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1 | INTRODUCTION

Many fish exhibit complex life histories involving a pelagic egg and lar-
val stage, which settle in shallow coastal habitats, such as estuaries
and wetlands, and remain as juveniles throughout their development
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Abstract

Selection of nursery habitats by marine fish, such as European sea bass (Dicentrarchus
labrax), is poorly understood. Identifying and protecting the full range of juvenile
nursery habitats is vital to supporting resilient fish populations and economically
important fisheries. We examined how the condition, stomach fullness, and diet of
juvenile European sea bass, along with their abundance, differ at high or low tide
between the following estuarine habitats: saltmarsh, oyster reefs, shingle, sand, and
mud edge habitats. Using a combination of fyke and seine netting we found no differ-
ence in sea bass abundance or condition across high-tide habitats, suggesting that
rather than differentially selecting between them, juvenile sea bass use all available
shallow habitats at high tide. Stomach fullness was significantly higher on saltmarsh
and sand compared to mud, and thus these habitats may support better foraging.
Dietary DNA metabarcoding revealed that sand and saltmarsh diets mostly com-
prised Hediste polychaetes, whereas zooplanktonic taxa dominated diets over mud.
At low tide, sea bass abundance was highest in shingle and oyster reefs, where stom-
ach fullness and condition were lowest. This may indicate a potential trade-off
between using habitats for foraging and refuge. Although sea bass abundance alone
does not capture productivity, the high abundance across all estuarine habitats at
high tide suggests that it is important to consider the protection of a mosaic of inter-
connected habitats to support nursery functions rather than focus on individual habi-
tat types.

KEYWORDS
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(Cattrijsse et al., 1994; Couillard et al., 2022; Garcia et al.,, 2018;
Green et al., 2009, 2012; Jennings & Pawson, 1992; Kelley, 1986;
Kelley, 1988; Nash & Geffen, 2000; Pickett & Pawson, 1994; Pihl
et al, 2005; Seitz et al, 2014; Vollrath et al., 2021; Wright
et al., 2010). During this sedentary juvenile stage, food availability and
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refuge from predation can influence the survival of juveniles in nurs-
ery habitats to adulthood and therefore influence recruitment dynam-
ics of the population (Parsons et al., 2015; Tableau et al., 2016).
Therefore, it is thought that increasing the area of nursery habitats
available could increase, and influence interannual variation in recruit-
ment in fish populations by providing habitat that supports growth
and survival of juveniles (Beck et al, 2001; Schloesser &
Fabrizio, 2019). However, we have a poor understanding of which
habitats play key nursery roles (Litvin et al., 2018).

Historically, identification of nursery habitats was based on the
abundance of juvenile fish present. However, Beck et al. (2001) sug-
gested that those habitats that disproportionally contribute to the
recruitment of juvenile fish per unit area, compared to other habitats
where juveniles are found, provide a nursery function—the nursery
role hypothesis. This can be expanded to consider the seascape of
interconnected habitats that contribute to nursery functions (Sheaves
et al,, 2006). For many coastal systems, anthropogenic disturbance
through farming, maritime activities, and wastewater treatment has
resulted in habitat loss and fragmentation of these seascapes (Amorim
et al., 2017; Aranda et al., 2022; Doody, 2008; Douglas et al., 2022;
Eggleston et al, 1999; Montefalcone et al, 2010; Stamp
et al., 2022; Swadling et al., 2023; Xue et al., 2016). Therefore, a vital
management goal is to identify, maintain, and restore habitats that
support large numbers of juvenile fish and contribute to their growth
and survival through adulthood. This is particularly important in envi-
ronments under immense anthropogenic pressure, such as coastal
wetlands.

A focus on saltmarshes alone presents a barrier to the identifica-
tion of key habitats providing nursery roles across seascapes in the
United Kingdom, particularly regarding species such as European sea
bass (Brady et al., 2020; Cabral & Costa, 2001; Cariou et al., 2021;
Day et al, 2021; Dufour et al., 2009; Green et al., 2009, 2012;
Huusko et al., 2007; Lilley & Unsworth, 2014; Selleslagh et al., 2012;
Warren et al., 2010). Whereas these are highly productive systems
that support juvenile fishes and their prey (Halpin, 2000; Stolen
et al.,, 2009; Whitfield, 2017), and have experienced immense losses
due to anthropogenic pressures (Amorim et al., 2017; Cooper
et al., 2001; Doody, 2008; Harmsworth & Long, 1986), estuarine sys-
tems are a complex mosaic of structurally diverse habitats such as
mud and sand bays, shingle beds, oyster reefs, and seagrass meadows,
all of which could equally be fish nurseries. In many cases, beyond
saltmarshes, habitats such as seagrasses (Heck et al., 1989; Sogard &
Able, 1991; Coles et al., 1993; Connolly, 1994; Gray et al., 1996;
Lazzari et al., 2003; Leslie et al., 2017; Rozas & Minello, 1998; Shoji
et al., 2007) are compared against a single control habitat, whereas
the seascape of other habitat types in these coastal systems is not
explored. With little consideration for the value of these different but
connected habitat types, there is a danger that the role of multiple
habitats in contributing to recruitment success of juvenile fishes is
being missed.

Juvenile European sea bass (Dicentrarchus labrax, Moronidae) uti-
lize estuarine nurseries throughout their range. Sea bass are a com-

