Vol. 561: 173-187, 2016
doi: 10.3354/meps11937

MARINE ECOLOGY PROGRESS SERIES
Mar Ecol Prog Ser

Published December 15

Two's company, three's a crowd: fine-scale habitat
partitioning by depth among sympatric species of

marine mesopredator

Nicolas E. Humphries!*, Samantha J. Simpson''?, Victoria J. Wearmouth!,
David W. Sims!23

IMarine Biological Association of the United Kingdom, The Laboratory, Citadel Hill, Plymouth PL1 2PB, UK

2Qcean and Earth Science, National Oceanography Centre Southampton, University of Southampton, Waterfront Campus,

European Way, Southampton SO14 3ZH, UK

3Centre for Biological Sciences, Building 85, University of Southampton, Highfield Campus, Southampton SO17 1BJ, UK

ABSTRACT: A sympatric assemblage of morphologically similar predators is expected to exhibit
fine-scale habitat segregation, or resource partitioning, to reduce the effects of direct competition.
This principle has been well studied for predators in terrestrial ecosystems. In the marine environ-
ment, the fine-scale spatial segregation of sympatric species of large predators is poorly under-
stood because detailed movement and behavioural data are often not available across multiple
species within the same timeframe. The ways in which co-occurring congeneric predators sepa-
rate spatially is even less well understood. Medium-sized species of skates (genus Raja) co-occur
in temperate habitats of the north-east Atlantic Ocean, share similar morphologies and have
distributional ranges that overlap significantly in the western English Channel ecosystem. In the
present study, detailed depth time series retrieved from 89 electronic data storage tags attached to
4 species of skate were analysed to determine preferred depth ranges. The 4 species were found
to segregate spatially into 2 groups, with one group having a significantly shallower core annual
depth range than the other. To our knowledge, fine-scale segregation by depth has not been
observed previously. Interestingly, the members of each species group appeared complementary,
each group comprising species with different dietary preferences and with a larger and smaller
body size. An understanding of how core depth ranges differ and how these species utilise vertical
habitat could potentially enable geographic ranges around the coast to be predicted, with impor-
tant implications for how these species interact with fisheries and Marine Protected Areas.
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INTRODUCTION

The mechanisms that animals with similar resource
requirements use to avoid direct competition is an
important ecological question, which, at least in the
terrestrial realm, has received much attention. Con-
cepts such as niche partitioning have been de-
veloped to further our understanding of the morpho-
logical and behavioural adaptations seen in co-
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existing animals with competitive overlap, such as
African feline predators. For example, lions, chee-
tahs, leopards, caracals and servals coexisting in and
around the African savannah exhibit a complex array
of adaptations such as differing prey specialities,
morphologies and life history traits, resulting in re-
source partitioning and, consequently, reduced di-
rect competition (Hayward & Kerley 2008, Owen-
Smith & Mills 2008). Niche partitioning can also in-
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volve behavioural adaptations, for example differing
thermoregulatory behaviour in tiger beetles (Brosius
& Higley 2013) or activity patterns in lizards (Vitt &
Zani 1996). In sympatric assemblages of birds, niche
partitioning is evident in the location of nesting sites,
where clear habitat preferences have been observed
with elevation, aspect and slope position being im-
portant habitat features (Dellinger et al. 2007), in ad-
dition to tree species and ground cover (Martin
1998).

In marine ecosystems and for elasmobranchs in
particular, several drivers of resource partitioning
have been identified. Where spatial overlap occurs,
for example in reef sharks or stingrays, temporal or
dietary differences have been found that allow co-
existence (Cartamil et al. 2003, Speed et al. 2012). In
an assemblage of reef sharks, while there was con-
siderable overlap in the areas occupied, differences
were found between the species in the times of peak
abundance (Speed et al. 2011). Carcharhius me-
lanopterus abundance peaked between 13:00 and
14:00 h, while C. amblyrhnchos abundance peaked
earlier, at 10:00 h, suggesting a temporal partitioning
of resources and diel movement patterns. In an Aus-
tralian assemblage of stingrays, resource partitioning
was found to comprise a complex of habitat prefer-
ences and dietary differences, with ontogenetic
changes in diet resulting in narrowing diet breadth
and reduced dietary overlap with increasing age
(Platell et al. 1998). Stomach content and stable iso-
tope studies have found diet to be an important
component of resource partitioning (Speed et al.
2012), with trophic structure often based on teleost/
crustacean divisions (Espinoza et al. 2015, Hussey et
al. 2015b). Where dietary overlap has been identi-
fied, for example in pelagic sharks in the Hawaiian
Islands, USA, niche partitioning has been achieved
through spatial (geographic) segregation (Papasta-
matiou et al. 2006). Skates, such as Raja spp., gener-
ally have broad diets (Farias et al. 2006, Santi¢ et al.
2012), and there can be significant dietary overlap
(Valls et al. 2011), despite individual specialisations.
For Raja spp. therefore, spatial segregation, or habi-
tat preferences, could be an important driver of
resource partitioning.

Habitat partitioning is perhaps one of the clearer
indications of niche separation, being easier to ob-
serve than prey preferences or behavioural adapta-
tions, especially in cryptic ecosystems such as marine
or freshwater habitats. Indeed habitat preferences
have been observed in many different taxa in aquatic
ecosystems, for example, freshwater fish in chalk
streams (Prenda et al. 1997), in marine fish such as

gurnards (Lopez-Lopez et al. 2011), pipefish (Mala-
vasi et al. 2007) and sharks (Ceccarelli et al. 2014,
Legare et al. 2015), and in copepods (Mackas et al.
1993).

