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At present, few studies exist that consider the relationship between species interactions and key envi-
ronmental variables, with the added influence of offshore marine renewable energy technologies. Video
footage and ADCP survey techniques were used, to examine the presence of fish and velocity flow rates
within the vicinity of a deployed tidal energy device. Pilot trials were conducted across 15 day temporal
periods, during the summer months of 2009 and 2010. Five random photographic stills were taken from
the video footage at hourly intervals throughout each trial day to estimate species presence and abun-
dance. Mean abundance then was compared between hour and day temporal scales and their rela-
tionship with velocity rate, for both years.

Pollack, Pollachius pollachius was observed aggregating in shoals temporarily round the deployed
device, with larger abundance observed in 2009 than 2010. No other species were identified from the
surveys. Pollack abundance was significantly associated to velocity rate for both trial years. Increased
abundance was related to a reduction in velocity rate for both years, with shoals potentially using the
device for temporary protection or feeding strategies. Responses to tidal velocity also differed between
years, with 2009 abundances ranging from 0 to 1.2 m/s and 2010 abundances between 0.5 and 1.7 m/s.
Overall this preliminary study outlined a potentially useful approach to investigate species responses
with new anthropogenic activities in the marine environment.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The scope for marine tidal energy development is increasing
throughout the United Kingdom (UK); due to the government's
future renewable energy contribution target aims (Bahaj, 2011;
Devine-Wright, 2011). By 2020, the UK government aims for at
least 30% of its electricity to be generated from renewable energy
sources, with 10% potentially contributed by marine tidal energy
development alone (DECC, 2009). At present, marine tidal energy
development is centred on the operational activities of single test
or commercial devices, which are deployed and trialled within
offshore test sites. Within the UK, governmental and regulatory
bodies request developers to submit consents and planning appli-
cations to approve such developments at the local, regional and
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national scale (EMEC, 2013). This regulatory process requires the
developer to outline any potential environmental impacts and
ecological interactions, through Environmental Impact Assess-
ments (EIA) and Environmental Statements (ES).

In-depth knowledge of ecological interactions with marine tidal
energy devices is still lacking (Boehlert and Gill, 2010; Gill, 2005;
Neill et al., 2009; Shields et al., 2009). This is due to limited
knowledge of these devices and field-based sampling difficulties
within the sites selected for development (Shields et al., 2011). As a
result, the available information primarily consists of qualitative
ecological reviews or guidance documents. For example, few
quantitative studies exist which examine how marine tidal energy
devices influence fish species, in terms of presence, abundance or
behavioural responses (Gill, 2005). Available information com-
prises of qualitative descriptions, which identify species displace-
ment, collision risk, and the potential for devices to act as fish
aggregation devices (FAD's). As such, the true ecological interaction
may be missed, which may influence both regulator and de-
veloper's understanding of environmental impacts from marine
tidal energy developments.
teractionswith a deployed tidal energy device; an observational pilot
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Fig. 1. Location of the EMEC tidal energy test site and OpenHydro Ltd deployed tidal
device, situated off the South-West coast of the Isle of Eday, Orkney Isles. The black
circle and joined line represents the position of the deployed OpenHydro Ltd test
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An advance in survey technology and experimental sampling
designs can now provide a variety of methods to assess ecological
interactions with this new marine anthropogenic activity (Ehrhold
et al., 2006; Ierodiaconou et al., 2011; Judd, 2012). Video or
photography camera systems, are extremely useful to record spe-
cies observations, in terms of presence, abundance, behaviour, and
habitat/species interactions (Albert et al., 2003; He, 2003; Lauth
et al., 2004; Lorance and Trenkel, 2006; Reubens et al., 2011).
Importantly, these techniques can measure ecological interactions
at both the temporal and spatial scale, and are not limited in terms
of sampling time or weather restrictions (Monk et al., 2011).
Recently, video techniques have been used to evaluate ecological
interactions from offshore wind and wave devices deployments
(Langhamer et al., 2010; Reubens et al., 2011; Shields et al., 2011;
Wilhelmsson et al., 2006).