mercially important species in the United Kingdom, though stocks

have been declining as a result of increased fishing pressure and high
variation in interannual recruitment (ICES, 2015). An improved under-
standing of what constitutes a quality nursery habitat for juvenile sea
bass could inform deliverable actions to support increased recruitment
and contribute to an ecosystem-based approach to their sustainable
fisheries management. Previous research on sea bass nurseries has
focused almost only on saltmarshes and summer habitats (Cabral &
Costa, 2001; Cattrijsse et al, 1994; Cattrijsse & Hampel, 2006;
Dufour et al, 2009; Green et al, 2009, 2012; Jennings &
Pawson, 1992; Jin et al, 2007; Kelley, 1986, 1988; Laffaille
et al., 2000, 2001; Pickett & Pawson, 1994). A substantial body of evi-
dence suggests that sea bass in UK estuaries are highly abundant in
saltmarshes throughout the summer months, across much of the
United Kingdom, where they forage on macroinvertebrates and zoo-
plankton (Green et al, 2009, 2012; Kelley, 1986, 1988; Laffaille
et al.,, 2000; Jennings & Pawson, 1992; Pickett & Pawson, 1994),
whereas in the Mediterranean they appear to be present in shallow
coastal lagoons (Cabral & Costa, 2001; Dufour et al., 2009). However,
the factors that determine habitat choice or differential growth and
survival between potential nursery habitats are poorly understood.
For example, it is unclear whether foraging potential, prey acquisition,
refuge, or predation risk best predicts the nursery role of an estuarine
habitat. Foraging potential and predation risk are thought to be influ-
enced by habitat characteristics such as structural complexity, which
is thought to reduce prey visibility (Baker & Sheaves, 2021; Canion &
Heck Jr, 2009; Cheminée et al., 2016; Diehl & Eklov, 1995;
Fullerton & Lamberti, 2006; Leslie et al, 2017; MacRae &
Jackson, 2001; Sheaves et al., 2015; Tatrai & Herzig, 1995; Thiriet
et al., 2014) and increase the abundance of macroinvertebrate prey
taxa (Attrill et al., 2000; Hu et al., 2016; Wolters et al., 2018). Depth
may also play a role in relative predation risk as shallow water is less
accessible to larger piscivorous predatory fish (Harvey, 1991; Paterson &
Whitfield, 2000; Mclvor & Odum, 1988; Whitfield, 2017, 2020).

Direct measurements of contribution rates from different habitats
to adult populations are challenging, if not impossible, in highly mobile
species such as sea bass. However, we can assess factors that influ-
ence contribution, such as survival and habitat quality. This can be
achieved by measuring multiple proxies, including juvenile fish abun-
dance, growth rates, and conditional indices, as well as foraging
potential and dietary differences. Although it is arguable that the use
of high-quality habitat may support the survival of juvenile fish, it
must be noted that survival is unlikely to be determined within the
first 2 years of life alone, and multiple other processes may underpin
the contribution of fish to adult populations.

This study provides a better understanding of which habitats sup-
port post-settlement habitat usage of O-group (YoY) sea bass by
examining how the distribution, age structure, condition, stomach full-
ness, and diet of juveniles vary across estuarine habitats. In particular,
we (1) determine patterns of juvenile sea bass abundance across dif-
ferent estuarine habitats, (2) assess the condition of these sea bass
and investigate whether their condition provides evidence of differ-
ences in habitat quality, (3) use measures of stomach fullness to deter-

mine whether differences in foraging activity are present in fish
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FIGURE 1

between 0-group and 1-group and discuss the implications for drivers
of juvenile habitat usage, and (4) use dietary DNA metabarcoding to
catalog the relative contributions of different prey to juvenile sea bass
diets across habitats. Advances in dietary DNA metabarcoding allow
parallel identification of multiple taxa simultaneously, including soft-
bodied and rare prey taxa with little genetic material, which does not

et al., 2012).

2 | MATERIALS AND METHODS

21 | Sampling site

The present study focused specifically on the Colne (51.800518,
1.012061) and Blackwater estuaries (51.757927, 0.932978), located
on the Essex coastline, United Kingdom. The Colne and Blackwater
form a single confluence where they meet at the sea (Figure 1) and
are important for commercial inshore fish and shellfish industries,
but also recreational fishing use. These estuaries were selected

based on their accessibility and representation of different estuarine

Map of sampling sites in the Colne and Blackwater estuaries (highlighted within red box), Essex, United Kingdom, between July
and September 2020. Total sites = 30. Made using QGIS, version 3.2.3.

habitats in an area situated toward the northern-range margin of
D. labrax.

Both estuaries are relatively shallow systems (Blackwater maxi-
mum depth: 15.4 m, Colne maximum depth: 12.4 m at low tide), and
both experience substantial tidal shifts in habitat availability, where
the intertidal habitat and estuary creeks are exposed at low tide and
fully drained on the lowest tides. Tidal flows also present changes in
temperature and salinity, with a stronger salinity gradient found in the
Blackwater estuary compared to the Colne.

A total of 30 sites were sampled across both estuaries between
July and September 2020 (Figure 1), when juvenile sea bass numbers
reach their peak (Green et al., 2009). Sampled sites were chosen
based on tide, habitat type, and estuary position. Tide was included
such that it could be inferred whether habitats that are important at
high tide remain so at low tide, acknowledging that far less habitat by
area and accessibility is available at low tide. Sites were sampled once
within the summer sampling window, apart from sites 5 and 7 that
required second visits to sample fully.

Five habitat types were surveyed in this study, saltmarshes, oys-
ter reefs, intertidal beaches and subtidal bays composed of shingle,

sand, or mud, which were well represented across the two estuaries
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and sampled. Habitats were classified and selected based on a priori
criteria, based primarily on substrate type (Table 1). For each habitat,
sites were selected from three horizontal locations within the estuary,
determined to be at the lower, middle, or upper estuary. A minimum
of three sites per habitat in each estuary were sampled, except for
oyster reefs, which could be accessed safely only in the Blackwater

estuary at two sites (Table 1).

2.2 | Ethics statement

The care and use of fish in all aspects of this study, including capture
and dispatch, complied with dispensations from the Kent and Essex
Inshore Fisheries Conservation Authority (IFCA) to retain and dispatch
juvenile sea bass (20200713AP) and under the Schedule 1 exemption
for lethal sampling by authorized persons (ASPA 1986). All work was
carried out with permission from the Kent and Essex IFCA, and the
Marine Management Organisation.

2.3 | Sampling methodology

A combination of beach seine and barrier fyke netting was used to
measure abundance of juvenile sea bass present in each habitat at
high and low tides. Beach seines were used in relatively open habitat
types, oyster reefs and bays composed of sand, mud, and shingle,
whereas barrier fyke nets similar to those employed by Cattrijsse
et al. (1994) and Green et al. (2009) were used on saltmarsh systems.
Barrier fyke nets allow an entire creek to be barricaded and so sample
a large, fixed area of habitat that can be quantified, with little scope
for escapes. They were deployed at the mouth of creeks at high tide
and removed when the tide had drained sufficiently. Three creeks
were sampled per saltmarsh. Beach seines were used during high and
low tides with either a 25 x 1.5 or a 30 x 3-m seine net, with a 9-mm
mesh-size. Three beach seines were used per site, except for two sites
where the yield was either extremely high, and therefore sampling
was stopped on welfare grounds, or zero where sampling continued
to confirm a zero value. The upstream area captured by fykes and the
area captured by the arc of seine nets were used to standardize
catches to catch per unit of effort (CPUE).