Habitat preferences, for example for particular
substrates, temperatures or depths, are fundamental
drivers of species distributions, migrations and fine-
scale movements in the marine environment (Speed
et al. 2010, Gouraguine et al. 2011, Queiroz et al.
2016). Consequently, an understanding of habitat
preferences is essential when considering conser-
vation strategies (Kaiser 2005, Speed et al. 2010,
Queiroz et al. 2016). This is particularly relevant to
marine ecosystems, where many species have been
overexploited and regulations to control or limit har-
vesting have resulted in reduction measures such as
Marine Protected Areas (MPAs) that exclude or par-
tially exclude fisheries (McCauley et al. 2015). How-
ever, in contrast to terrestrial ecosystems, fine-scale
information concerning the movements and habitat
preferences of multiple species of marine predators
within the same geographical region is generally
lacking (Block et al. 2011), making reliable conserva-
tion planning difficult, despite the pressing need to
reduce overexploitation (Thurstan et al. 2010).

Historically, commercial fishing or research trawl
survey data have been used to examine large-scale
patterns in species distributions, including differen-
ces in depth range occupation among sympatric spe-
cies (Gouraguine et al. 2011). However, it is not pos-
sible to examine fine-scale differences in the habitats
occupied by many individuals of multiple species
continuously through time with these coarse sam-
pling approaches. Recent advances in electronic
data-logging devices (tags) have opened a window
on the complex behaviour of marine predators, pro-
viding insights into foraging and migratory patterns
(both horizontal and vertical) of commercially impor-
tant species including cod, skates, tunas, sharks and
billfish (Hunter et al. 2006, Hobson et al. 2007, Sims
et al. 2008, Humphries et al. 2010, Block et al. 2011,
Hussey et al. 2015a). Tracking the movements of
individual fish of sympatric species offers a way to
investigate habitat partitioning. For example, the
large-scale movements of 3 wide-ranging species of
pelagic shark from the family Lamnidae (salmon
shark Lamna ditropis; shortfin mako Isurus oxy-
rinchus; white shark Carcharodon carcharias) have
been tracked simultaneously in the eastern Pacific
Ocean (Block et al. 2011). Spatial separation was
demonstrated between the 3 species over a large
scale, encompassing 40° of latitude and more than
30° of longitude. This was consistent with their active
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behaviours and wide-ranging distributions, with the
species essentially exhibiting latitudinal zonation
rather than fine-scale niche separation. While fine-
scale habitat partitioning might be difficult to iden-
tify in active, wide-ranging pelagic species, it might
be found in the study of less active, benthic meso-
predators, such as skates.

Skates are marine mesopredators strongly adapted
for the benthic environment and with a worldwide
distribution in all oceans. These elasmobranchs differ
from their benthic teleost counterparts in this local
assemblage, such as plaice Pleuronectes platessa or
turbot Psetta maxima, principally by being dorso-
ventrally, rather than laterally, flattened and by hav-
ing ventrally positioned mouths. Unlike most tele-
osts, including plaice, skates are K-selected species
with a late age at maturity and low fecundity, making
them vulnerable to overexploitation (Field et al.
2009, Dulvy et al. 2014). They also lack a planktonic
life history stage, resulting in reduced dispersal and
low re-colonisation potential compared to teleost
benthic predators (van der Molen et al. 2007, Frisk et
al. 2014). Studies using research trawl data have
found depth to be an important factor in the segrega-
tion of the 4 elasmobranch species studied here
(Gouraguine et al. 2011), and complex patterns of
spatial segregation and apparent differential habitat
preferences have also been identified in the eastern
North Pacific (Bizzarro et al. 2014). The aforemen-
tioned study found depth to be the primary axis of
segregation although it was suggested that the driver
could be temperature, which was strongly correlated
with depth. Interestingly, where species overlapped,
the coexisting species were found to differ in size,
which suggests some further level of niche partition-
ing. Segregation, or zonation, by depth has also been
found in the South African assemblage of skates
(Compagno et al. 1991, Compagno & Ebert 2007) and
would therefore appear to be a common occurrence
among skates over the large scales at which these
studies were performed. However, all these studies
were large (geographic) scale and investigated sepa-
ration at a species level into different populations
with different habitat preferences. Less is known
about fine-scale habitat segregation in sympatric
assemblages of skates, where the species co-exist
over a relatively small geographical extent. This sig-
nificant gap in our understanding is unsurprising
given that the cryptic nature of benthic predators
makes direct observation impractical and that the
majority of data concerning habits and diet are
derived from fisheries or trawl surveys (Bizzarro et al.
2014). Data from both fisheries and trawl surveys are

inevitably sparse and the distribution of fishing effort
can result in a significant bias (Bolle et al. 2005),
making any conclusions regarding ecological con-
cepts such as habitat preferences or resource parti-
tioning somewhat speculative. Further, temperate
marine benthic environments very rarely benefit
from in situ observations that can prove so useful in
elucidating behaviour and habitat preferences
(Eggleston et al. 2013).

There are 4 species of skate that are commonly
found in southern UK waters in the western English
Channel (WEC) ecosystem: Raja brachyura (blonde
ray; LaFont, 1871), R. clavata (thornback ray; Lin-
naeus, 1758), R. microocellata (small-eyed ray; Mon-
tagu, 1818) and R. montagui (spotted ray; Fowler,
1910). These species have been common and wide-
spread since the last glacial maximum some 20000 yr
ago (Chevolot et al. 2006b) with distributional ranges
that overlap significantly in the WEC (Ellis et al.
2005b), although abundance has declined since the
1950s as a result of fishing pressure (Chevolot et al.
2006a, Genner et al. 2010). In order to reduce direct
competition, it might be expected that these 4 sym-
patric species would exhibit significant differences in
morphology and life history (Hardin 1960). However,
the members of this closely related congeneric group
(McEachran & Dunn 1998, Ebert & Compagno 2007)
show considerable morphological similarity and until
recently were simply classified as ‘skates and rays' in
fisheries landings data (Dulvy et al. 2000). The most
obvious difference between the 4 species is an inter-
species maximum recorded size range of around 1.5
times between the smallest (R. montagui) and the
largest species (R. brachyura). Further, their dietary
requirements are also broadly similar, being general-
ist predators of crustaceans and fish with consider-
able overlap, especially between juvenile individuals
(Ellis et al. 1996). Consequently, it is not currently
known how resources are partitioned among these
species in order to enable their apparent close co-
existence.

