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Abstract

Partial migration, whereby a population comprises multiple behavioural phenotypes that each have varying tendencies to
migrate, is common among many animals. Determining the mechanisms by which these phenotypes are maintained is impor-
tant for understanding their roles in population structure and stability. The aim here was to test for the temporal and spatial
consistency of migratory phenotypes in a common bream Abramis brama (‘bream’) population, and then determine their
social preferences and extent of mixing across three successive annual spawning periods. The study applied passive acoustic
telemetry to track the movements of bream in the River Bure system of the Norfolk Broads, a lowland wetland comprising
highly connected riverine and lacustrine habitats. Analyses revealed that individual migratory phenotype was highly con-
sistent across the 3 years, but this was not predicted by fish sex or length at tagging. During the annual spawning periods,
network analyses identified off-channel areas visited by both resident and migrant fish that, in non-spawning periods, were
relatively independent in their space use. Within these sites, the co-occurrence of bream was non-random, with individuals
forming more preferred associations than expected by chance. These associations were not strongly predicted by similarity
in fish length, sex or behavioural phenotype, indicating that the resident and migrant phenotypes mixed during their annual
spawning periods. The results suggested these different phenotypes, with spatially distinct resource use in non-spawning
periods, comprised a single population, with this having important implications for the management of this wetland resource.
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Introduction

Migration is a diverse phenomenon that exists across taxa
and has a strong influence on ecological and evolutionary
processes, ranging from the individual level up to whole
ecosystem dynamics (Dingle 1996; Chapman et al. 2012a).
Within species, movement strategies can vary between
individuals, with only a proportion of a population being
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migratory. This is termed ‘partial migration’ and is widely
documented in fishes at a variety of spatial scales (Chap-
man et al. 2012a), from small potamodromous habitat shifts
(<5 km; Brodersen et al. 2014) to large diadromous and
marine migrations (100 s to 1000 s km; Robichaud and
Rose 2004; Augspurger et al. 2017; Ferguson et al. 2019).
Understanding partial migration and its role in processes
such as gene flow and adaptation is important for monitoring
population stability and the conservation and management of
species (Chapman et al. 2012a; Turbek et al. 2018).
Reproductive and genetic isolation of populations is one
mechanism by which the coexistence of sympatric resident
and migrant phenotypes can be maintained (e.g. Grabowski
et al. 2011; Turbek et al. 2018; Whitlock et al. 2018).
This may occur spatially, for example, with the segrega-
tion by depth of different migratory phenotypes of Atlan-
tic cod Gardus morhua during spawning (Grabowski et al.
2011). Isolation can also be temporal, such as through the
separation of the early and late spawning runs of kokanee
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salmon Oncorhynchus nerka (Whitlock et al. 2018). Yet,
within populations, different migratory phenotypes can also
simultaneously occur and interbreed, including where each
behavioural type may produce progeny of the alternate form
(e.g. Hodge et al. 2016). Thus, while spawning segregation
can imply a strong heritability of migratory behaviour, as
observed in some salmonid fishes (Berejikian et al. 2014;
Debes et al. 2020), other factors such as body size, inter- and
intrapopulation density, predation risk, temperature and/or
resource availability may influence whether an individual
fish undertakes a migration (Brodersen et al. 2011; Skov
et al. 2011; Montorio et al. 2018). Across multiple years,
the decision to migrate can depend on prevailing conditions,
although in the cyprinid fish roach Rutilus rutilus, overwin-
tering migratory strategy was largely consistent within indi-
viduals over time (Brodersen et al. 2014). The partial migra-
tion of this species has been intensely studied, but for other
non-salmonid, potamodromous species, its prevalence and
drivers remain largely unexplored (Chapman et al. 2012b).
This is despite evidence of widespread ecological implica-
tions from fluctuating levels of fish movements, such as
both bottom-up and top-down effects on trophic dynamics
(Brodersen et al. 2011; Hansen et al. 2019).

The common bream Abramis brama (‘bream’) is a rela-
tively large-bodied, laterally compressed, cyprinid fish that
can exhibit partial migration (Whelan 1983; Skov et al.
2011; Brodersen et al. 2019). Bream typically mature at age
4—6 years, and adults can grow to more than 500 mm in
length and live for at least 20 years (Backiel and Zawisza
1968; Kennedy and Fitzmaurice 1968). Reproductive peri-
ods occur in spring or early summer (April to June), most
commonly as water temperatures increase above 12 °C
(Backiel and Zawisza 1968). Eggs are deposited on spawn-
ing substrata, which generally include submerged macro-
phytes (e.g. Myriophyllum sp., Chara sp.) and roots (Backiel
and Zawisza 1968; Pinder 1997). Bream can be found in
a diverse array of freshwater, brackish, riverine and lacus-
trine habitats, but the extent of their movement between
these habitats appears site specific, with some populations
showing pronounced spring and autumn peaks of migration,
while others remain largely resident year-round (Backiel and
Zawisza 1968).