Numerous ecological studies also relate key environmental
variables to ecological observations, such as sea surface temper-
ature (Bosman et al., 2011; Hermant et al., 2010). Offshore sites
allocated for tidal energy development are located within envi-
ronments which exhibit strong hydrodynamic conditions,
including increased water movements (Gill, 2005; Neill et al.,
2009; Shields et al., 2011). Enhanced water movements are not
only a fundamental environmental variable for tidal energy
extraction, but are also known to strongly influence marine spe-
cies' behaviour, presence and distribution (Hiscock, 1983; Shields
et al., 2011). Therefore, the inclusion of this key environmental
variable to determine species' response to tidal energy develop-
ment activities is paramount (Shields et al., 2011). Technology
such as Acoustic Doppler Current Profilers (ADCP) are commonly
used to measure water movements and have been applied to a
number of biological, geophysical and oceanographical studies in
the past (Kostachuk et al., 2005; Reed et al., 2004; Wewetzer
et al., 1999).

By integrating video photography techniques with ADCP tidal
velocity measurements, fish interactions in response to deployed
marine tidal energy devices and their relationship with key vari-
ables, may be identified. This could provide useful information for
marine tidal energy regulators or developers, and also further
knowledge on species ecological patterns (Langhamer et al., 2010;
Shields et al., 2009). The overall aim for this study was therefore
to (i) examine fish abundance responses to an operational marine
tidal energy test device. Past studies also describe that fish species
are known to alter temporally, and should be included in such
studies (Macpherson, 1998; Stobart et al., 2007; Tessier et al., 2005;
Wilhelmsson et al., 2006). Therefore this study also aims to (ii)
assess fish abundance responses over temporal hour, day and year
scales. The study finally aims to (iii) assess the relationship between
fish abundance and tidal velocity rates. The study was developed as
an experimental pilot trial, to provide initial information for
ecological studies associated with marine tidal energy
developments.

2. Materials and methods

2.1. Study area

The pilot study experimental trials were conducted within the
European Marine Energy Centre (EMEC) offshore tidal energy test
site, adjacent to the Isle of Eday, Orkney Isles (Fig. 1). The test site
is situated within the Fall of Warness marine tidal race environ-
ment which is approximately 2 km (km) wide and 3.5 km long
platform device and sub-sea cable route. The straight black lines represent the extent
of the EMEC test facility (adapted from Aurora, 2005).
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(Norris and Droniou, 2007). The stream has an average depth of
30e35 m, with tidal flow movements from both the north-west
and south-east within a daily tidal cycle (Osalusi et al., 2009).
The OpenHydro Ltd marine tidal energy device platform was
installed during 2006, at the most northern part of the test site
(59�09.448ʹ N, 02�49.561ʹ W). The device is a sub-tidal open tur-
bine generator, consisting of a 6 m diameter turbine mounted on a
twin mono-piled platform. The platform is placed into the seabed,
producing a footprint approximately 10 m2, approximately 700 m
from the Eday coastline (OpenHydro Ltd, 2008). During the study,
this test device was the only structure deployed within the EMEC
test site.

The pilot study trials were conducted between the summer
months of June and July in 2009 and 2010. These months were
selected based on the ease of access to the device platform. Col-
lecting the data from the platform is known to be highly difficult
during other months, due to the unfavourable weather conditions
and the potential risk of losing the data during collection. The trials
were conducted across 15 day trial periods, with the 2009 trial
beginning at the end of June and the 2010 trial beginning at the
start of June. The 2010 trial lost nine days of video footage after day
seven. This was due to a weak cable link between the recording
device and the camera. The fault was identified during the survey
and fixed straight away, with the survey extending for a further
nine days to account for the missing data.

2.2. Video fish observation sampling method

The underwater footage was recorded using a video Triplex 8
Channel DVR, linked to a Submertec Camera System mounted to
the outside of the OpenHydro Ltd platform device (Fig. 2). The
camera system was mounted approximately 2 m from the face of
the turbine allowing continuous recording of the entire 6 m turbine
Fig. 2. Schematic diagrams of the front view (A), side view (B) and close view (C) of the att
EMEC tidal energy test development site, Isle of Eday.
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area. This system recorded continuously throughout the surveys
and was switched off after the last survey day for both years. The
video footage was collected manually after the full trial period each
year and transferred to a compatible video computer Programma-
ble Logic Controller (PLC) software system.

Five randomly chosen photographic still frames were extracted
from the first 2 min of footage from each hour of the survey data,
recording the hour, day and year of each image. The technique
follows other timed animal behavioural methodologies that use
photographic techniques to assess species abundances
(Shucksmith et al., 2006). This gives an estimate of relative abun-
dance, whilst reducing the chance of counting individual organism
twice, which can occur during video assessments (Becker et al.,
2010, 2011; Birt et al., 2012). Random photograph selection
within the 2 min time period was determined by the second
timeframe status, using a random number generation application
in the R statistical software package (R Development Core Team.,
2010). Due to the extremely long summer daylight hours at this
latitude, the analysis was conducted across the 24 h clock cycle.
However, during both survey years, some footage was excluded
where weather conditions affected the quality of the photograph
still, and where the field of view was obscured by the presence of
marine algae debris.

