section 3.3.1.1).

Still, it seems as if in most cases, sandeels will be limited by prey availability. This
means that the total intake based on prey abundances averaged over time is likely to
be similar to total intake based on actual abundances for each day. For this reason,
the arithmetic mean was used in the interpolation. However, it should be noted
that in some cases the sandeels may be limited by stomach capacity or handling
time, which may be particularly likely if zooplankton occur at extreme values, and
in this case, the food that the sandeels are able to ingest over the whole season may
be overestimated as a result of ignoring this patchiness. Further, sandeels do not
feed in proportion to prey availability, but are instead selective (see Section 3.3.1),
meaning that the composition of the prey �eld also matters. The composition of
the prey �eld will also vary between days but when abundances are averaged over
time, the temporal resolution of this variation in composition is decreased, which
may also be a further reason why the response to a patchy prey �eld is di�erent
from the response to smoothed averages.

A further adjustment which has been adopted previously when spatially interpolat-
ing CPR data (Beaugrand et al. 2001, 2000; Pitois and Fox 2006) is to give samples
closer to the focal point a larger weight when calculating the mean. While this may
be a good idea when looking at large-scale spatial patterns in the data, it also re-
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sults in the mean being very sensitive to variation in close-by samples which could
be the result of patchiness, but also things like variation in sample depth or variation
in 
ow rates, and may for this reason introduce a lot of noise. Using several sam-
ples from a relatively small area and giving all samples equal weight was therefore
thought to be a more robust approach in this case, where samples were considered
on a year-by-year basis.

2.3.7 Prey traits

Not only the abundance of zooplankton but also their size, weight and energy density
are important as they will determine the ability of the sandeels to detect and catch
the prey and how much energy ingested prey will provide. This information was thus
collated for each taxon, sourcing values from the literature (see Table 2.4). While
there is likely variation within prey types as a result of some groups containing
several di�erent species which may be of di�erent sizes (Richardson et al. 2006) and
within species as a result of variation over time and life stages (e.g. Bottrell and
Robins 1984) or over space (Dessier et al. 2018), only one value was assumed for
each prey type for simplicity.

For the total length of copepods the values reported by Richardson et al. (2006)
were used and the length-weight relationship reported in this study was also used
to estimate the wet weight for all copepods, whereas length and weight for other
taxa were sourced independently. Energy densities were sourced independently for
all taxa. Relationships presented by Ki�rboe (2013) were used to translate reported
carbon and dry weights into wet weights, apart from in the case of �sh eggs, when
information from Riis-Vestergaard (2002) was used. To translate reported carbon
weights into energy, it was assumed that the energy density of carbon is 46 kJ g� 1

(Salonen et al. 1976).
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Table 2.4: Total length (mm), wet weight (mg) and energy density (J g wet weight� 1)
of all taxonomic groups along with the source of the values. Copepod length and
weight values were derived from Richardson et al. (2006), as described in the text.

Taxon Total length (mm) Wet weight (mg) Energy density
(J g wet weight � 1)

Acartia
spp.

1.15 0.11 3500
Laurence (1976)

Appendi-
cularia

1
Oikopleura dioica
and Fritillaria bo-
realis are the only
indigenous appen-
dicularians in the
North Sea and both
have a trunk length
of around 1 mm (van
Couwelaar 2003).

0.77
King et al. (1980),
Hopcroft et al. (1998)

330
King et al. (1980),
Hopcroft et al. (1998)

Calanus
�nmarchicus

2.70 0.64 4400
Laurence (1976)

Calanus
helgolandicus

2.68 0.63 4400
Laurence (1976)

Calanus
I{IV

1.65 0.23 3800
Campbell et al.
(2001)

Calanus
V{VI

2.48 0.54 4400
Laurence (1976)

Centropages
hamatus

1.30 0.14 3400
Laurence (1976)

Centropages
typicus

1.55 0.20 3600
Laurence (1976)

Centropages
spp.

1.63 0.22 3500
Laurence (1976),
mean of densities for
Centropages hamatus
and Centropages
typicus.
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Copepod
nauplii

0.19
It is assumed that
the nauplii of Acartia
clausi are represen-
tative as this is the
most common cope-
pod species to oc-
cur in the dataset.
Nauplii of A. clausi
are around 0.19 mm
(Hay et al. 1991).
This is similar to the
length of many other
copepod taxa, but
shorter than some,
such asCalanus spp
(0.41 mm, Hay et al.
1991).

0.0029
Hay et al. (1991)

1500
Tanskanen (1994)

Decapoda
larvae

0.9
Polybiinae is the
most common group
of decapod larvae in
the CPR dataset,
with the most com-
mon species being
part of the infraorder
Brachyura (Lind-
ley et al. 2010). In
surveys around the
coast of the UK in
spring/summer, the
size of Brachyuran
larvae was around
0.9 mm (Lindley
1998).