Within populations, the propensity of bream to migrate
has been linked to size and predation risk, with smaller indi-
viduals more likely to seek refuge overwinter in shallow
stream habitats (Skov et al. 2011). Elsewhere, in systems
comprised of interconnected lakes, poor somatic condition
may drive their partial nomadic movement between lakes
(Brodersen et al. 2019). This arrhythmic type of movement
suggests that populations in connected systems should be
managed as one overall unit or metapopulation (Brodersen
et al. 2019). Given that bream are important ecosystem engi-
neers that can affect ecological stability, this has potentially
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important implications for the management of systems,
including for nutrient dynamics and controlling eutrophica-
tion (Phillips and Jackson 1990). Nevertheless, few studies
have assessed bream population structure in well-connected
naturalised systems and with respect to the mechanisms by
which different migratory phenotypes are maintained.

The Norfolk Broads is a protected wetland of high con-
nectivity in eastern England (Natural England 2020). We
infer from preliminary data that the bream population com-
prises diverse migratory phenotypes (including residents
and migrants), forming spatially distinct sub-populations in
non-reproductive periods (Winter et al. 2021a). While some
of these sub-populations then make considerable migrations
during their reproductive period, the extent of their spatial
and social mixing during spawning remains unclear. This is
a critical knowledge gap, as reproductive segregation could
suggest that complex genetic processes drive their migratory
behaviours and potentially indicate population divergence
(Jorgensen et al. 2010; Baerwald et al. 2016). Consequently,
through the application of passive acoustic telemetry across
three spawning periods, we aimed to investigate the tempo-
ral and spatial consistency of migratory phenotypes in the
bream population and identify the extent of their reproduc-
tive mixing. Accordingly, the objectives were to: (1) evalu-
ate individual consistency in migration strategy (resident/
migrant) and examine the influence of length and sex on
movement type; (2) assess the spatial preferences of bream
in their reproductive period (as "hotspots’ of bream detec-
tion across the acoustic receiver network); and (3) evaluate
the social preferences of bream in their reproductive period,
identifying whether their similarity in length, sex or move-
ment type influenced their probability of interaction in time
and space.

Materials and methods
Study area

The study system was the northern area of the Broads
National Park, a lowland wetland in eastern England com-
prised of the main River Bure, its two tributaries the Riv-
ers Ant and Thurne, plus numerous interconnected dykes
and small shallow interconnected lakes (medieval peat dig-
gings termed ‘broads’) (Fig. 1a). The River Bure is 87 km in
length, flows south-east towards Breydon Water estuary at
Great Yarmouth, and has a mean discharge of 6 m3ss~!into
the North Sea. The Rivers Ant and Thurne are 27 and 11 km
in length, respectively. The study area encompassed approxi-
mately 60 km of river length (not including lateral connec-
tions to lakes; Fig. 1a), with channel widths of 25—-40 m and
depths of 1.5-3.0 m. The system is tidal, with the upper
limit of saline incursion providing the boundary between the
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Fig. 1 Map of the northern
Norfolk Broads study system,
comprising the Rivers Bure, Ant
and Thurne and numerous con-
nected lakes and dyke systems.
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Upper Bure and Lower Bure reaches (at Horning; Fig. 1a;
Clarke 1990).

Between the urban centres of Wroxham and Horning
(Fig. 1b), river banks are characterised by wet woodland,
chiefly alder carr, with small patches of reedbed and a high
density of laterally connected broads and dyke systems. This
‘Wroxham-Horning’ section of the Upper Bure reach has
been identified as important for overall fish population den-
sity as well as bream spawning, based on the availability
of suitable macrophyte substrate within off-channel refugia

(Hindes 2019), high abundance of adult fish during spawn-
ing periods and high egg densities (Online resources 1-3).
The habitat then transitions to a semi-artificial landscape of
open, reed-fringed grazing marshes in the Lower Bure. The
River Ant is similar in character to the Upper Bure reach
and features extensive marsh dyke systems, while the River
Thurne is more open and includes abundant areas of reed-
bed, alongside the largest of the broads (Hickling Broad,
140 ha, Fig. 1). The Thurne is brackish due to underground
exchange between the sea and the catchment’s groundwater
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(Pallis 1911) and is at particularly high risk of blooms of
Prymnesium parvum, an algal species toxic to fish (Holdway
et al. 1978), although it has the highest abundance and spe-
cies richness of aquatic macrophytes across the study area
(Broads Authority 2019). Piscivorous fish (e.g. Northern
pike Esox lucius), birds (e.g. cormorant Phalacrocorax spp.)
and mammals (e.g. otter Lutra lutra) are present throughout
the study system. Bream spawning migrations of up to 25 km
have been documented from the Rivers Thurne and Ant to
Hoveton Great Broad and the surrounding Upper Bure area
(HGB: Fig. 1b; Winter et al. 2021a). Consequently, analyses
were largely focused on the movements of bream within the
Wroxham—Horning river section during their reproductive
period.