Maximum fish abundance was first estimated within each
sampled frame. Geometric mean fish abundance was then calcu-
lated across the five individual frames sampled within each hour,
which included zero counts. Fish were identified visually from the
photograph frames based on body shape, lateral line and mouth
part descriptions where possible. Only individuals identified un-
equivocally to the species level were included within the analysis
(Hayward and Ryland, 1995). The presence of other marine species
such as marine mammal species was also recorded, if they
occurred.
ached camera and ADCP setup on the OpenHydro Ltd tidal device platform within the
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Table 1
Generalised linear model (GLM) F ratio and p value results for the temporal scales;
year, hour and day of fish abundance for the 2009 and 2010 trials, Isle of Eday.

GLM Explanatory variable F ratio p value DF

Year 25.6 <0.001 521

2009 Hour 1.266 0.219 246
Day 1.17 0.29 260

2010 Hour 2.81 <0.001 246
Day 2.22 0.007 260
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2.3. ADCP velocity rate measurements

A Nortek Aquadopp two beam ADCP was deployed at the plat-
form in order to measure the horizontal tidal current flow around
the turbine and through the Fall of Warness over a 24 h cycle. The
two beams were deployed either side of the platform to measure
flow on flood (North) and ebb (South) tides. Data was streamed live
to the PLC which is used for control and monitoring of the turbine.
The tidal velocity data was sampled every 10 s and recorded onto a
PC. The data was collected at the end of each annual trial and
downloaded into a Microsoft Excel format for analysis, with ve-
locitymeasured inmetres per second (m/s). Hourly harmonic mean
tidal velocity rates were then calculated across 10 s samples for
both the North and South ADCP velocity measurements for each
annual trial. In order to account for the change in direction in the
tidal flow, the higher of the two hourly means from the North and
South ADCP measurements were used in analyses.
2.4. Data analysis

Analyses were conducted with R statistical programming soft-
ware (R Development Core Team., 2010). Integrated generalised
linear models (GLM) with generalised additive models (GAM) were
used, to examine ecological count data and also their relationship
to environmental variables (Crawley, 2007).

A GLMwas first used to investigate mean hourly fish abundance
response with all explanatory variables and their interactions. The
explanatory variables included the categorical temporal scales of
hour (assigned to the 24 h clock), day and year, and the continuous
explanatory variable, tidal velocity. This model showed significant
interactions between the explanatory variables: tidal velocity and
year (F ¼ 55.84, p < 0.001, DF ¼ 1 and 445); tidal velocity and hour
(F ¼ 3.14, p < 0.001, DF ¼ 23 and 467) and, day and year (F ¼ 3.66,
p < 0.001, DF ¼ 14 and 444). As such, the fish abundance response
for each year was investigated separately, with the temporal scales
hour and day. GAMs were then used to examine the relationship
between fish abundance and tidal velocity rate for each year. This
analysis was implemented using the R library function ‘mgcv’
(‘mgcv’ Cran package, from Wood, 2006). GAMs used the lowess
non-parametric smoother to view the overall environmentale-
biotic relationship (Cleveland, 1981; Crawley, 2007). Models used
the Poisson distribution of errors (family ¼ Poisson, link
function ¼ log) and assessed in terms of homogeneity throughout
visual inspection of the QeQ plots (Crawley, 2007). The quasi-
poisson error structure was used to deal with over-dispersion,
where the residual deviance is greater than the residual degrees
of freedom in the fitted model. This error structure frees the model
from meeting strict assumptions of a specific distribution. The
maximum likelihood and likelihood ratio tests cannot be used
(Crawley, 2007). The significance of the explanatory variables
within models were deduced by model deletion methods, using
analysis of deviance with the F test. Variables were deemed sig-
nificant based on the increase in deviance from their resulting
removal (a ¼ 0.05) (Crawley, 2007).
Fig. 3. Mean fish abundance recorded per hour during the 2009 (A) and 2010 (B) video
survey trials (±1 S.E.M), Isle of Eday.
3. Results