0.46
Lindley (1998)

3200
Lindley (1998)
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Euphau-
siacea spp.

17
Thysanoessa inermis
is the most common
species of Euphau-
siacea in most of
the study area,
although Meganyc-
tiphanes norvegicais
more common fur-
ther north (Lindley
1977). A survey in
the northern North
Sea during April{
June found adult T.
inermis to be around
17 mm (Lindley
and Williams 1980).
A survey in the
NE Atlantic in
August/September
found most M.
norvegica to be
around 15 mm long
(Lindley et al. 1999).

56
Harvey et al. (2012)

4500
Kulka and Corey
(2006)

Evadne
spp.

0.5
The most common
Evadne spp. in the
North Sea isEvadne
nordmanni (Gieskes
1971), which has a
size of around 0.5
mm (Bainbridge
1958).

0.021
Rodhouse and Roden
(2007)

4400
Rodhouse and Roden
(2007)
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Fish eggs 1
As herring (Clupea
harengus) larvae are
the most commonly
found �sh larvae in
the CPR samples
(Edwards et al.
2011), it is assumed
that herring eggs are
the best represented
�sh eggs as well.
Herring eggs have a
diameter of 1 mm
(Stroud 2011).

1.6
Hempel and Blaxter
(1967)

1300
Riis-Vestergaard
(2002)

Fish larvae 12
12 mm is the av-
erage length of �sh
larvae in CPR sam-
ples from the NE At-
lantic, with most of
the larvae found in
the study area be-
ing clupeids, followed
by Ammodytidae lar-
vae (Edwards et al.
2011).

2
Ehrlich et al. (1976)

2000
Arrhenius and Hans-
son (1996)

Hyperiidea
spp.

16
The most common
species in this taxon
in the study area is
Themisto compressa
(at the time Parath-
emisto gracilipes,
McHardy 1970).
A survey in the
NE Atlantic in July
found a range of sizes
with 16 mm being
mid-range (Williams
and Robins 1979).

32
Williams and Robins
(1979)

2900
Williams and Robins
(1979)

Metridia
lucens

2.27 0.45 3100
Lindley et al. (1997)

Oithona
spp.

0.68 0.036 2500
Uye (1982)
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Para-
Pseudo-
calanus
spp.

0.70 0.038 3400
Laurence (1976)

Podon spp. 1
The species Podon
leuckartii and Podon
intermedius are the
most common in the
study area (Gieskes
1971). Both are
around 1 mm in
size (van Couwelaar
2003).

0.21
Uye (1982)

4400
Uye (1982)

Temora
longicornis

1 0.08 3000
Laurence (1976)

The prey image area (the area of the prey item as viewed by the sandeel) was
also calculated. The square root of the image area will be directly related to the
detection distance (and thus search rate) of the sandeel (see van Deurs et al. 2015
and Equation 3.9). It was assumed that appendages, such as legs or antennae, are
generally not visible. For copepods it was assumed that the image area is an ellipse
with length equal to the copepod prosome length and width equal to half the prosome
length (see van Deurs et al. 2015). For prosome lengths it was assumed that this
was 75% of total length (Razouls et al. 2020). For appendicularians it was assumed
that only the trunk is visible, and that the trunk is an ellipse with the width being
half the length. For crustacean larvae, cladocerans (Evadne and Podon spp.) and
�sh eggs, the simplifying assumption that these are all circular was made, with the
measured length being their diameter. For �sh larvae, the formula from Langsdale
(1993) was used to calculate image area. For Euphausiacea and Hyperiidea spp., an
elliptical shape was assumed with width 1/8 (based on images in Conti et al. 2005)
and 3/11 (based on images in Kraft et al. 2013) of length, respectively.
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2.3.8 Spatio-temporal variation in the sandeel prey �eld

Having developed methods for correcting abundances and creating daily interpo-
lated time series for locations with su�cient coverage, this was now paired with the
prey trait information to explore the spatio-temporal variation in some of the char-
acteristics of the prey �eld hypothesised to be important for sandeel growth. Based
on the �nding that sandeel size is related to zooplankton biomass (Eliasen 2013;
MacDonald et al. 2019b), patterns in average daily total energy (kJ m� 3) were ex-
amined. Further, as small copepods (de�ned as having a prosome length of less than
1.3 mm based on van Deurs et al. 2013) make up the main part of the diet in at least
some locations and years (Macer 1966; Roessingh 1957), the average abundance of
small copepods (Acartia spp., Oithona spp., Para-Pseudocalanusspp. andTemora
longicornis) m� 3 was also examined. Variation in the abundance ofCalanushas also
been pointed out as an important driver of growth (Bergstad et al. 2002; MacDonald
et al. 2018; van Deurs et al. 2014) and so the abundance ofCalanus �nmarchicus
m� 3 and the abundance ofCalanus helgolandicusm� 3 were examined too. Finally,
as it has been hypothesised that prey size may also be important through its e�ect
on detection distance (van Deurs et al. 2015), the average daily mean square root
of prey image area (mm), which is directly proportional to prey detection distance,
was also examined.