Fish sampling and acoustic telemetry

A total of 181 bream were captured and tagged between
November 2017 and September 2018 across four reaches
of the study system; Upper Bure, Lower Bure, Thurne and
Ant (Fig. 1a; Table 1). All fish were captured by rod and
line angling, as more general fish sampling methods (e.g.
fyke netting, seine netting, electric fishing) were too ineffi-
cient in such large, open waterbodies (Radinger et al. 2019).
Compared to electrofishing, rod and line angling can lead to
greater impacts on bream behaviour post-sampling, however
any effects are short-term (<5 days; Gardner et al. 2015).
Bream were measured (fork length; + 1 mm) and, where
possible, sexed. Sex was determined by inspecting charac-
teristics of the fish, such as their body shape and second-
ary sexual characteristics, such as the presence of spawn-
ing tubercles on the head, where the latter indicates a male
fish (Poncin et al. 2011). These features are most distinct in
bream close to their spawning period and, consequently, we
considered sex determination to be most reliable for bream
sampled in spring (Table 1).

Acoustic transmitters (‘tags’) were sourced from Vemco
(V13: length 36 mm X diameter 13 mm, 6.0 g mass in
water, N=148; V9: length 27.5 mm X diameter 9 mm, 2.7 g
mass in water, N=9) and Thelma Biotel (ID-LP13: length
28 mm X diameter 13 mm, 5.5 g mass in water, N=24). Tags
operated at 69 kHz, with battery lives of between 29 and
46 months, and with random transmission intervals between
60 and 120 s ensuring that adjacent signals did not continu-
ously overlap and cause interference. Tags were surgically
implanted into the ventral body cavity of the fish, anterior
to the pelvic fins and incisions were closed with a single
suture and wound sealer. All regulated procedures were
performed with the fish under general anaesthesia (Tricaine
methanesulfonate, MS-222), following ethical review and
under the UK Home Office project licence 70/8063. Fish
were released close to their capture location following their
return to normal body orientation and swimming behaviour.
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Table 1 Details of common bream sampling locations and tagging dates, along with sample sizes of those included in spatial and social preference analyses (residents and migrants only) for

each yearly spawning period

2019 Analysis 2020 Analysis

2018 Analysis

Sex ratio

N tagged Length (mm)

Sampling location Tagging date(s)

N resident N migrant N other N resident N migrant N other N resident N migrant N other

(males:females)

13

1:2.5

374-491 (435+28)

26

6 Nov 2017-8 Nov

Upper Bure

2017

1:1.6

286-471 (362 +70)

8

8 Nov 2017-9 Nov

2017

Lower Bure

1:1.8

341-471 (394 £32)
362-502 (406 +34)

17

25

14 Jan 2018

Thurne
Ant

12

1:2.6

27 Jan 2018-29 Jan

2018

11

16

15

25

1:1.2

313-527 (413 £44)

62

20 Apr 2018-23 Apr

2018

Upper Bure

290-503 (389+54) 1:2.1

43

15 Sep 2018-18 Sep

2018

Lower Bure

Length is represented by the range of values, with mean +SD in parentheses
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Their movements were then monitored within an array of
receivers for up to~2.5 years (to 30 June 2020), encompass-
ing three reproductive periods in the years 2018-2020.

As part of a wider research programme, a fixed array of
44 acoustic receivers (Vemco, VR2W) was installed in Octo-
ber 2017 and January 2018 throughout the four reaches of
the study system (Fig. 1a), prior to the first bream reproduc-
tive period in spring 2018. Receiver locations were selected
based on a combination of factors including maintenance
of good (<5 km) resolution in the main river channels
and monitoring of lateral fish movements to/from lakes
and dykes. A further 12 receivers were deployed in March
2019 to expand the monitored area (Fig. 1a). Receivers
were mostly moored on posts or underwater structures and
placed in the channel margins at approximately mid-water
depth. Data were downloaded every 3 months, while batter-
ies were replaced annually. Receiver detection range varied
with local environmental conditions, but rarely fell below
channel width distance (Winter et al. 2021b).

Environmental data

Water temperature (+0.5 °C) was recorded at hourly
intervals by two data loggers in the Rivers Bure and Ant
(HOBO® Pendant; model MX2202, Onset Computer Cor-
poration; Fig. 1a). A linear regression model revealed that
temperature in the River Ant was a highly significant pre-
dictor of temperature in the River Bure (F 5,33 =776,600,
p<0.001, R?=0.99). Analyses principally used tem-
perature data from the River Bure, however, where this
was unavailable (post November 2019), River Bure tem-
perature was estimated according to the linear equation:
Bure = (0.99 x Ant) — 0.21.