Netted fish were immediately identified, counted, and placed in
an oxygenated recovery tank or, where appropriate, immediately
returned to the sea. Length and weight were measured for all fish,
except very large catches, where we measured a subsample of 20 fish
per net and estimated the rest as they were returned to the sea. A
maximum of 20 juvenile sea bass were dispatched per net and
retained for future assessment of stomach contents, in accordance
with permissions (see Section 2.2). Fulton's condition index (K) was
calculated based on the following equation (Bacon et al, 2009;
Cammiilleri et al.,, 2018; Kerambrun et al., 2011, 2012; Springer &
Murphy, 1990; Sutton et al., 2000):

k=Y, 100 (1)
17

where W is the mass of fish f (mg) and L is the length of fish f (mm). In
the majority of cases, weight was measured from live individuals
before release, such that we were unable to remove and account for
gut contents.

The age group a fish belonged to was based on its length and
compared to a priori thresholds determined from well-established
length at age curves (Pickett & Pawson, 1994). Fish were assigned to
O-group (YoY: 0-79 mm), 1-group (first winter: 80-149 mm), or
2-group (second winter: 150-180 mm). This was cross-validated using
length-frequency distributions plotted for the fish caught in this
study. The resulting curve suggested that fish up to 95 mm could be
considered O-group fish. Models of CPUE and condition were per-
formed for both length at age designations, and no differences in
model outputs were found. Therefore, length at age designations from
Pickett and Pawson (1994) were used, as these incorporated scale
ageing.

To measure stomach fullness, gut contents were evacuated and
weighed (to the nearest 0.01 g) from retained fish, and the stomach
fullness index (SFI) was calculated using the following equation
(Magnussen, 2011):

WStf
3
Ly

SFl=——" x 100 (2)

where Wst is the mass of stomach contents for fish f (mg) and L is the
length of fish f (mm).

2.4 | Dietary analysis

241 | DNA extraction

Where possible, a maximum of six fish per age group were selected
from each site with captured sea bass (n = 18 per habitat per tide)
and used for analysis of stomach fullness and gut content using DNA
metabarcoding. The skin of the fish to be dissected was cleaned using
a 70% ethanol solution to remove estuarine contaminants on the
fish's surface. Stomach digesta and lining were then squeezed out and
transferred to a sterile 2-mL cryogenic vial, which were stored at
—20°C for further analysis. Stomach samples were weighed separately
to confirm enough material had been collected for DNA extractions.
Dietary DNA extractions were performed using the DNEasy Blood
and Tissue Kit (Qiagen) following the manufacturer's instructions.

DNA extracts were then used for DNA metabarcoding.

242 | Polymerase chain reaction and high-
throughput sequencing

Extracted DNA from stomach contents was polymerase chain reaction
(PCR) amplified using the Leray-Geller primer set, which targets a
313-bp region of the cytochrome c oxidase subunit | (herein referred
to as COI) gene (Geller et al., 2013; Leray et al., 2013). COl is highly
conserved between most metazoans and eukaryotes, yet variation is
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TABLE 1

Habitat
type

Saltmarsh

Shingle

Sand

Mud

Descriptions of habitat types by tide and site, with summaries of data collected.

Tide
High

High

Low

High

Low

High

Sites
1

14

17

28

30

10

15

16

12

24

26

29

25

18

22

27

Dates

July 29,
2020

August 5,
2020

September
24,2020

September
8, 2020

August 31,
2020

September
7,2020

September
1, 2020

September
30, 2020

August 20,
2020

July 16,
2020

September
4,2020

September
16, 2020

September
17,2020

August 24,
2020

July 27,
2020

July 16,
2020

September
15, 2020

September
11,2020

September
21,2020

September
29,2020

August 18,
2020

August 28,
2020

August 11,
2020

July 31,
2020

August 3,
2020

Latitude/longitude

51.85174,0.95558

51.83491, 0.98748

51.78067, 1.04411

51.78561, 0.87273

51.71485, 0.85398

51.69706, 0.77072

51.84306, 0.98127

51.79444, 1.03149

51.73881, 0.83816

51.73904, 0.77446

51.73404, 0.72636

51.80638, 1.02111

51.84800, 0.97890

51.79485, 1.02893

51.73832, 0.84893

51.73678, 0.77692

51.71559, 0.83215

51.77419, 0.94001

51.75213, 0.87350

51.704300, 0.7734

51.74872, 0.92057

51.85201, 0.95387

51.82582, 0.97573

51.73428, 0.72329

Total
sites

6

4

Description

Low lying, vegetated,
network of intertidal
creeks, mud sediment, high
tide. JNCC LS.LMp.Sm

Mud/clay sediment, large
cobbles embedded into
substrate, often
macrophytes attached, high
and low tides. JNCC LS.
LCS

Mud/clay sediment, large
cobbles embedded into
substrate, often
macrophytes attached, high
and low tides. JNCC LS.LSa

Soft mud sediment, flat,
structurally simple high and
low tides. JNCC LS.LMu

sm FISHBIOLOGY

Gear
type

Fyke

30m
seine

25-m
seine

30m
Seine

25-m
seine

30m
seine

Size
Number range Age
of bass (mm) range
37 24-44 0
583 23-200 0-2+
155 23-83 0-1
54 33-62 0
321 10-87 0-1
178 37-119 0-1
63 30-173 0-2+
38 28-155 0-2+
5 46-64 0
35 34-89 0-1
45 27-89 0-1
81 32-140 0-1
23 23-45 0
17 105-153  1-2+
54 48-87 0-1
437 43-174  0-2+
352 30-101 0-1
66 41-82 0-1
O - -
2 35-42 0
16 21-57 0
11 23-55 0
4 28-41 0
44 27-89 0-1

(Continues)

95U8917 SUOLUWOD SAII1D 3|l |dde au Aq peusenob ae safole YO ‘8sn J0 Sajnl Joj Akeiqiauluo AS|IA UO (SUOIPUOI-PUe-SLLSI W0 AS | I Aleld| U1 |UO//:SANY) SUONIPUOD puUe SWis 18U} 88S *[7202/.0/70] Uo Arlq1Taulluo A8|IM 891 AQ T6/ST Q4/TTTT OT/I0p/W02 Ao 1M Akelqjpuluo//sdny woiy pepeojumod ‘0 ‘6798560T


http://ls.lmp.sm

FREEMAN ET AL.