To address this knowledge gap, we investigated
the fine-scale habitat use of the 4 sympatric skates
with tracking data collected simultaneously through-
out the study area. This study analyses datasets for 4
species of skate (R. brachyura, R. clavata, R. micro-
ocellata, R. montagui), from 179 tags deployed from
July 2007 to May 2013 off Plymouth, UK. The long-
term depth time-series were analysed to determine
(1) whether core depth preferences can be identified
in each species; (2) whether preferred depths differ
sufficiently to indicate habitat segregation, and (3)
how preferences change over seasonal timescales.



176 Mar Ecol Prog Ser 561: 173-187, 2016

To identify core depth preferences, the study used
weekly mean depths for each species. To determine
differences in depth preferences, the overlap in
weekly time at depth occupancy between the species
and how this overlap changes on seasonal timescales
was examined, providing a first step in understand-
ing the complex behaviours underlying coexistence
and niche partitioning.

MATERIALS AND METHODS
Tags and tagging

Adult or sub-adult fish were captured during rou-
tine research survey trawls in inshore waters of the
WEC between Whitsand Bay (50.34° N, 4.28°W) and
Bigbury Bay (50.26°N, 3.89°W). Fish were tagged
using data storage tags (DST), either CTL G5 (www.
cefastechnology.co.uk) or Star Oddi (star-oddi.com).
Standard G5 DSTs were 31 mm long, 8 mm in dia-
meter and weighed 1 g in water, whereas long-life
G5 DSTs were 35.5 mm long with a diameter of
11.5 mm and weighed 2.1 g in water. Star Oddi DSTs
were 39.4 long with a diameter of 13 mm and
weighed 5 g in water. DSTs monitor temperature
from 2 to 34°C (accuracy 0.1°C, resolution 0.03°C)
and pressure to a depth of 100 or 200 m (accuracy
1%, resolution 0.04 %) depending on tag type (see
Table S1 in the Supplement at www.int-res.com/
articles/suppl/mb61p173_supp.pdf). All DSTs were
programmed to record depth at 20 s, 30 s or 1 min
intervals. All tags also recorded temperature every
10 min. DSTs were attached to skates via Peterson
disc tagging using the methods described by Wear-
mouth & Sims (2009). Briefly, tags were mounted in a
stainless steel wire cradle with a long, pointed stain-
less steel wire attachment. This wire was passed
through a Peterson disc and then dorsoventrally
through the pectoral fin, taking care to avoid the
abdominal cavity. A second Peterson disc was then
placed onto the length of wire on the opposite (ven-
tral) side of the animal before securing the attach-
ment by turning a series of rounds into the length of
wire remaining. Tagging was typically accomplished
in less than 2 min, including the measurement of total
length and body width. Animals were immediately
transferred to on board aquaria with fresh running
sea water for observation prior to release within the
hour. All tagging procedures were approved by the
Marine Biological Association Animal Welfare and
Ethical Review Body (AWERB) and licensed by the
UK Home Office under the Animals (Scientific Proce-

dures) Act 1986. DSTs were returned through the
commercial net and trawl fisheries operating in the
WEC with a reward of £50 given for return of the
DST and the fish, or for information about the size of
the fish and where it was captured.

Data analysis

Several approaches were taken to determine core
depth occupancy, separation and the degree of over-
lap in vertical habitat use. To determine core depth
preferences and how depth usage changed over time
at seasonal timescales, weekly mean depths were
computed from all pooled individuals and plotted for
each species. To examine depth preferences at a
finer temporal scale, diel depth profiles were com-
puted, whereby the mean depth in hourly depth bins
was computed for all individuals in each species. Ad-
ditionally, to investigate possible drivers of habitat
preferences, weekly mean temperatures were also
computed from the time-series data.

To investigate overall depth occupancy and the
extent of the vertical habitat exploited, time at depth
(TAD) plots were built by computing percentage time
at depth for all individuals. The depth time-series
data returned by the tags are complex and represent
movements encompassing a rich behavioural reper-
toire with considerable variability both between and
within species and individuals. To reveal this fine-
scale detail, the datasets were used to populate TAD
matrices, constructed with 4 m depth bins (rows) and
weekly time bins (columns), whereby all the data for
each species could be accumulated into a single ma-
trix. The matrices were constructed with a maximum
depth of 80 m, which was sufficient to encompass the
recorded depths and a 4 m depth bin was conse-
quently chosen as this provided 20 depth bins.