The dataset (1975{2016, see Figure 2.1 for spatial extent) was split into three equally
sized time periods (1975{1988, 1989{2002, 2003{2016), and a gridded map was pro-
duced for each time period. Two di�erent sandeel feeding seasons were considered,
a 1+ group feeding season (day 80{165, van Deurs et al. 2013) and an 0 group feed-
ing season (day 141{212, Jensen 2000; R�egnier et al. 2017; van Deurs et al. 2011a;
Wright and Bailey 1996, see Section 4.2.2). The timing of these seasons may vary
between years, and potentially also over space, due to variation in the date of meta-
morphosis (e.g. R�egnier et al. 2017) or the timing of initiation and termination of
overwintering (e.g. Reeves 1994), but these standardised seasons should provide an
idea of general patterns. To produce the maps, data within a radius of 135 km (see
Section 2.3.5) were aggregated for each time period and grid point (based on a grid
of 0.25� latitude � 0.5� longitude as the length of one latitude is roughly double
that of one longitude at this latitude). Interpolation was then carried out for each
year for which there were su�cient data during the feeding season, considering each
age group separately. If there were su�cient data in at least 5 years during the time
period, the interpolated data were subset according to the feeding season for each
age group and the quantities of interest were calculated based on these datasets. For
the average daily total energy, the daily abundances of each taxon were multiplied
by the energy content of each taxon and these were then added up for all taxa and
the average over the feeding season was calculated. It should be noted that this is
not equivalent to ingested energy but only captures the amount available. For the
abundance of small copepods,Calanus �nmarchicus and Calanus helgolandicus, the
average daily abundance over the feeding season was calculated (and added together
in the case of small copepods). Finally, the average daily mean square root of prey
image area was calculated by multiplying the daily abundances of each taxon by the
square root of image area of each taxon, summing for all taxa, and then dividing by
the total abundance of all taxa and calculating the average over the feeding season.
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A simple exploration of temporal trends was also carried out. To do this, time series
for four di�erent areas which are well-covered by CPR transects and also contain
sandeel grounds in which there is some knowledge of sandeel size and dynamics were
examined: the Firth of Forth (56.3� N 2� W) in the north-western North Sea (roughly
the location of Wee Bankie, Greenstreet et al. 2006), Dogger Bank (54.7� N 1.5� E) in
the central-western North Sea (roughly location of North-West Rough, Boulcott et
al. 2007; Rindorf et al. 2016), East Central Grounds (ECG, 57.6� N 4� E) in the north-
eastern North Sea (based on location in Bergstad et al. 2002, see also Johannessen
and Johnsen 2015) and Shetland (59.8� N 1.3� W), north of mainland UK (slightly
south of an aggregation of sandeel grounds in southern Shetland, Wright and Bailey
1993). Locations further north were not included due to poor CPR coverage. As
before, time series of prey �elds were generated based on interpolation of an area
with a 135 km radius.

For each location, generalised additive models (GAMs) were �tted using the function
gam in the R-packagemgcv (Wood 2011), with the response variable being the
average value for each of the prey �eld variables (total energy, abundance of small
copepods,Calanus �nmarchicus and Calanus helgolandicusand average square root
of image area), year as a smooth term and feeding season (1+ group/0 group) as
a factor. The models were �tted with an identity link function, using generalised
cross-validation to estimate the smoothing parameter. The adequacy of the smooths
were assessed by checking for patterns in the residuals using the functiongam.check.
A con�dence level of 0.05 was used to evaluate the presence of temporal trends and
the di�erence between the feeding seasons.