BN ... FISHBIOLOGY |

TABLE 1 (Continued)
Habitat Total
type Tide Sites Dates Latitude/longitude  sites
September
17,2020
Low 19 July 15, 51.85420,0.95808 4
2020
20 July 14, 51.84063, 0.98457
2020
21 July 17, 51.83848,0.98781
2020
23 July 31, 51.78367, 1.03039
2020
Oyster Low 11 September 51.74606,0.89334 2
reef 10, 2020
13 September 51.75528, 0.88403
10, 2020

sufficient for identification to genus level. Leray-Geller primers were
selected as it has been shown that they capture a wide variety of
invertebrate species, including many of the expected prey species that
have previously been found in the stomachs of D. labrax (Green
et al., 2009; Leray et al., 2013).

DNA extracts were diluted 1:10 in Milli-Q water to reduce PCR
inhibition. PCR amplification occurred in 25-uL reactions consisting of
2.5 uL of diluted DNA, 12.5 uL of Taq, 9 uL of H5O, and 0.5 pL
of both forward (mICOIlintF 5-GGWACWRGWTGRACWITITA
YCCYCC-3’; Leray et al, 2013) and reverse (jgHCO2198
5'-TAIACYTCIGGRTGICCRAARAAYCA-3’; Geller et al., 2013) primers
(10 uM). Primers were modified to contain lllumina-specific overhang
adapters. Reverse primers also contained a 12-base Golay barcode to
distinguish samples during multiplexing. Thermal cycling for COI
amplification consisted of an initial annealing stage of 95°C for 3 min;
16 cycles of 95°C for 10 s, a touchdown of 62-58°C for 30 s, and
72°C for 1 min; and a final 25 cycles of 95°C for 10 s, 46°C for 30 s,
and 72°C for 1 min, with a final extension step held at 72°C for 7 min.

Following the first PCR, samples were purified using Ampure XP
beads (Beckman Coulter) following the manufacturer's instructions.
After purification, a short secondary PCR reaction was performed to
attach Nextera XT indices, which consisted of 2.5 pL of purified PCR
product, 2.5 uL of Nextera i5 and i7 index, 12.5 pL of Taq, and 5 pL
of H,O. Thermal cycling conditions consisted of an initial denaturation
step of 3 min at 95°C followed by eight cycles each of 30 s at 95°C,
30 s at 55°C, and 30s at 72°C. PCR products were purified again
using the Ampure XP beads, and DNA was quantified using PicoGreen
double-stranded DNA quantification assays (Thermo Fisher Scientific)
on a POLAR star Omega (BMG Labtech) plate reader, as per the
manufacturer's instructions. Indexed amplicons were then pooled in
equimolar concentration. The lllumina-overhang-adapted DNA con-

centration was determined using the NEBNext Library Quant Kit for

Size
Gear Number  range Age

Description type of bass (mm) range

3 23-55 0

O - —

1 - -

5 117-161  1-2+
Live and dead oyster shell 30m 27 37-77 0
matrix embedded in mud Seine
sediment, high rugosity, 66 49-91 0-1

low tide. JNCC SS.SBR

lllumina (New England BioLabs). DNA libraries were sequenced on an
lllumina NovaSeq 6000 with 2 x 250-bp paired-end chemistry at the
Earlham Institute (Norwich, UK).

243 | Sequencing and bioinformatics

Sequence reads were processed following Dumbrell et al. (2016) and
Gregson et al. (2022). Quality filtering was carried out using Sickle
(Joshi & Fass, 2011). Sequence reads were trimmed when the average
Q score, a measure of read accuracy, dropped below Q20 across a
moving 35-bp window. Error correction was carried out in SPAdes
(Bankevich et al., 2012), which uses the BayesHammer algorithm to
correct for misidentified bases during sequencing (Nikolenko
et al., 2013). Paired-end reads were merged into single contigs using
the PEAR algorithm (Zhang et al., 2014) implemented via PANDAseq
(Masella et al., 2012). Further quality filtering was carried out in the
open-source bioinformatics package MOTHUR (Schloss et al., 2009)
to remove homopolymer inserts longer than 12.

Sequences were dereplicated using VSEARCH, which removes
singleton sequences, sorts by abundance, and clusters sequences
around an operational taxonomic unit (OTU) centroid at a 97% similar-
ity threshold (Rognes et al., 2016). Taxonomy was assigned OTU cen-
troids using the “classify-consensus-vsearch” method of the
q2-feature classifier in QIIME2 (Bolyen et al., 2019) against COIl data-
bases generated from NCBI using RESCRIPt (Robeson et al., 2021).
OTU tables were decontaminated using the “microDecon” package
(McKnight et al., 2019) in R (version 4.2.2, R Core Team, 2022), which
removes a representative number of reads from contaminant species
OTUs present in negative controls. OTU counts were normalized
using the cumulative sum scaling method in the “metagenomeSeq”

package (Paulson et al, 2013) to account for differences in
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sequencing depth between samples. The “phyloseq” package
(McMurdie & Holmes, 2013) was used to transform counts into rela-

tive abundances and analyse the taxonomic composition of diets.

2.5 | Statistical analysis

All statistical analyses were carried out in “R,” version 4.2.2 (R Core
Team, 2022). Figures were produced using “ggplot2” package
(Wickham & Wickham, 2016). To determine whether abundance, con-
dition of 0-group sea bass, and stomach fullness of 0-1 group sea bass
differed across estuarine habitats at high and low tides, we used
mixed effects models using the “glmmTMB” package (Brooks
et al., 2017). 0-Group fish alone were used for analysis of abundance
and condition, as very few fish of 1-2-+ groups were caught to be rep-
resentative of those age classes. Repeated measurements of sites pro-
vided by multiple fyke nets and seines performed within the same site
were treated as random effects. Models for condition and stomach
fullness used a nested random effect structure, considering both
repeat measures of sites and individual fish taken from each seine or
fyke. Heteroscedasticity produced by differences in the number of
replications of each habitat was accounted for by using habitat repli-
cation as a dispersion parameter.