To reduce bias introduced by the datasets having
differing durations and extents, computed TAD val-
ues were normalised by dividing by the number of
datasets contributing to each grid cell to give a mean
TAD value. The resulting TAD matrices were initially
compared visually by producing contour plots. To
further investigate shared depth occupancy between
pairs of matrices, a shared TAD occupancy matrix (S)
was computed with values for each grid cell calcu-
lated using:

S 0,ff plorp2=0 (1)
(1+ p1) X (1+ p2), otherwise

where pl is the occupancy value from one species
and p2 the value of the other. This equation is used as
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the normalised TAD values can be <1.0. To provide a
numerical comparison of the matrices, an overlap
coefficient (O) was computed using the following
equation (Horn 1966, Rijnsdorp et al. 1998):

O=23(P;xPy)/ [ZP@+P§] (2)
J J

where P, represents the TAD value for species a in
grid cell j and Py, the corresponding value for species
b. Using this equation, it is possible to compute an O
for either the entire matrix, or for sub-sets of grid
cells, such as all cells in each column to provide a
week by week coefficient, or for all grid cells in each
row to give Os for each depth range. These coeffi-
cients range in value from 0.0 (no overlap) to 1.0
(matching occupancy) and provide a straightforward
way in which to determine similarity between TAD
matrices constructed for different species. To deter-
mine the statistical significance of the Os, a null
model was used with a Monte-Carlo approach in a 2-
step process. First, for each pair of matrices (M1 and
M2) being analysed, a null value was computed
using a randomised M1 matrix and the original M2
matrix, with this being repeated 5000 times. For each
iteration a count was maintained of the number of the
times the randomised overlap coefficient value (O,)
was less than the observed overlap coefficient value
(O,). The process was then repeated a further 5000
times with M2 being randomised and M1 being the
original, to give a total number of randomisations (R)
of 10000. A mean random overlap coefficient value
(Om) was calculated for all randomisations.

The randomisation process was a conservative
approach based on the RA4 option in EcoSim (Gotelli
& Ellison 2013), whereby each non-zero value was
swapped with a randomly selected non-zero value.
This approach preserves the overall TAD structure
but modifies the distribution of ‘hot’ and ‘cold’ spots.
Examples of randomised matrices are given in
Figs. S1 & S2 in the Supplement at www.int-res.com/
articles/suppl/m561p173_supp.pdf.

A value greater than the O, value suggested that
the observed overlap was less than expected by
chance, and therefore the count of (O, < O,)/R pro-
vides a p-value. Conversely, O, > O, suggests that
the observed overlap is greater than expected by
chance and then 10000 - (O, > O,)/R provides the p-
value. For example, if the O, was 0.26, the O,,, was
0.32 and 9793 of the randomisations produced a coef-
ficient greater than observed, then the observed
overlap can be said to be significantly less than
expected by chance, with a p-value of 10000 — 9793/
10000 = 0.0207.

The long timescale of the tagging activities/de-
ployments and the short length of some of the data-
sets (range 2 t0 419 d; mean = 140 d £116 SD, n = 89)
inevitably resulted in some gaps between individuals
across seasons and years. To account for the gaps, we
overlaid all data to a single year in all the analyses,
making the assumption that on an annual scale, indi-
vidual species within the study area likely exhibit
similar behaviours and activities between years.

To determine the statistical significance of the sep-
aration by depth and to account more fully for indi-
vidual variation, a mixed effects linear model was
run using the R Imer function (Winter 2013, Bates et
al. 2015, R Development Core Team 2015). The mo-
del used was Mean Depth ~ Species + Week + (1 |
Individual) with a null model of Mean Depth ~ Week
+ (1 I Individual). The models were run using weekly
mean depth data from all individuals and were com-
pared using 1-way ANOVA to determine whether
Species had a significant effect.

RESULTS
Tag returns and available datasets

Of the 179 tags deployed, 92 (51.4 %) were retur-
ned, and 89 had useable data with a total of 35 x 10°
data points totalling 12585 d. A summary of the data-
sets available is given in Table 1, further details are
given in Table S1 in the Supplement. Recapture loca-
tions were recorded for 64 tags, giving a mean dis-
placement of 12.09 km +13.26 SD (range 0.33 to
63.96; n = 64). Median displacements for each spe-
cies are given in Table S2 in the Supplement. For 59
animals (92 %), the displacement was <30 km, sug-
gesting that these animals tended to remain in the
area (Fig. 1), in agreement with previous tagging
studies (Hunter et al. 2005a, Chevolot et al. 2006a).
No correlation was found between days at liberty

Table 1. Datasets available for study of Raja brachyura, R.
clavata, R. microocellata and R. montagui. IUCN status: NT,
Near Threatened; LC, Least Concern

Species Days of No. of data No.of IUCN

data points ind. status
R. brachyura 1240 4331839 12 NT
R. clavata 5949 15096439 43 NT
R. microocellata 3501 11084059 24 NT
R. montagui 1895 4927843 10 LC
Total 12585 35440180 89
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with this level of residency being
likely in other locations around

N - 3 0 4.759.5 19 km
| |

50°19
59”N

49°59’

o
4°40° 4°20°

-101.59
Depth (m)

Fig. 1. Tag (green dot) release and (red dot) recapture locations of tagged
Raja brachyura, R. clavata, R. microocellata and R. montagui captured in in-
shore waters of the western English Channel. The majority of animals for
which tags were returned remained close to the release location. Inset shows

the study area in relation to the UK

and displacement (Pearson Product Moment Corre-
lation = 0.0528, p = 0.678, n = 64), indicating that the
skates were not simply in transit through the area,
but instead represent part of a more localised assem-
blage. As we do not have geographic locations, other
than the release and recapture points, it is not possi-
ble to confirm whether the animals are permanent
residents or are simply exhibiting site fidelity. How-
ever, if animals were migrating away then returning
to the site after significant periods away, then it
would be more likely for captures to have occurred
further afield. Consequently, although site fidelity
cannot be ruled out, residency, at least for the ani-
mals for which tags were returned, seems more like-
ly. The animals in the study can therefore be consid-
ered to be within the same spatial frame of reference,

el B=

4°00’

coastal areas.