2.4 Results

The characteristics of the sandeel prey �eld showed marked spatio-temporal varia-
tion. In terms of the average daily total energy (kJ m� 3) in sandeel prey, this varied
over space (Figure 2.6), with generally higher concentrations closer to the coast.
Further, there were clear declines in average daily total energy during the 0 group
feeding season in Dogger Bank (p< 0.01) and the Firth of Forth (p < 0.01) as well
as during the 1+ group feeding season in the Firth of Forth (p< 0.01) (Figure 2.7).
The decline in the Firth of Forth was more rapid until around 2000, before levelling
o�, whereas in Dogger Bank declines were more rapid in the latter part of the time
series. The other locations showed inter-annual variation, which was particularly
marked in the ECG, but no clear temporal pattern (p all� 0.08). The amount of
energy available was greater during the 0 group feeding season in Dogger Bank and
Shetland (p < 0.01), but not in the Firth of Forth (p = 0.50) or the ECG (p =
0.93).
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Small copepods were more abundant further south within a given time period (Fig-
ure 2.8). In terms of temporal changes, they showed declines in Dogger Bank (1+
group: p < 0.01; 0 group: p< 0.01) and the Firth of Forth (1+ group: p < 0.01; 0
group: p < 0.01) (Figure 2.9). The declines were particularly marked during the 0
group feeding season. No clear temporal patterns were seen in the ECG or Shetland
(p all � 0.18). In all locations, there was a greater abundance of small copepods
during the feeding season of the 0 group as compared to the feeding season of the
1+ group (p < 0.01).

The two species ofCalanuscopepods examined,C. �nmarchicus and C. helgolandi-
cus, showed di�erent spatio-temporal patterns (Figure 2.10 and Figure 2.12).C.
�nmarchicus showed a clear spatial pattern with the highest abundances in the
north-eastern part of the North Sea, o� the coast of Norway. Spatial variation was
not as marked inC. helgolandicus, but it is clear that abundances were low in the
north up towards Iceland. There were no clear temporal trends inC. �nmarchicus
(p all � 0.06, Figure 2.11).C. helgolandicushas instead shown a clear increase over
time in the Firth of Forth (1+ group: p < 0.01; 0 group: p = 0.04), ECG (1+ group:
p = 0.01; 0 group: p = 0.01) and Shetland (1+ group: p = 0.04; 0 group: p< 0.01),
as well as during the 1+ group feeding season in Dogger Bank (p = 0.04), but not
the 0 group feeding season (p = 0.75). The increases in all locations seem to have
mainly occurred after around 2000 (Figure 2.13). Abundances did not di�er between
the two feeding seasons inC. �nmarchicus (p all � 0.18) or C. helgolandicus(p all
� 0.10) in the examined locations. Even after increasing in more recent years, the
peak abundances inC. helgolandicuswere lower than peak abundances ofC. �n-
marchicus. C. helgolandicusonly made it over 100 individuals m� 3 in a few years in
the ECG and Shetland, whereasC. �nmarchicus were repeatedly present in multiple
hundreds in the ECG.

In general, the average daily mean square root of prey image area was largest in
the far north, up towards Iceland (Figure 2.14). In terms of temporal trends, there
was an increase over time during the 1+ group feeding season in Dogger Bank (p<
0.01), the Firth of Forth (p = 0.04) and Shetland (p = 0.03), as well as a decrease
in the ECG during the 1+ group feeding season (p< 0.01) (Figure 2.15). Apart
from this, there were no clear trends (p all� 0.08). Values were larger during the
1+ group feeding season than the 0 group feeding season in the ECG (p< 0.01)
and Dogger Bank (p = 0.03), but showed no di�erence in the Forth of Forth (p =
0.08) or Shetland (p = 0.49).
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Figure 2.6: Average dailytotal energy (kJ m � 3, log10-scale) during the feeding
season of 1+ group sandeels (a{c, day 80{165) and 0 group sandeels (d{f, day 141{
212) for 1975{1988 (a,d), 1989{2002 (b,e), 2003{2016 (c,f).

Figure 2.7: Changes in average dailytotal energy (kJ m � 3) over time. Blue and
yellow markers denote averages during the 1+ group (day 80{165) and 0 group (day
141{212) feeding seasons, respectively. Lines show GAM predictions (if p< 0.05),
with dotted lines indicating the 95% con�dence interval.
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Figure 2.8: Average dailyabundance of small copepods m� 3 (log10-scale) (Acar-
tia spp., Oithona spp., Para-Pseudocalanusspp. and Temora longicornis) during
the feeding season of 1+ group sandeels (a{c, day 80{165) and 0 group sandeels
(d{f, day 141{212) for 1975{1988 (a,d), 1989{2002 (b,e), 2003{2016 (c,f).

Figure 2.9: Changes in the average dailyabundance of small copepods m� 3

(Acartia spp.,Oithona spp.,Para-Pseudocalanusspp. andTemora longicornis) over
time. Blue and yellow markers denote averages during the 1+ group (day 80{165)
and 0 group (day 141{212) feeding seasons, respectively. Lines show GAM predic-
tions (if p < 0.05), with dotted lines indicating the 95% con�dence interval.
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