3.1. Video observations

The pilot study recorded the presence of fish during both 2009
and 2010 trials. Fish were identified to the Species taxonomic level,
with all individuals identified as Pollachius pollachius (common
name: Pollack). No other marine species (such as marine mammal
species) were recorded during this study.
Please cite this article in press as: Broadhurst, M., et al., In-situ ecological in
study, Ocean & Coastal Management (2014), http://dx.doi.org/10.1016/j.o
Across the total number of hours recorded (n¼ 261) in 2009, the
total proportion of fish presence observedwas 13%, with 8% in 2010.
Generally, the 2009 trial estimated significantly larger fish abun-
dance counts compared to the 2010, with a total sum of 664 in-
dividuals recorded in 2009 (Table 1.). The 2009 trial also recorded
the largest range of abundance within each trial hour, ranging from
0 to 46 (mean count per hour ¼ 44) (Fig. 3). The 2010 trial recorded
a total sum of 121 individuals, with abundance ranging from 0 to 11
per hour (mean count per hour ¼ 7). Across the trial days, fish
abundance fluctuated for both years (Fig. 4). Fish abundance
recorded during in 2009 showed no significant temporal relation-
ships from the GLM results. However, the 2010 trial showed sig-
nificant relationships between fish abundance and the temporal
scales (Table 1.). During this trial year no counts were observed
between the hours of 20:00e05.00, and the trial days 6e9
respectively.
teractionswith a deployed tidal energy device; an observational pilot
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Fig. 4. Total fish abundance recorded per trial day during the 2009 (A) and 2010 (B)
video survey trials (±1 S.E.M), Isle of Eday.

Fig. 5. ADCP velocity rates across the total survey days for (A) 2009 and (B) 2010, Isle
of Eday. Velocity is measured as metres per seconds (m/s).
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3.2. ADCP velocity rate trials

The ADCP tidal velocity rate trials identified a larger velocity rate
range in 2010 than 2009. During 2009, velocity rates ranged from
0.260 to 2.780 m/s, with the highest velocity rate observed in day 9
and the lowest rate in day 14 (Fig. 5). The largest range of velocity
rates occurred in days 8 and 9, and the lowest range in days 2 and
13. The 2010 trial showed velocity rate to range from 0.180 to
3.05 m/s, with the highest velocity rate observed in day 10 and the
lowest in day 15. The largest velocity rate range occurred during
days 9 and 11, with the lowest range in days 2 and 7. This pattern
generally mirrored the two separate time periods across the overall
survey.

3.3. Fish abundance responses to tidal velocity

The GAMmodels for both years outline a significant relationship
with fish abundance and velocity rates (GAM2009VELOCITY: F¼ 40.96,
p < 0.001, n¼ 261, DF¼ 4.42; GAM2010VELOCITY: F¼ 4.806, p� 0.001,
n ¼ 261, DF ¼ 3.51), with abundance declining as velocity rates
increased. However, the pattern of this relationship differed for
both years (Fig. 6). During 2009, fish abundance rapidly declined as
Please cite this article in press as: Broadhurst, M., et al., In-situ ecological in
study, Ocean & Coastal Management (2014), http://dx.doi.org/10.1016/j.o
velocity rate increased. Fish abundance was observed to occur
largely between velocity rates of 0e1.0 m/s, with few observations
of fish presence after 1.3 m/s. During 2010, fish presence predom-
inately occurred between 0.5 and 1.7 m/s and then declined after
1.8 m/s.
4. Discussion

4.1. Video observations

The experimental pilot study recorded the presence of
P. pollachius surrounding the deployed marine tidal energy device.
This gadoid fish species is found throughout the British Isles,
including the Orkney Isles (Henderson and Bird, 2010; Sarno et al.,
1994). It is regarded as a non-commercial species, and as such,
limited information (i.e. regional landing stock data) exists (ICES,
2012a; ICES, 2012b). During the study no other marine species
were recorded, including other fish species, marine mammals or
teractionswith a deployed tidal energy device; an observational pilot
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Fig. 6. Generalised additive models (GAM) of the relationship between Pollachius pollachius abundance and the measured velocity rates for 2009 (A) and 2010 (B), and the in-
dividual abundance counts recorded across velocity rate for both years (C), Isle of Eday. For (A) and (B), dashed lines represent the 95% confidence intervals. For (C) circles represent
the 2009 survey trial, with triangles representing the 2010 survey trial abundance counts. Velocity is measured as metres per seconds (m/s).

M. Broadhurst et al. / Ocean & Coastal Management xxx (2014) 1e86
diving seabirds. This information will aid regulatory bodies and
developers understand the potential environmental impacts from
marine tidal energy developments.