Data preparation

The telemetry dataset was divided into reproductive periods
and non-reproductive periods. In each year, the reproductive
period was considered to commence on the first day when
water temperature in the River Bure reached 9 °C, the ration-
ale being that off-channel areas tended to be approximately
1 °C warmer than the main river channel, and this threshold
likely captures bream movements just prior to the initiation
of spawning at> 12 °C (Backiel and Zawisza 1968). The
reproductive period was considered to have terminated once
the final migrant fish (see below) left the Upper Bure reach
in a downstream direction. Telemetry data from non-spawn-
ing periods were used to classify bream movement type but
were otherwise excluded from further analyses. In addition,
any bream that entered or were lost to the study during the
spawning period were removed from the dataset for that
year. This included fish whose acoustic detections ceased

or became stationary, and for the 2018 dataset, included all
bream tagged in April 2018 (Table 1).

Classification of movement type

Movement type was defined as follows: bream that overwin-
tered (between 1 December and 28/29 February) exclusively
in the Upper Bure reach and were then detected in the Upper
Bure during the defined spring spawning period were clas-
sified as ‘resident’; bream that overwintered either exclu-
sively or partially outside the Upper Bure reach, but were
then detected in the Upper Bure during the spring spawning
period were classified as ‘migrant’ (Fig. 2). A t test and chi-
squared test assessed whether fish length or sex differed by
movement type (residency/migration). Bream that did not
enter the Upper Bure reach during the spawning period were
classified ‘other’ (Fig. 2).

Spatial preferences

The number of detections at each receiver gave an initial
indication of ‘hotspots’ of bream activity. Detection count
(minus false detections and detections from stationary tags)
was scaled relative to the spatial area monitored by each
receiver when detection range equalled 200 m. This was
visualised for the year 2019 when sample sizes were greatest
(Table 1) and when passive acoustic telemetry was supple-
mented by manual tracking and spawning surveys (Environ-
ment Agency, unpublished data; Online Resources 1-3). A
measure of acoustic noise, the mean daily noise quotient,
(Simpfendorfer et al. 2008) was calculated from summary
data stored by the receivers and visualised alongside detec-
tion count. Negative values of the noise quotient indicated
tag collisions, while positive values indicated ambient/
anthropogenic/biotic noise.

Resident and migrant fish were then linked to the off-
channel sites they visited in the Wroxham—Horning area in
‘bipartite’ networks. Bipartite networks are those in which
nodes are one of two types, in this case individual fish or
sites, and network edges can only connect nodes of differ-
ing types. In these bipartite networks, edges connected fish
to sites at which they were detected on a presence/absence
basis. Separate networks were generated for each year. The
sites examined were Wroxham Broad (WB; two receivers),
Salhouse Broad (SB; two receivers), Hoveton Great Broad
and Hudson’s Bay (HGB; three receivers not including
those on broad entrances), Decoy Broad (DB; 1 receiver)
and Hoveton Little Broad (HLB; two receivers) (Fig. 1b).
However, SB was removed from the 2018 analysis due to
concerns about the receiver detection range overlapping
with the River Bure, with this receiver subsequently moved
by approximately 100 m in August 2018 and, therefore,
included in the 2019 and 2020 analyses. Site nodes were
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Fig.2 Example individual trajectories according to river reach of
eight common bream Abramis brama tagged in the River Bure study
system. Residents (a—c) overwintered exclusively in the Upper Bure
reach, while migrants (d—f) overwintered either partially or exclu-

ranked according to common network metrics; ‘degree’
indicated the number of edges connected to a node (num-
ber of fish visiting), and ‘betweenness’ gave a measure of
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sively outside the Upper Bure, prior to their detection in the Upper
Bure during the spring reproductive period. Fish classified other (g—
h) did not visit the Upper Bure during the spring reproductive period

centrality based on the number of shortest paths travelling
through a node (Farine and Whitehead 2015). For fish nodes,
a generalised linear mixed model (GLMM) tested whether
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movement type (resident/migrant) and year predicted node
degree (number of sites visited). This required a Poisson
family structure, with fish ID included as a random effect.
Between-individual variance was consistently estimated as
zero, so random effects were dropped from the model and
data tested using a generalised linear model (GLM).

Social preferences

Bream co-occurrence was examined at the receiver(s)
located at the highest-ranking site in the bipartite networks.
The co-occurrence of individuals was defined as their simul-
taneous detection at the same receiver within the same
hourly timestep. Detections at each receiver were examined
separately, as were the years of study. Hourly timesteps
greatly exceeded an acoustic tag’s transmission delay, mini-
mising the risk of false negatives, where fish were poten-
tially not detected due to tag collisions or being slightly out
of receiver detection range. Sampled timesteps were sepa-
rated by intervals of 1-2 h to allow for re-organisation of the
network and avoid temporal autocorrelation. Interval length
alternated between 1 and 2 h so that timesteps were not con-
tinually sampled at the same time each day. Fish detected
in 5 or more of the sampled timesteps were retained for co-
occurrence analysis.