Although the differences in length
and body width between species of
the tagged animals were found to be
significant  (Kruskal-Wallis 1-way
ANOVA on ranks, p = 0.031 and p =
0.034, respectively), with Raja clavata
being slightly longer and R. brachy-
ura slightly wider than the other 3
species (see Table S3 in the Supple-
ment), there was in fact considerable
overlap (Fig. S3 in the Supplement)
and the differences were very small.
The tagged animals also had very
similar masses, and while R. brachy-
ura and R. clavata were slightly heav-
ier, this was not found to be significant
(Kruskal-Wallis 1-way ANOVA on
ranks, p = 0.16, Fig. S3). Conse-
quently, for the animals tagged in this study, there
was no support for the general assumption that this
sample of individuals would exhibit size-driven seg-
regation. Within species, size and weight ranges
were greatest for R. clavata and smallest for R. mon-
tagui, with the ranges for R. clavata exceeding the
range across species. These ranges are likely due to
the larger sample size for this species. Some evidence
for depth segregation by size might therefore be ex-
pected within R. clavata.

Mean depth profiles

The TAD profiles (Fig. 2) showed strong similari-
ties, with R. clavata and R. microocellata having very
similar profiles and a peak depth

occupancy of around 10 m. R. brachy-

ura and R. montagui were also simi-

lar, both being much deeper than the

other 2, with R. brachyura having a

80 R. clavata R. microocellata R. brachyura

R. montagui

mean depth occupancy of around
35 m and R. montagui around 45 m.
Although the preferred depth for R.
microocellata was relatively shallow,
this species exhibited a slightly grea-
ter range of depth use than either R.

0 10 20 O 10 20 O 10 20 0

% TAD

Fig. 2. Time at depth (TAD) profiles. Similarities between Raja clavata and R.
microocellata and between R. brachyura and R. montagui are clear. For R. bra-
chyura, n = 12; R. clavata, n = 43; R. microocellata, n = 24; R. montagui, n = 10

clavata or R. montagui. Differences
between the median values for the 2
groups were significant (p < 0.001,
Kruskal-Wallis 1-way ANOVA on
ranks).

10 20
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Raja brachyura
——— R. clavata

R. microocellata
10 —— R. montagui

Depth (m)

Fig. 3. Weekly mean depths
computed from the depth
time series. Dashed horizon-
tal reference lines show the
overall mean depth for each

1 1 1 species, indicating a very

1
Jan Feb Mar Apr May Jun Jul Aug
Date

Weekly mean depths

A plot of weekly mean depths computed from all
time-series for each species showed clear separation
into the same 2 groups as the TAD profiles described
above (Fig. 3). As each group comprises a ‘pair’ of
species we will, for convenience, henceforth refer to
these groups as species pairs; however, we are not
implying any other connection or relationship be-
tween the species in each pair. Seasonal patterns
were also evident within species pairs: R. micro-
ocellata changed depth to occupy shallower waters

20 k ~ I e e S S . i

Depth (m)

xI + +
- S
25 r —— R. brachyura
—— R. clavata
R. microocellata
30 F —— R. montagui
35 | TTTTT

1 1
Sep Oct Nov  Dec Jan

clear separation into 2 pairs

than R. clavata during the summer and autumn then
deeper water in winter and spring. Of these 2 spe-
cies, R. microocellata exhibited the greater range of
mean depth, in agreement with the depth profiles
shown in Fig. 2. A similar pattern was apparent be-
tween R. brachyura and R. montagui, with R. bra-
chyura initially in deeper water until late April, when
it moved to shallower waters for most of the summer.
From September to December, R. brachyura and R.
montagui shared similar depths and showed a similar
movement to slightly shallower waters. Interestingly,
the overall mean depths (indicated by the horizontal
dashed lines in Fig. 3) were remark-
ably similar for each of the 2 pairs
with clear separation between them:
R. clavata and R. microocellata exhib-
ited shallower occupancy, with mean
- depths of 18 and 17 m, while R.
brachyura and R. montagui occupied
deeper depths with mean values of
36.4 and 35.6 m.

Diel depth profiles

Diel depth profiles computed using
T T hourly depth bins for each species
(Fig. 4) showed very little difference
in depths occupied and corresponded
- well to the mean depths computed

2 4 6 8 10 12 14 16 18
Hour of the day

Fig. 4. Diel depth profiles using hourly depth bins for tagged Raja brachyura,
R. clavata, R. microocellata and R. montagui. Error bars show +SD

from the weekly mean depths analy-
sis. The error bars on this plot confirm
the greater overlap between R. cla-
vata and R. microocellata suggested
in Fig. 3

22 24
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16 | Mean + SD
— R. brachyura
- R. clavata
—~ 4k R. microocellata
O —— R. montagui
o
212
o
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Fig. 5. Weekly mean tem-
peratures for tagged Raja
brachyura, R. clavata, R.
microocellata and R. mon-
tagui. Unlike mean depths,
weekly mean tempera-
1 1 1 1 1

Jan Feb Mar Apr May Jun Jul Aug
Date

Weekly mean temperatures

In contrast to the differences found in weekly mean
depths, no significant differences were found in
weekly mean temperatures (p = 0.484 Kruskal-Wallis
1-way ANOVA on ranks) in habitats occupied by
skates, with temperatures for all species varying sim-
ilarly with season (Fig. 5). The only species where the
temperature departed noticeably from the overall
mean was R. brachyura during August to November.
The largest temperature difference between any pair
of species was 1.97°C, whereas the largest mean sea-
sonal range was considerably greater at 7.25°C.