Disentangling whether differences in distribution patterns
between high and low tides result from fish habitat selection or
hydrological forces is challenging. On ebbing tides, large amounts of
water leave the estuary and drastically reduce the amount of available
shallow habitat to utilize, reducing the scope for habitat selection
compared to high tide. Furthermore, the swimming ability of O-group
sea bass may not be sufficient to overcome strong tidal currents,
which again may reduce the ability of fish to select habitats. There-
fore, it is difficult to determine whether low-tide distributions are the
result of fish selectively moving into habitats or if they are the result
of hydrological deposition, such that it may not be appropriate to
compare CPUE across habitats and between tides. Therefore, sepa-
rate models were constructed for low and high tides. Pair-wise com-
parisons were performed using Tukey's post hoc test using the
“Ismeans” package (Russell & Lenth, 2016).

To examine the differences in the diet composition of 0-1 group
sea bass diets across habitats, redundancy analysis (RDA) was per-
formed using the “phyloseq” package (McMurdie & Holmes, 2013).
0-1 Group sea bass were included in the diet analyses to investigate
the full breadth of diets exhibited by juvenile sea bass. Size and age
group were not included as variables in dietary analysis as the dietary
constituents of sea bass are relatively well conserved within the first
years of life. Green et al. (2009) and Laffaille et al. (2001) found both
zooplanktonic species such as copepods and amphipods, as well as
benthic invertebrates such as decapods and polychaetes, in the diets
of both O-group and 1-group sea bass. The RDA performed multiple
regressions of the effect of habitat and tide on the community com-
position of the fish diets between sites. The resultant fitted distance
matrix was then used to construct an ordination biplot. A permutation

test based on 1000 random permutations was then performed to
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understand whether a significant relationship exists between the
response variables (community composition) and the environmental
variables (habitat and tide). p-Values were determined based on the
proportion of similarity between the permuted values and the “true”
values (Borcard et al., 2011).

Due to the relatively small sample size, to determine the effects
of habitat on the percentage contribution of prey species to sea bass
gut contents, based on visual identification, individual Kruskal-Wallis
tests were used for each species identified, over low and high tides
separately. Tide was not considered when assessing differences in rel-
ative abundances between habitats, as the RDA revealed large
amounts of overlap within diets between tides.

3 | RESULTS

3.1 | Catch per unit of effort

0-Group sea bass were found at 26 of the 30 sites at either low or
high tide. At high tide, no significant difference in O-group sea bass
CPUE was found across habitats (X2(3y16) = 2.00, p <0.05). Mean
CPUE across habitats was similar, but the largest individual CPUE
values were found on sand, at site 12, and on saltmarshes (Figure 2).
Site 12 exhibited a 587% increase in CPUE compared to the mean for
sand habitats, and 400% compared to the highest CPUE for salt-
marshes and shingle.

At low tide differences in 0-group sea bass CPUE across habitats
were found to be significant (Xz(gvlo) = 12.14, p < 0.01). Significantly
more fish were found in oyster reefs (p = 0.04) and shingle (p = 0.04)
compared to sand. It is also worth noting that although no significant
difference was found when oyster reefs and shingle were compared
to mud, considerable increases in mean CPUE were observed. Shingle
exhibited the largest mean CPUE, increasing by 597% compared to
the mean CPUE of mud, whereas oyster reefs exhibited a 214%
increase compared to the mean CPUE of mud. For information on
mean CPUE of other species caught across high- and low-tide habi-
tats, see Table Al.

Size distributions of 0-2+ group sea bass were relatively similar
across all habitats at both low and high tides, with the highest fre-
quency appearing about 50-60 mm (Figure 3). However, at high tide,
the largest individuals were found in saltmarshes, shingle, and sand,
whereas at low tide they were found on mud, oyster reefs, and shin-

gle. Saltmarsh, shingle, and mud also exhibit the largest range of sizes.

3.2 | Condition

No significant difference in O-group sea bass condition was found
across habitats at high tide (x2(3,16) =4.93, p=0.176) (Figure 4). The
mean fish condition was very similar across all habitat types, though
the highest-condition indices were found in saltmarsh and sand. How-
ever, at low tide, condition differed significantly across habitats

(x2(3,10) = 27.34, p < 0.01) and was significantly lower on oyster reefs
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FIGURE 2 Box plots for the average catch per unit of effort (CPUE) of O-group Dicentrarchus labrax, across estuarine habitats at high (left)
and low (right) tides. Habitats are mud, saltmarsh, sand, shingle, and oyster reefs. CPUE is expressed as the number of fish per m? x 10~3. Points
represent individual data points for each site. Whiskers represent maximum data points within 1.5x the interquartile range. Red line indicates the
mean, and black line represents the median. Significant differences: ***p < 0.01 and *p < 0.05.
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FIGURE 3 Size frequency distributions of 0-2+ group Dicentrarchus labrax length (mm), across estuarine habitats at high (top) and low
(bottom) tides. Habitats are mud, saltmarsh, sand, shingle, and oyster reefs.

(p = 0.04) compared with mud, and on shingle compared with sand or Mean condition increased by 22% on mud compared to that of oyster
mud (p = 0.01), where sea bass abundance was highest. Condition on reefs and 25% compared to that of shingle. Similarly, sand exhibited
shingle was also significantly lower than that on sand (p = 0.02). an increase of 27% in mean condition from the mean condition of
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FIGURE 4 Box plots for the average Fulton's condition index (K) of O-group Dicentrarchus labrax, across estuarine habitats at high (left) and
low (right) tides. Habitats are mud, saltmarsh, sand, shingle, and oyster reefs. Condition index is the product of weight (mg)/length® (mm) x 100.
Points represent individual data points for each fish. Whiskers represent maximum data points within 1.5x the interquartile range. Red line
indicates the mean, and black line represents the median. Significant differences: ***p < 0.01 and *p < 0.05.

oyster reefs and 30% from that of shingle. No significant difference
was found between mud and sand, or sand and oyster reefs, which

exhibited similar mean conditions.