The strengths of association between individuals through-
out each spawning period were then calculated using the
Simple Ratio Index (SRI), where the number of timesteps
that two fish co-occurred at a receiver was divided by the
total number of timesteps where at least one of the individu-
als was detected at the same receiver. SRI ranged between 0
and 1, where 0 indicated individuals never co-occurred and 1
indicated they always co-occurred. SRI association strengths
were accumulated into an association matrix, or network.
To test if the observed association network was more dif-
ferentiated than expected at random (i.e. more preferred/
avoided associations), the coefficient of variation (CV) of
edge weights (SRIs) was compared to the CV of 50,000 ran-
domised networks. Randomisation was achieved by rear-
ranging the observed pre-network data stream, where with
each permutation two individuals were swapped between
co-occurrences, and the SRI association network was recal-
culated (Farine 2017). A p value was calculated as the pro-
portion of times the CV of the observed network was less
than the CV of the randomised networks.

A multiple regression quadratic assignment procedure
(MRQAP), a method of matrix logistic regression for net-
work data (Dekker et al. 2007), was used to test the influ-
ence of individual similarity between bream (length, sex,
movement type) on their association strength. The SRI
association network represented the dependent variable,
while similarity matrices represented independent vari-
ables. Similarity was assessed on a binary scale, where a

value of 1 indicated paired individuals were of the same
sex, length class or movement type, and a value of 0 indi-
cated their attributes differed. Length classes were defined
as per the mean length and SD of the tagged population;
small: <360 mm (< mean — SD), medium: 360-450 mm
(mean + SD), large: >450 mm (> mean + SD). Null models
were built from the data stream permutations described pre-
viously and applied using the mrgap.custom.null function
within the asnipe package (Farine 2019) in R 4.0.2 (R Core
Team 2020). Statistical analyses and data formatting also
utilised the packages igraph (Csardi and Nepusz 2006) and
actel (Flavio 2020).

Results

The three bream spawning periods were 26 March to 16
May 2018, 20 March to 26 May 2019 and 26 March to 17
May 2020. In 2019, peaks of telemetry activity in Hudson’s
Bay (Fig. 1b) on 24-25 April and 16-19 May corresponded
with direct observations of bream spawning activity (Online
Resources 1-3). After applying data restrictions, the 2018
dataset comprised the movements of 13 resident and nine
migrant bream (of 76 tagged), while the 2019 dataset com-
prised 30 residents and 22 migrants (of 181 tagged), and the
2020 dataset comprised 20 residents and 13 migrants (of 181
tagged; Table 1). Loss of bream from the study was higher
than expected by natural mortality alone, but we provide
evidence to suggest tagging date and tag expulsion were
contributing factors (Winter et al. 2020). For fish detected
in multiple years, including those classified ‘other’ (n=40),
88% were consistent in their type of movement behaviour
(resident/migrant/other) across years. This included 36
bream that were detected in two consecutive years and four
that were detected in three consecutive years. Across all resi-
dent and migrant individuals, length did not differ by sex
(¢ test: t4;=0.37, p=0.72), and, excluding bream showing
flexible movement behaviour between years, length did not
differ by movement type (¢5; =0.49, p=0.63). Sex ratios of
detected fish (males: females) were 1:1.4 in 2018, 1:1.5 in
2019 and 1:2.6 in 2020. Sex did not predict migratory ten-
dency (y*=1.16, p=0.28), including for those fish tagged in
April 2018 (Table 1), for which sex determination was most
reliable (y*=1.15, p=0.28).

Spatial preferences

The total number of detections was highest for receivers situ-
ated in the Wroxham—Horning section of the Upper Bure,
but was also relatively high at Ranworth/Malthouse Broad
(Lower Bure), South Walsham Broad (Lower Bure), Bar-
ton Broad (River Ant) and close to Martham Broad (River
Thurne) (Figs. 1 and 3). Detections at Ranworth/Malthouse
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Fig.3 Total number of detections at each acoustic receiver during
the 2019 spawning period a across the entire study area and b in the
Wroxham-Horning section of the Upper Bure reach. Detections are
scaled relative to the detection area of each receiver when detection
range =200 m. Points are coloured according to the mean daily noise
quotient, with values <0 indicating interference by tag collisions.
Detections for fish classified ‘resident’, ‘migrant’ and ‘other’ are com-
bined. See electronic supplementary material for detection plots spe-
cific to movement type (Online Resource 4-6)

Broad and Barton Broad were largely attributed to bream
classified ‘other’ that did not visit the Upper Bure reach dur-
ing the spawning period, while detections at Martham Broad
were principally made by ‘migrant’ fish and those at South

Walsham Broad were made by both ‘migrant’ and ‘other’
fish (Table 1; Online Resources 4—6). Daily noise quotients
ranged from — 30,699 to 3478, with 59% of values lower
than zero, indicating reduced receiver performance due to
tag collision interference. This was particularly evident for
receivers within Hoveton Great Broad (HGB), where detec-
tion count was likely considerably underestimated (Fig. 3).