Depth (m)

R. microocellata

Jan Mar May Jul Sep Nov

Sep Oct Nov Dec Jan

tures do not differ signifi-
cantly between species

TAD matrix analysis

The contour plots produced from the TAD matrices
illustrate the considerable range of depths occupied
throughout the year (Fig. 6). However, despite this
wide range, a narrow band of highest depth occu-
pancy was apparent in all cases, suggesting a pre-
ferred depth range for each species. Comparison of
the TAD matrices confirms similarities in core depth
occupancy identified in the weekly mean depth ana-
lysis that suggest that the species form 2 species pairs
with respect to depth occupancy, with the bands of
highest occupancy corresponding well to the mean

R. montagui

Jan Mar May Jul Sep Nov

Month

Fig. 6. Time at depth (TAD) plots for each of the 4 species. Warmer colours represent higher occupancy values. Similar core
depth ranges are apparent for Raja brachyura and R. montagui, and for R. clavata and R. microocellata
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values shown in Fig. 3. The consider-
able range of depth use suggests a
high degree of within-species vari-
ability. Interestingly, despite having a

Table 2. Statistical analysis of the overlap coefficient for tagged Raja bra-

chyura, R. clavata, R. microocellata and R. montagui. Significant values in

bold. | indicates an overlap coefficient that is significantly less than expected
by chance; T indicates a value that is significantly greater

consistently greater overall depth
range, R. microocellata has the nar-

rowest band of high occupancy, con-
sistent with a stronger preference for
the narrow depth range occupied.
The analysis showed clear hotspots
of within-species shared occupancy
for both R. clavata and R. micro-
ocellata, suggesting that in this data
there are well-defined preferred depth
ranges for both species between 5
and 20 m. There is some evidence of
a seasonal shift for R. clavata, with

p-value

R. clavata

p-value

p-value

R. brachyura
Overlap coefficient

Overlap coefficient
Mean randomised coefficient

R. microocellata
Overlap coefficient
Mean randomised coefficient

R. clavata R. microocellata R. montagui
0.26119 | 0.14104 | 0.41701 T
Mean randomised coefficient 0.31868 0.26438 0.29828
0.0016 <0.0001 0.0001
0.78546 T 0.27885 |
0.44463 0.43975
<0.0001 <0.0001
0.19325 |
0.35803
<0.0001

deeper depths occupied during
summer months; however, seasonal
changes in core depth use are not evident for the
other species. The deeper depths evident in the plot
for R. brachyura resulted from the movements of just
3 individuals (A01846, A05950 and A05962). A01846
was in shallow water (7 to 27 m) from the start of the
track in April, moved to deeper water (78 m) at the
end of May and remained at that depth until the end
of the 60 d track in mid-June. A05950 spent most of
the 365 d track at depths of around 45 m but de-
scended to around 74 m in December, returning to
45 m by the end of May. A05962 spent the majority of
the 260 d track at around 40 m but performed a brief
excursion (18 d) to much deeper water (maximum
depth 129 m) at the end of July. Despite the variabil-
ity between these individuals, the persistent core
depth range is still clearly evident from the TAD plot.

Analysis of overlap coefficients

Overlap coefficients calculated between all pairs of
species using the TAD matrices described in the
above section further confirmed the putative group-
ing of the species into 2 pairs. R. clavata and R.
microocellata had a coefficient of 0.785, representing
more than 78% overlap in the TAD matrices. R.
brachyura and R. montagui had the next highest
measure of overlap (0.42), and R. microocellata and
R. montagui had the lowest (0.14). Results of the sta-
tistical analysis are given in Table 2. In all cases the
observed overlap (or separation) was found to be sta-
tistically significant.

The overlap coefficients for single columns (i.e.
weeks) of the TAD matrices were computed for each

pair of species to determine how the overlap in depth
use changed throughout the year. These plots (Fig. 7)
show peaks when shared depth use between a pair of
species was high; for example, in Fig. 7a, shared
occupancy between R. brachyura and R. clavata
peaked during the summer months. Shared occu-
pancy between R. brachyura and both R. clavata
(Fig. 7a) and R. microocellata (Fig. 7b) was at a mini-
mum during autumn, most likely reflecting the
movement of R. brachyura into deeper water at this
time. R. brachyura had, as expected, greater associa-
tion with R. montagui (Fig. 7c) but with marked oscil-
latory peaks and troughs suggesting brief excursions
into either deeper or shallower water by one or other
of the pair. R. clavata clearly had a greater associa-
tion with R. microocellata (Fig. 7d) throughout the
year, apart from in late summer and winter, although
even then the association was greater than many of
the other pairs at any time. As expected from the
analysis described above, R. microocellata showed
generally very little overlap with R. brachyura or R.
montagui (Fig. 7f). Seasonal trends were observed
between R. brachyura and R. clavata (Fig. 7a) with a
clear peak in summer and a low point in autumn. A
similar but weaker pattern was evident between R.
brachyura and R. microocellata (Fig. 7b).

Using a mixed effect model to account for
individual variation

Linear modelling showed Species to have a signifi-
cant effect on mean depth (x(3) = 47.755, p < 0.001).
The intercepts computed by the model, which are in
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Coefficient of overlap
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0.6 -
0.4

0.2 4
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microocellata vs. montagui f
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relation to R. brachyura (the first species alphabeti-
cally), correspond well to the mean values computed
in the weekly mean depth and diel depth profile
analyses: mean depth was 15.57 and 16.24 m shal-
lower for R. clavata and R. microocellata, respec-
tively, and 3.8 m deeper for R. montagui. Week was
seen to have a very small effect of only —-0.046, sug-
gesting that there is no simple linear relationship
between the week and the mean depth, as suggested
previously by the seasonal changes in weekly mean
depth. Full results from the output are given in the
Supplement (‘Supplementary methods and results’,
Fig. S4).

DISCUSSION

Habitat use and resource partitioning is poorly
understood in temperate, benthic elasmobranchs,
but is of considerable importance given the recent
declines in some populations (Brander 1981, Casey &

ec Ja

n Jan Feb Mar Apr May Jun Jul Aug SepOct Nov Dec Jan

Date

Fig. 7. Weekly paired overlap coefficients. Panels show the paired, weekly overlap coefficients for the 4 species, i.e. the 6 pos-

sible pairings of the 4 species: (a) Raja brachyura vs. R. clavata; (b) R. brachyura vs. R. microocellata; (c) R. brachyura vs.