3.3 | Stomach fullness

At high tide differences in stomach fullness of 0-1 group sea bass
between habitats were found to be significant (x2(3,14) = 14.06,
p < 0.01). Fish exhibited significantly lower SFI in muddy habitats
compared with saltmarshes (p = 0.01) and sandy habitats (p < 0.01).
Mean SFI was highest on saltmarsh and sand compared with mud but
was comparable to shingle (Figure 5). The largest individual SFI values
were also found on saltmarsh systems and shingle. Mud exhibited the
largest variability in SFI, and the smallest SFIs were found here. There
are also significant differences in SFI between low-tide habitats
(x2(3,11) = 52.36, p < 0.01). For example, SFI was significantly larger on
sand compared to mud (p = 0.01), oyster reef (p < 0.01), and shingle
(p < 0.01) but generally similar between shingle, oyster reef, and mud.

Shingle showed the largest amount of variability and the lowest SFls.

3.4 | Stomach content
The relative abundance of the most dominant eukaryotic genera pre-
sent in the stomach contents of juvenile 0-1 group sea bass changed

across habitats (Figure 6). For mud-dominated habitats (n = 39), diets

were primarily composed of copepods of the genus Acartia, mysids of
the genus Mesopodopsis and Neomysis (46.2%), Carcinus decapods
(15.0%), and Hediste polychaetes (7.1%). On oyster reefs (n = 16),
diets consisted of Ampelisca amphipods (32.9%), Carcinus decapods
(17.2%), Hippolyte shrimps, and Dexamine (27.1%). Diets over salt-
marsh (44) consisted of Hediste polychaetes, which contributed the
largest proportion of the diet at 59.4%, which was far larger than any
other habitat, as well as Carcinus decapods (17.9%), Idotea (4.9%), and
Nephtys polychaetes (3.7%). Similarly, diets of fish using sand habitats
(35) consisted of Hediste (33.8%), Carcinus (15.6%), and Nephtys
(10.4%). On shingle (n = 95), diets consisted of Carcinus decapods,
which accounted for the largest relative abundance of 51.2%, as well
as Hediste (3.4%), Idotea (2.6%), and Neomysis (3.6%). A relatively large
representation of Solea (10.9%) was also found here, which was the
only fish genera identified in the gut contents. It is also noteworthy
that insects of the family Dolichopodidae (13.8%) and Nymphalidae
(5%) were found in the stomachs of fish on mud bays and shingle
bays, respectively. However, neither family could be identified to
genus level and so were not considered in the relative abundance
estimates.

RDA showed that there was considerable overlap in the diets of
0-1 group sea bass across habitat types and tide (Figure 7). The model
significantly explained 2.31% (F(¢ 222) = 1.09, p < 0.01) of the variation
in diet composition. Diet composition was significantly correlated with
habitat type (F4,222) = 2.21, p < 0.01), whereas tide had no significant
effect (F(1200) = 1.36, p =0.153). The interaction between habitat
and tide also had no significant effect on diet composition
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FIGURE 5 Box plots for the average stomach fullness (SFI [stomach fullness index], mg mm~3) of 0-2+ group Dicentrarchus labrax, across
estuarine habitats at high tide (left) and low (right) tides. Habitats are mud, saltmarsh, sand, shingle, and oyster reefs. Whiskers represent
maximum data points within 1.5x the interquartile range; red bars represent means, and black bars represent medians. Thick black line represents
the median, and red line indicates mean stomach fullness. Significant differences: ***p < 0.01 and *p < 0.05.
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FIGURE 6 Bubble plots showing the relative abundance (depicted by size) of the most abundant (top 5) eukaryotic genera present in the
stomach contents of 0-2+ group Dicentrarchus labrax across different estuarine habitats: mud, oyster reef, saltmarsh, sand, and shingle based on
COl (cytochrome c oxidase subunit 1) sequences, identified to genus level.

95U8917 SUOLUWOD SAII1D 3|l |dde au Aq peusenob ae safole YO ‘8sn J0 Sajnl Joj Akeiqiauluo AS|IA UO (SUOIPUOI-PUe-SLLSI W0 AS | I Aleld| U1 |UO//:SANY) SUONIPUOD puUe SWis 18U} 88S *[7202/.0/70] Uo Arlq1Taulluo A8|IM 891 AQ T6/ST Q4/TTTT OT/I0p/W02 Ao 1M Akelqjpuluo//sdny woiy pepeojumod ‘0 ‘6798560T



FREEMAN ET AL.

o

o Habitat
: ® Mud
@ Oyster reef
: © Saltmarsh
o i o Sand
-2 @ Shingle

Tide

O High
VvV Low

-10 -05 00 05 10
RDA1

FIGURE 7 RDA (redundancy analysis) biplots for 0-2+ group
Dicentrarchus labrax diets, amplified by COI (cytochrome c oxidase
subunit 1), constrained by habitats: mud (blue), oyster reefs (red),
saltmarsh (orange), sand (yellow), and shingle (gray); tides: high (dots)
and low (triangles). Scaling = 1.

(F1,222) = 1.20, p = 0.225). For mud, shingle, and sand there was con-
siderable overlap in diet composition between high- and low-tide
points, suggesting that diets were similar between habitats and within
habitats between tides. However, some differentiation in diet compo-
sition occurred between shingle beds and saltmarshes, with points
scattering in opposing directions. The diet composition of fish using
mud habitats somewhat differed from that of fish using shingle and
saltmarshes, though large amounts of overlap still occurred, especially
with shingle. This suggests that the strongest differences in diet com-
position were driven by the use of saltmarsh and shingle habitats, and
to a lesser extent mud, whereas all other habitats were very similar

across tides.