In the Wroxham—Horning river section, HGB consistently
ranked highest of the site nodes in the bipartite networks
according to degree and betweenness in all years (Table 2;
Fig. 4), indicating it was visited by the most fish and was
the most central site within the networks. The GLM test-
ing movement type on the number of sites visited in the
Wroxham-Horning river section was significant, indicating
that residents typically visited fewer off-channel sites than
migrants during the spawning period (Table 3). However,
the spatial preferences of residents versus migrants did not
significantly differ, with no relationship found between
behavioural type and the number of fish detected at each site
(2018: *=1.39, p=0.71; 2019: 4*=9.20, p =0.06; 2020:
7$=8.28, p=0.08).

Social preferences

Co-occurrence analyses focused on the three acoustic receiv-
ers situated at HGB, excluding those located at the entrances
to the broad (LBE, LBW and HUD; Fig. 1b). A total of nine
SRI association networks were examined across all years
(Fig. 5). In each network, fish nodes of opposite length class,
sex and movement type were connected by edges, indicating
the co-occurrence of bream with differing attributes at the
same receivers within the same hourly timesteps (Fig. 5).
The null hypothesis that bream associated randomly was
rejected for seven of the networks (p <0.001), but at LBE
and LBW in 2018, the observed coefficient of variation (CV)
was not significantly different to random (p =0.20-0.30;
Fig. 5). This indicated that bream largely formed more
preferred associations than expected at random. In some
instances, MRQAP tests suggested that length, sex and/or
movement type were important predictors of association

Table 2 Off-channel sites in the

. 2018 2019 2020
Upper Bure ranked according to
degree (number of fish detected) Degree Betweenness Degree Betweenness Degree Betweenness
and betweenness (measure
of centrality) calculated from WB 12 (2) 90.9 (2) 11(5) 146.5 (4) 8(4) 56.4 (4)
bipartite networks SB - - 18 (3) 121.7 (5) 13 (3) 75.7 (3)
HGB 19 (1) 205.6 (1) 44 (1) 1105.9 (1) 26 (1) 405.5 (1)
DB 3(4) 1.1 (4) 154 149.0 (3) 8(4) 29.5 (5)
HLB 6(3) 114 (3) 19 (2) 194.8 (2) 15(2) 175.0 (2)

Rankings are provided in parentheses
WB Wroxham Broad; SB Salhouse Broad; HGB Hoveton Great Broad; DB Decoy Broad; HLB Hoveton

Little Broad

@ Springer



Acoustic telemetry reveals strong spatial preferences and mixing during successive spawning...

Page9of14 52

(a)2018 (b)2019

Fig.4 Bipartite networks of bream (circular nodes) linked to off-
channel sites (square nodes) on a presence/absence basis according to
year of study. Circular node shading depicts bream movement type

Table 3 Coefficient estimates (+ SE) for the GLM predicting number
of sites visited according to movement type and year

Parameter Fixed

(Intercept) 0.76+0.17%**
Type: Resident —0.29+0.14*
Year: 2019 0.12+0.19
Year: 2020 0.16+0.20

Estimates for migrants and the year 2018 are represented by the inter-
cept
*#%p <0.001; *p <0.05

strength (Table 4), however, given poor adjusted R? val-
ues and small effect sizes (< 0.05), the influence of these
variables on the probability of co-occurrence at each of the
receivers and in each year was considered relatively low.

Discussion

Through applying passive acoustic telemetry in a well-
connected wetland system, this study revealed a high con-
sistency in the movement phenotypes of common bream
and revealed that, despite residents and migrants being
spatially segregated in non-reproductive periods, they did
mix in space and time during their reproductive period. The
potential for their interbreeding during spawning was thus
considered to be high, suggesting that the different pheno-
types detected in the Upper Bure reach comprised a single
population that converged at particular off-channel sites to
reproduce on an annual basis. Combined with bream that
spawn outside the Upper Bure reach (classified ‘Other’),
these diverse phenotypes appear to form a metapopulation
across the Norfolk Broads study area.