R. montagui; (d) R. clavata vs. R. microocellata; (e) R. clavata vs. R. montagui; (f) R. microocellata vs. R. montagui. While over-

lap is consistently low for R. clavata vs. R. montagui and R. microocellata vs. R. montagui, it is consistently high for R. clavata

vs. R. microocellata. Spatial overlap for R. brachyura vs. both R. clavata and R. montagui shows more complex behaviour with
seasonal differences reflecting inshore and offshore movements

Myers 1998) and especially given the lack of global
reduction in fishing pressure (Botsford et al. 1997,
Worm & Branch 2012). Indeed globally, the number
of skates and rays landed has been higher than land-
ings of sharks since about 1975, suggesting skate
populations may be at greater risk of overexploita-
tion than in prior decades (Field et al. 2009, Dulvy et
al. 2014). Previous research into species distributions
and habitat preferences in the Rajidae is sparse and
has relied principally on trawl data, either from
fisheries (Serra-Pereira et al. 2014) or from fishery-
independent surveys (Compagno et al. 1991, Dulvy
et al. 2000, Hunter et al. 2005b, 2006, Compagno &
Ebert 2007, Maravelias et al. 2012, Martin et al.
2012). Studies such as these are typically very large
scale and lack information about fine-scale move-
ments and behaviours which can significantly affect
species interactions and distributions (Hussey et al.
2015a). It is known, for example, that Raja clavata in
the eastern English Channel perform spawning
migrations to estuarine environments (Hunter et al.
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2005b, 2006), which differ from the habitat in which
they are generally found. Ontogenetic differences in
habitat use have also been identified in R. clavata,
with younger individuals occurring in shallower
areas over fine sand or mud, while older individuals
are more widely dispersed and inhabit deeper waters
(Martin et al. 2012). However, a study by Ellis et al.
(2011) showed that, around Jersey (Channel Islands,
UK), R. clavata show greater site fidelity than in other
locations and, therefore, these animals seem to
exhibit considerable behavioural plasticity. Thus it is
likely that the complex movements and migrations of
these animals could lead to fine-scale distributions,
habitat preferences or segregations that have not
been detected by trawl surveys or other large-scale
studies.

We hypothesised that mechanisms for reducing
competition for resources, such as those studied ex-
tensively in terrestrial ecosystems (e.g. Feinsinger
1976, Martin 1998, Brosius & Higley 2013) would also
be found in benthic marine ecosystems. Consequent-
ly, it was expected that some form of fine-scale segre-
gation would be identified in a group of congeneric
and morphologically similar species living in appar-
ent close coexistence, such as the 4 species of skate
studied here. One of the most obvious strategies to
reduce competition that these skates might exhibit is
differential habitat occupancy. By occupying differ-
ent habitats, animals have access to separate resour-
ces and can avoid contact with potential competitors.

Using a range of analysis methods, core depth oc-
cupancy ranges were identified for all species. The
preferred ranges in depth occupancy were found to
segregate the 4 species into 2 pairs: R. clavata and R.
microocellata occupied shallower waters, while R.
brachyura and R. montagui occupied deeper water
throughout the year. The persistent and significant
differences in depths occupied suggest preferences
for specific depths for each species pair. This appar-
ent segregation was supported by all the analyses
performed, and in all cases, the differences were
found to be clear and unambiguous.

Depth ranges for these species in the literature are
typically very broad, reflecting the range of depths in
which the animals have been found rather than
depth preferences; however, there is broad agree-
ment with our findings. For example, R. microocel-
lata is reported as an inshore species rarely found at
depths >100 m (Ellis et al. 2005a) and here is shown
to have a depth range of 10 to 30 m and a mean depth
of 17 m. R. clavata is considered to be most abundant
at 10 to 60 m (Wheeler 1969), which agrees well with
the range found here of 14 to 24 m. Both R. brachyura

and R. montagui are considered to occur more deep-
ly, with maximum depths of 150 and 283 m, respec-
tively, in the north-east Atlantic (Ellis et al. 2005a),
which although considerably deeper than the 45 and
42 m maximum depths observed here, still supports
the opinion that these species occur in deeper water
than the 2 other species.

It is particularly interesting that such clear segre-
gation in depth preferences was identified in the
present study because there are good reasons why it
might not have been possible to detect depth segre-
gation between these species. For example, if depth
segregation is driven by competitive exclusion then,
given recent population declines in most of these
species including in the region where they were
tracked (Genner et al. 2010), it is possible that cur-
rent population densities are too low for sufficient
inter-species competition. Under such conditions,
interactions between individuals may be too rare to
trigger avoidance behaviour, and consequently seg-
regation might not be evident (Prenda et al. 1997).
Alternatively, if partitioning is driven by physical
habitat (i.e. substrate preference), then depth prefer-
ences will reflect the geographic distribution of pre-
ferred habitats (e.g. mud, sand or gravel). Given that
the study area is a complex mosaic of seabed physi-
cal habitats with heterogeneous spatial distribution
(see 'Natural habitat heterogeneity’ in the Supple-
ment at www.int-res.com/articles/suppl/m561p173_
supp.pdf), segregation by depth would not be evi-
dent in the depth time series. Further, spatially com-
plex habitats have been shown to support the coexis-
tence of competitive species by allowing fine-scale
spatial segregation (Boeye et al. 2014), consequently
allowing shared occupation of similar depth ranges.
Therefore, the segregation by depth observed here
may more likely represent inherent species prefer-
ences.