4 | DISCUSSION

An important criterion for establishing whether a habitat is a nursery
is the contribution of juvenile fish to the next life-history stage com-
pared to other habitats where juveniles are found (Beck et al., 2001;
Dahlgren et al., 2006). Differences in contribution rates between habi-
tats within the same system are difficult to measure, so proxies such
as habitat quality are often used, as we have done in this study. In
recent years, increased focus is being placed on the role of connected
habitats, referred to as seascapes (Nagelkerken et al., 2015), and how
these contribute to the nursery function of coastal systems (Amorim
et al, 2017; Litvin et al, 2018; Nagelkerken et al., 2015; Olson
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et al, 2019; Sheaves, 2009; Sheaves et al., 2006; Waltham
et al., 2020). However, the majority of juvenile fish research in the
United Kingdom has focused on saltmarsh systems alone (Cattrijsse
et al., 1994; Cattrijsse & Hampel, 2006; Green et al., 2009, 2012;
Jennings & Pawson, 1992; Jin et al., 2007; Kelley, 1986; Kelley, 1988;
Laffaille et al., 2000, 2001; Pickett & Pawson, 1994), which has deter-
mined their importance a priori, by not sampling other habitats. This
has hindered our ability to identify the full breadth of habitats that are
important to juvenile fish on European coasts. The present study pro-
vides new insights into habitat utilization by juvenile sea bass across
estuarine seascapes. When habitat utilization is considered, we find
several habitats, such as sand and shingle edge habitats, are as if not
more important than saltmarsh creeks for juvenile sea bass. Given the
likelihood that fish are highly motile with tidal flows (Bretsch &
Allen, 2006; Potthoff & Allen, 2003; Rangeley & Kramer, 1995; Reis-
Filho et al., 2016), multiple habitat types likely contribute to the nurs-
ery function of temperate coastal estuaries.

At high tide, juvenile sea bass showed similar CPUE across all
habitat types, suggesting either that all habitats are similarly desirable
or that no differential selection occurred. This could be a result of all
the habitats assessed in this study being relatively shallow, which is
thought to provide refuge from predation, as it may be less accessible
to larger piscivorous predators (Paterson & Whitfield, 2000;
Whitfield, 2017, 2020). The value of shallow habitats as refuge has
been demonstrated across many different habitats, including salt-
marshes of South Africa (Mclvor & Odum, 1988; Paterson &
Whitfield, 2000; Rypel et al., 2007; Whitfield, 2017, 2020), mangroves
(Gannon et al., 2015; Hindell & Jenkins, 2004; Vance et al., 1996;
Whitfield, 2017, 2020), and the littoral zones of freshwater lakes and
rivers (Harvey, 1991; Whitfield, 2017, 2020). It is unlikely that size
segregation between habitat types occurs for O-group sea bass at high
tide. The size ranges of O-group fish between high-tide habitats were
relatively similar, with the majority of fish falling within 30-60 mm.

It is possible that the similarities in CPUE between habitats at
high tide are the result of sampling artifacts where it was necessary to
use different methodologies on different habitats, where fyke nets
used on saltmarshes are considerably more efficient at trapping fish
than seine nets in bays and open habitats. However, the higher effi-
ciency of fyke nets creates a bias toward marshes, and still we find
that all habitats are similarly utilized. Therefore, we suggest that the
results presented in this study should be considered as conservative
estimates of habitat use between estuarine habitats that indicate that
a range of shallow coastal habitats are as important as, or more impor-
tant than, saltmarshes.

Fish of both high and low conditions were found across all habi-
tats, suggesting that all shallow high-tide habitats are similarly desir-
able to fish of both high and low conditions, which could suggest they
are of similar quality. Condition is unlikely to change over the course
of a single tidal cycle, during which a fish might occupy a specific habi-
tat or indeed move between them. It is also unclear to what degree
0-group sea bass exhibit site fidelity over tidal cycles. Therefore, con-
dition is unlikely to be the result of utilizing a particular habitat; rather,

fish of a given condition select that habitat or interact with
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hydrological processes in different ways, which may affect their distri-
bution at high and low tides.

A subset of sand-dominated habitats (site 12) exhibited a CPUE
close to 587% higher than the mean of sand habitats and 400% higher
than the maximum CPUE of saltmarsh and shingle. Sand habitats were
broadly characterized by the presence of a short sandy beach fringing
intertidal flats composed of sandy-mud or mixed sediment. Uniquely,
site 12 was a highly vegetated sand-dominated habitat fringed by cord
grass (Spartina spp.) and an intertidal seagrass meadow, with rafts of
filamentous algae that inundated the intertidal area, creating a
complex matrix of coastal vegetation and macroalgae. Vegetative
complexity is thought to decrease the efficiency and maneuverability
of visual predators, and therefore provide refuge to juvenile fish
(Heck Jr & Thoman, 1981; Savino & Stein, 1982; Stunz &
Minello, 2001). It is possible that vegetative complexity also plays an
important role in habitat desirability, which is masked by our habitat
definitions. We defined habitat types based on the dominant struc-
tural characteristics observed at that site, primarily related to sub-
strate types. However, this broad definition is limiting, in that it does
not sufficiently consider structural differences within habitat types.

Alternatively, the similar abundance of O-group sea bass between
saltmarshes and bay habitats could be an artifact of habitat loss.
Many of the bay and edge habitats sampled in this study would have
likely bordered a saltmarsh in the past. Increased anthropogenic land
reclamation and hard sea wall defenses combined with sea-level rise
have resulted in large reductions in saltmarsh habitat (Amorim
et al., 2017; Cooper et al., 2001; Doody, 2008), with a loss of 25% in
Essex even in contemporary years (Cooper et al., 2001). It is possible
that if fish are simply moving into any shallow water habitat on high
tides, either actively or passively with tidal currents, were these salt-
marshes still present, fish may continue to move into the shallow
creek habitats beyond the limited fringe bays that they are today. It is
also possible that abundance of bass varies temporally over the sum-
mer settlement period, which may mask differences in CPUE if differ-
ent habitats are sampled in different months. However, this is
unlikely to be the case as CPUE did not appear to differ between
months, and most habitat types were represented throughout the
sampling season.

Increased stomach fullness in sea bass using saltmarsh and sand
habitats at high tide suggests these habitats may convey increased
foraging opportunities. All diets exhibited a high representation of
Carcinus crabs, likely Carcinus maenas. However, whereas saltmarsh
diets primarily consisted of benthic taxa, sand and mud habitats exhib-
ited more zooplanktonic taxa in diets. This is particularly the case for
mud habitats, where fewer benthic species were present in the diet.
This suggests that juvenile sea bass exhibit more, or increased, suc-
cess in zooplanktivory, in mud and sand habitats and reduced benthic
foraging on mud. The presence of terrestrial insects in the diet of sea
bass using mud further supports this. However, the primary diet con-
stituent of sea bass using sand and saltmarshes, where stomach full-
ness was highest, was Hediste polychaetes (likely Hediste diversicolor),
which is an important part of the diet of many coastal fish species
(Cabral, 2000; Hampel et al., 2005; Maia et al., 2009; Selleslagh et al.,

2012), including sea bass (Green et al., 2009; Hampel et al., 2005;
Laffaille et al., 2000).