(light blue=resident; dark blue =migrant). WB Wroxham Broad; SB
Salhouse Broad; HGB Hoveton Great Broad; DB Decoy Broad; HLB
Hoveton Little Broad

The tagged bream showed high consistency in their
movement behaviour (residency/migration) across the
three annual reproductive periods. Brodersen et al. (2014)
also documented high individual consistency in the move-
ment phenotype of R. rutilus, with a high somatic condition
increasing the likelihood of individuals adopting the migra-
tion strategy (see also Brodersen et al. 2008). Conversely,
evidence suggests that habitat shifts of bream are more likely
to occur in fish of low somatic condition (Brodersen et al.
2019), although how condition during juvenile development
and maturation affected the subsequent behaviour of the
adult fish here was unable to be tested. Indeed, behaviourally
plastic traits in early life may become canalised and fixed
in certain individuals, dependent on genetic and environ-
mental threshold states (Chapman et al. 2012a; Brodersen
et al. 2014). Consequently, adopting long-term studies on the
movements of bream that encompass both their juvenile and
adult life stages would be helpful in identifying the ecologi-
cal mechanisms by which individuals adopt different behav-
ioural strategies. There are, however, technological issues
to overcome here relating to the type of tags used, and their
lifespan and suitability for implanting into juvenile fish. Not-
withstanding, studies increasingly suggest that some smaller
tags can be used on relatively small fish without long-term
detrimental impacts on their growth and survival (Crossin
et al. 2017; Klinard et al. 2018).

There was no statistical difference in the lengths of
migrant and resident bream at tagging. Evidence from other
studies suggests that smaller individuals (across the length
range of 100-550 mm) have a higher propensity to migrate
between habitats (Skov et al. 2011). That such an effect was
not detected in the present study could have been an artefact
of the study design, as the use of the acoustic tags precluded
the tagging of fish below 290 mm. Whilst the findings of
Skov et al. (2011) imply that bream movement occurs across
a gradient of predation risk, predators of bream are present
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Fig.5 Common bream association networks at receivers located
within Hoveton Great Broad: LBE (left; a, d, g), LBW (centre; b,
e, h) and HUD (right; c, f, i) in the years 2018 (top; a, b, ¢), 2019
(middle; d, e, f) and 2020 (bottom; g, h, i). Edge thickness is pro-
portional to SRI values. Node shading depicts movement type (light
blue =resident; dark blue=migrant), node shape depicts fish sex
(square=male; circle=female; triangle=not determined) and node

@ Springer

size depicts fish size (small: <360 mm; medium: 360-450 mm;
large: >450 mm). Each panel displays the observed network (top)
and the normal probability density plot for the coefficient of variation
(CV) values of the 50,000 random networks (bottom). In the density
plots, values of the observed CV are indicated by dots (red = statisti-
cally significant; grey =non-significant)
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Table 4 Results of the

- ’ . Year Receiver N bream in Predictors Regression Coef- P (Il <Irl) Adjusted R?
Mul‘tlple Regression Quadratic network ficient (B)
Assignment Procedures
gl\/iliRQAPs)filn:dicatir}g t_flle o 2018 HUD 6 Length - 0.007 0.92 -0.06
1211;:;:21; anfie?rlrz\?ézler?: ltt)}/lpl: Sex — 0.036 0.046
on their association strength in Type - 0.030 0.24
each year and at each receiver 2019 LBE 38 Length —0.005 <0.001 0.008
(LBE; LBW; HUD) within the Sex 0.005 0.044
z—lI:(i);/.etfbn) Great Broad complex Type 0.021 <0.001
LBW 29 Length —0.0008 0.77 —0.005
Sex 0.009 <0.001
Type 0.003 0.11
HUD 16 Length 0.022 0.39 0.001
Sex 0.007 0.99
Type —0.016 0.012
2020 LBE 24 Length —-0.012 0.72 0.020
Sex —0.0007 0.88
Type 0.019 <0.001
LBW 21 Length —0.018 0.28 0.003
Sex — 0.005 0.89
Type 0.010 0.027
HUD 15 Length 0.045 <0.001 0.038
Sex 0.005 0.36
Type 0.002 0.75

Regression coefficients (log odds) were considered significant (in bold) if greater than the null expectancy,
thus when P (I1<Irl) <0.05. Receivers LBE and LBW were not included in the 2018 analysis as the SRI
association networks were not considered significantly different to random

throughout the Norfolk Broads study area. This suggests
that the partial migration observed here was driven less by
predation vulnerability and perhaps more likely by trophic
polymorphism, where migrants that overwinter in the brack-
ish reaches of the study area (i.e. the Lower Bure and River
Thurne) will specialise on different prey to those in upstream
areas (Chapman et al. 2012a). A recent study suggested that
the diet composition of bream is sex specific, although this
did not coincide with sexual segregation in habitat use (Zak
et al. 2020). While we found no relationship between migra-
tory phenotype and sex, migration in other fish species is
often more common in females, particularly for anadromous
salmonids (Jonsson and Jonsson 1993). Common bream,
being a shoaling species, differ to salmonids in their social
behaviour, which could explain the absence of an effect of
sex on migratory status. Instead, bream migration may be
more dependent on a flexible extrinsic state, such as domi-
nance or body condition, which could be related to popula-
tion density or resource availability (Chapman et al. 2012a).