Further evidence to support an inherent preference
as the driver of segregation is that, in the sample of
animals used in this study, no correlation was found
between either the weight or the length and the max-
imum recorded depth, as would be expected if size
were a factor in the observed depths (weight, R? =
0.001, p = 0.72; length R? = 0.005, p = 0.52; SigmaPlot
linear regression [Systat Software]; see Figs. S5 & S6
in the Supplement). There is therefore no simple rela-
tionship between size and depth with perhaps larger
animals being deeper and smaller animals being
shallower. It seems likely, therefore, that the depth
segregation observed here reflects actual preferred
depth ranges in these species. In addition, it seems
unlikely that temperature is a driver for the observed
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segregation, as the mean seasonal temperature range
(7.25°C) is significantly greater than differences be-
tween the species (mean 1.97°C; 1-sample {-test, p <
0.001). It might be expected that a temperature differ-
ence would result simply from the different depths
the species occupy. However, the study area com-
prises well-mixed coastal waters which do not exhibit
the more general marked reduction of temperature
with depth observed in other locations, such as well-
stratified pelagic environments (Pingree & Griffiths
1978). The thermal mixing of the waters occupied by
the skates tracked in this study is further illustrated in
Fig. S7 in the Supplement, which shows mean tem-
peratures computed from all individuals at a range of
depths throughout the year and indicates no clear re-
lationship between depth and temperature. For these
animals, therefore, temperature would seem to be
neither a driver nor a consequence of habitat prefer-
ence.

The analysis of overlap coefficients again con-
firmed the segregation into 2 pairs and revealed sea-
sonal changes in the extent of shared vertical occu-
pancy. These changes suggest seasonal movements,
for example the degree of overlap between R. bra-
chyura and both R. clavata and R. microocellata di-
minished considerably in the autumn, whereas over-
lap between R. montagui and both R. clavata and R.
microocellata was consistently low. These observa-
tions suggest that R. brachyura moves offshore dur-
ing the latter part of the year, whereas both R. clavata
and R. microocellata remain inshore. The continued
low level of overlap between R. montagui and both R.
clavata and R. microocellata suggests that R. mon-
tagui resides in deeper water throughout the year.

An interesting finding is that the species composi-
tion of each of the 2 pairs into which the species in
this study are found to segregate are complementary.
Firstly, while previous work has identified Raja spp.
as generalist feeders, with considerable overlap in
prey identified from stomach content analyses (Ellis
et al. 1996, Farias et al. 2006), there are significant
differences in the most important prey items for each
species (Pinnegar 2014). For example, R. brachyura
and R. microocellata have a similar dietary prefer-
ence, with a slightly greater proportion of teleost
prey (54 and 56 % of the diet, respectively), while R.
clavata and R. montagui are similar in having consid-
erably more crustaceans in their diet (79 and 81 %,
respectively) (Ellis et al. 1996, Santi¢ et al. 2012, Pin-
negar 2014). One species from each pair therefore
has a greater preference for crustaceans in the diet
(R. clavata and R. montagui), rather than fish. This
represents further fine-scale segregation of re-

sources beyond the occupancy of different depths
initially explored here. The presence of species with
differing diets at the 2 depths is further strong evi-
dence that the segregation by depth is driven more
by inherent depth preferences, as otherwise the pat-
terns of segregation would be predicted to more
closely match expected occupancy patterns of prey
items. Secondly, each of the pairs contains a larger
bodied species (R. brachyura and R. clavata have
maximum recorded lengths of 1200 and 1050 mm,
respectively, compared to R. microocellata and R.
montagui with maximum lengths of 910 and
800 mm). Therefore, while the animals tracked in this
study showed no clear relationship between size and
depth, the maximum size differences between spe-
cies might play a role in finer-scale resource parti-
tioning.

The mechanism through which the pattern of habi-
tat preference observed here was formed cannot be
determined from this study, and many different pro-
cesses might be involved (Wisheu 1998). It is not
known, for example, whether the observed niches
represent fundamental preferences or are the result
of competitive interactions. Microhabitat characteris-
tics of the study area are poorly understood at pres-
ent, except for temperature, which has been shown
to vary little. Consequently, there are no clear envi-
ronmental drivers for the segregation at present. Fur-
ther research into depth and habitat preferences of
the other sympatric benthic mesopredators common
in the region (e.g. plaice Pleuronectes platessa, tur-
bot Psetta maxima or catshark Scyliorhinus canicula)
is required to build a more complete picture of how
the assemblage is structured and may have formed.

The current study relies on the depth record and
cannot therefore provide the geographic location of
the animals. It is possible that there is further geo-
graphic separation or coastal migration that could not
have been detected by the analysis in the present
study. While the location of the animals is not known,
the core depth preferences can be used with local
bathymetry to infer likely spatial extents. Fig. 8
shows spatial extents determined using the core
mean depth +1 SD. It is clear from these maps that
the core depth preferences result in very different
spatial extents and likely geographic segregation.
Combining these predicted ranges with the bound-
aries of known or proposed MPAs or Marine Conser-
vation Zones (MCZs) might help to give some indica-
tion of the extent to which these areas might offer
protection from pressures such as fishing with mobile
gear and how the different ranges might affect inter-
actions with fisheries.
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In summary, while depth preferences indicate an
interesting segregation into 2 pairs of species, with
further separation by diet and size, the context of the
segregation within the wider species assemblage
cannot be understood without similar investigations
into the other species common to the area. Studies
into depth and habitat preferences of teleosts, such
as flatfish (plaice Pleuronectes platessa, turbot Psetta
maxima, common sole Solea solea L.) or other demer-
sal elasmobranchs (catshark Scyliorhinus canicula),
are needed to fully understand the patterns of habitat
preference reported here.
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