Mudflats have been found to have increased abundance and
diversity of benthic macroinvertebrate taxa compared to saltmarshes
in multiple studies (Bloomfield & Gillanders, 2005; Salgado
et al., 2007; Sueiro et al, 2011). However, saltmarshes generally
exhibit increased juvenile fish foraging rates and usage (Deegan
et al, 2000; Hampel et al., 2005; Laffaille et al., 2001; West &
Zedler, 2000). It is possible that important prey species such as
H. diversicolor are easier to forage in saltmarshes and sand compared
to mud habitats, where it may be more difficult to forage for benthic
or infaunal species. This could suggest that whereas all habitats are
well used by sea bass at high tide, saltmarshes and sand may provide
better foraging habitat for key prey species and, therefore,
provide better-quality habitat. However, to what degree sea bass
depend on the presence of H. diversicolor and whether this increased
foraging results in increased growth and nutrition are not known.

At low tide it is difficult to be certain whether habitat selection by
the fish or hydrodynamic forces are more important in determining
distribution patterns. The amount of available shallow habitat is
severely reduced at low tide, and therefore, the scope for habitat
selection is constrained to a smaller area (Childs et al., 2008; Gannon
et al., 2015; Gibson, 2003; Krumme et al, 2015; Rangeley &
Kramer, 1995; Raposa et al., 2009). However, as a diverse range of
shallow habitats are still available, we decided to investigate abun-
dance and habitat use patterns, and found that O-group sea bass were
more abundant in oyster reef and shingle habitats and that generally
these fish were of lower condition and stomach fullness. Again, no
size segregation seemed to occur between the majority of low-tide
habitats, with the majority of O-group fish falling within similar size
ranges to high-tide habitats. This could indicate that O-group sea bass
actively select habitats with a 3D benthic structure compared to sand
and mud habitats. The lower stomach fullness also suggests a lower
foraging rate, which may indicate that these fish of lower condition
utilize oyster reef and shingle as predation refuge more so than forag-
ing habitat. Alternatively, if distribution patterns are more influenced
by hydrological forces than active habitat selection, then a higher
abundance in shingle and oyster reef could simply suggest that these
habitats cover a larger area of depositional regions of the estuary at
low tide. More so than at high tide, sampling bias could influence this
result as many shallow habitats over low tide such as creek beds and
subtidal mudflats were inaccessible.

Although fewer fish utilized sand and mud over low tides, these
fish were of a higher condition, and those fish using sand habitats
exhibited higher stomach fullness. This could indicate that fitter fish
are better able to use habitats such as sand, which may be riskier but
easier to forage on, due to the absence of complex structures that
may provide refuge for macroinvertebrate prey. Alternatively, lower
stomach fullness over oyster reef and shingle could be density depen-
dent, where there are more fish present and, therefore, there may be
increased competition for those food resources compared to sand.
Diets of fish using oyster reef and shingle typically consisted of ben-

thic taxa, such as decapods (e.g., C. maenas and Hippolyte) and
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amphipods (e.g., Dexamine and Ampelisca). It is also possible that the
dietary compositions and stomach fullness of fish in a given habitat are
actually indicative of where a fish has been previously, for example, at
high tide. Movements over tidal cycles that we cannot account for may
be masking differences in foraging behavior and diet composition.

The contribution of fish to adulthood is unlikely to be determined
by processes only in the first 2 years of life, nor can we say with any
certainty that greater numbers of fish in better condition will provide
enhanced contribution. To that end we cannot say whether, based on
fish abundance and quality alone and inferred habitat quality therein,
habitats are likely to be better nurseries. Processes that act through-
out ontogeny and the annual cycle must also be considered, such as
hydrodynamics and migrations (Litvin et al., 2018; Secor, 2015), and
overwinter temperatures (Houde, 2016).

In conclusion, our work suggests that juvenile sea bass make use
of a broad range of shallow littoral habitats ranging from saltmarshes
to bays fringing subtidal channels. This is possibly due to the refugia
provided from shallow water and habitat complexity, or alternatively,
the use of bays could be an artifact of a behavioral syndrome, where
fish attempt to move into shallower water and would have eventually
traversed onto marshes that have now been lost. The highest abun-
dance was found on a sand habitat but uniquely fringed by intertidal
vegetation. Diets were similarly diverse across all habitats, suggesting
that sea bass exhibit a generalist diet. However, saltmarsh and sand
habitats likely present better foraging habitats for key prey species.
We believe that shallow littoral habitats may underpin the distribution
patterns of juvenile sea bass found in estuarine nurseries. Attempting
to assign saltmarsh systems alone as targeted management areas,
effectively becoming a “savior habitat,” is potentially dangerous and
risks the loss of connected habitats that are equally as valuable. The
high abundance of sea bass across all estuarine habitats at high tide
suggests that it is important to consider the protection of a mosaic of
interconnected habitats to support nursery functions rather than

focusing on individual habitat types.
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APPENDIX A

TABLE A1l

FREEMAN ET AL.

Mean catch per unit of effort (CPUE) of the most

abundant fish species, sea bass (Dicentrarchus labrax), mullet (Chelon
sp.), sand smelt (Atherina presbyter), and Atlantic herring (Clupea
harengus), caught across high- and low-tide habitats.

Tide
High

Low

Habitat

Saltmarsh

Shingle

Mud

Sand

Oyster reef

Shingle

Mud

Sand

Species
Sea bass
Mullet
Sand smelt
Herring
Sea bass
Mullet
Sand smelt
Herring
Sea bass
Mullet
Sand smelt
Herring
Sea bass
Mullet
Sand smelt
Herring
Sea bass
Mullet
Sand smelt
Herring
Sea bass
Mullet
Sand smelt
Herring
Sea bass
Mullet
Sand smelt
Herring
Sea bass
Mullet
Sand smelt

Herring

Mean CPUE (fish per m?)
0.085
0.004
0.027
0.000
0.118
0.060
0.317
0.004
0.048
0.001
0.012
0.009
0.238
0.001
0.243
0.027
0.111
0.862
0.000
0.000
0.269
0.039
0.026
0.009
0.037
0.085
0.000
0.017
0.040
0.118
0.000
0.108
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