In most cases, the co-occurrence of bream at acous-
tic receivers was not random, suggesting the existence of
distinct shoals, with certain individuals more likely to be
detected simultaneously than expected by chance. This is
in line with their known gregarious nature (Backiel and
Zawisza 1968). However, the probability of co-occurrence

was not strongly correlated with similarity in fish length,
sex or movement type (resident/migrant). Other species of
shoaling fishes can show strong segregation by sex and/or
body size, including during spawning, for example Atlantic
cod (Morgan and Trippel 1996). Others may be grouped
according to behavioural type, which may link to physiologi-
cal differences, such as activity levels or environmental tol-
erances (Killen et al. 2017). One possibility not examined
here is the segregation of fish by relatedness, which may
be more relevant during reproductive periods than at other
times of the year (Ward et al. 2020). Assortative mating
could be contributing to phenotypic expression, however,
the acoustic telemetry technology used here was unsuitable
for monitoring fine-scale spatial (< 1 m) and temporal (<5 s)
interactions between fish. Elsewhere, assortative mating is
thought to influence the genetic and morphological diver-
gence of roach and European perch Perca fluviatilis across
the littoral-pelagic axis (Faulks et al. 2015). Thus, newly
available advanced positioning telemetry could be applied
to testing this in wild bream (Guzzo et al. 2018; Leander
et al. 2020).

It is highly likely that detection count was underestimated
where acoustic interference due to tag collisions was high.
Sporadic use of mobile tracking and side scan sonar imaging
in the Wroxham—Horning reach during 2019 confirmed that,
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where bream were densely aggregated, tag collisions con-
tributed to missed and false acoustic transmissions (Environ-
ment Agency, unpublished data). There exists a trade-off
between maximising the temporal resolution of acoustic
tracking (by reducing transmission delay) and minimising
the risk of tag collisions (by increasing transmission delay)
(Simpfendorfer et al. 2015). Similarly, the risk of tag col-
lisions increases with the sample size of tagged fish. For
example, with a random transmission interval ~90 s and an
acoustic pulse time of ~3 s (time required to transmit sig-
nal), an aggregation of 30 tagged individuals within range of
one receiver could result in almost continuous interference.
Thus, without the use of controls (e.g. fixed-location sentinel
tags), metrics dependent on receiver performance should be
interpreted with caution (Payne et al. 2010). However, a new
digital coding system, with a transmission time of <1 s, is
less sensitive to acoustic noise and shows potential for more
efficient monitoring of dense aggregations of tagged animals
(Guzzo et al. 2018; Leander et al. 2020).

During the reproductive period, resident and migrant
bream co-occurred in space and time, indicating the poten-
tial for their interbreeding. This lack of spawning segrega-
tion implies unrestricted gene flow between behavioural
phenotypes, although genetic differentiation could still
drive differences in behaviour, for example through post-
zygotic selection against resident—migrant hybrids (Turbek
et al. 2018) or complex epigenetic processes (Merlin and
Liedvogel 2019). Nevertheless, the genetic isolation of resi-
dents and migrants is unlikely, but these inferences would
be strongly complemented by population genetic analyses.
Ultimately, the phenotypic diversity observed here likely
promotes long-term population stability through buffer-
ing against site-specific mortality due to environmental
fluctuations (Chapman et al. 2012a). For example, should
the component of the bream population that resides in the
lower, brackish reaches be impacted by saline intrusion
(BBC 2014), or a toxic bloom of Prymnesium parvum (ITV
2015), the subsequent production of migrants from the upper
reaches would be predicted to recolonise these affected areas
(Pickett and White 1985).

The presence of different migratory strategies within
populations of cyprinid fishes is becoming increasingly
evident, with the phenotypic diversity demonstrated in this
bream population being similar to that detected in popula-
tions of other cyprinid species, such as R. rutilus (Chapman
et al. 2012b; Brodersen et al. 2014). Thus, where high habi-
tat connectivity has been maintained in freshwater systems,
then life-history strategies that encompass partial migration
are usually preserved. Yet evidence suggests that globally,
there are few rivers that remain free flowing throughout their
length (Grill et al. 2019) and in Great Britain, only 3.3% of
the total river network remains fully connected (Jones et al.
2019). Consequently, if it is considered that maintaining

@ Springer

this phenotypic diversity in cyprinid species is an ecologi-
cal and conservation priority, given its potential importance
for maintaining genetic diversity and population stability,
then this can only be achieved by prioritising the mainte-
nance and/ or restoration of functional habitat connectivity
in lowland river systems.
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