The results identified that for both years, fish predominately
occurred in groups, with few observations of solitary individuals.
Grouping, shoaling and aggregation activities are a common
behavioural trait in fish species, particularly in P. pollachius, by
providing individuals with the potential for increased feeding,
spawning and predator avoidance (Cohen et al., 1990; Froese and
Pauly, 2007; Rangeley and Kramer, 1995; Rowley, 2008; Sepp€al€a
et al., 2008). P. pollachius are a predatory species, and feed by us-
ing natural or anthropogenic structures to strike out at passing prey
(Froese and Pauly, 2007; Pizzolon et al., 2008). As such, the device
could offer this species a new site for feeding or refuge from
predators. This follows other studies which suggest that such
offshore structures can act as artificial reefs or fish aggregation
devices (Langhamer et al., 2010; Wilhelmsson et al., 2006). During
both years, fish presence was relatively small, in comparison to the
total recorded video footage. P. pollachius is known to remain
within the vicinity of local waters, suggesting that the observed
aggregations could potentially be the same group, repeatedly
returning to the device (Cohen et al., 1990; Sarno et al., 1994).
Please cite this article in press as: Broadhurst, M., et al., In-situ ecological in
study, Ocean & Coastal Management (2014), http://dx.doi.org/10.1016/j.o
However, it was not possible to identify if this was the case, but
does suggest the need for future fish tagging experiments.

The results also showed significant temporal variations and in-
teractions with fish abundance. Fish populations are known to
fluctuate naturally, with daily behavioural cycles influenced by
biological and environmental cues including; light, water depth,
water direction or prey/predator movements (Cargnelli et al., 1999;
Sarno et al., 1994; Sepp€al€a et al., 2008). Annual variations are also
often linked to other annual variables including sea surface tem-
perature changes and also the population structure of the fish ag-
gregation i.e. juvenile nursery aggregations or grouped adult
spawning events (Cargnelli et al., 1999; Le Fur and Simon, 2009;
Selleslagh and Amara, 2008). Importantly, it outlines the signifi-
cance of including temporal scales and other related variables (i.e.
diel effects) in assessments required to examine species in-
teractions with marine energy developments (EMEC, 2013).

4.2. Tidal velocity fish response

The increased velocity rates and temporal variations observed
are comparable to past independent ADCP surveys, with the local
environment known for substantially strong and varied tidal flow
teractionswith a deployed tidal energy device; an observational pilot
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conditions (Norris and Droniou, 2007). This is due to the land
masses of the Isle of Eday and Muckle Green Holm within the area
creating a natural narrow channel constricting the tidal flow, which
leads to the observed increased velocity rates (Norris and Droniou,
2007). In-depth surveys within these types of environments are
exceedingly uncommon, due to the complexity of the physical
seabed characteristics and the degree of variation of these strong
hydrodynamic conditions restricting survey effort (Bailly du Bois
et al., 2012). As such, velocity rate information derived from key
texts including Chart Datum only provides an initial, basic view-
point of the system. Therefore, these results also further aid key
information on the nature of these environments, in terms of ve-
locity profile descriptions.

The GAM models portrayed comparative relationships between
fish abundance and velocity rates surrounding the deployed tidal
device for both annual trials. Significantly fewer P. pollachius were
observed at high velocity flow rates, with increased abundance
counts related to low tidal velocity rates. The larger velocity rates
observedmay drive P. pollachius away from the device to other local
regions and structures, for protection or better feeding conditions
(Selleslagh and Amara, 2008). As tidal velocity declines, shoals may
then be more inclined to move away from these areas and aggre-
gate round the device. The ADCP surveys for both years identified
subtle tidal velocity curves, which could be the result of periodic
neap and spring tidal pattern conditions. Further comparisons to
periodic tidal pattern currents such as spring and neap cycle sce-
narios or other tidal current patterns (such as ebb or flood cycles)
could therefore advance the understanding of fish abundance re-
sponses to the device. During the 2010 trial, fish observations were
seen to occur at larger velocity rates than the populations observed
in the 2009 trial. Shoals are known to aggregate over different
spatial scales, influenced by the complexity of physical structures,
habitat patchiness and the natural behaviour of the species or
population involved (Le Fur and Simon, 2009). P. pollachius also
portray opportunistic trait tendencies and are found in a variety of
pelagic, benthopelagic and estuarine environments and often
regarded as marine migrant opportunists (Henderson and Bird,
2010; Li et al., 2010). Overall, fish abundance responses surround-
ing the tidal device could be described as temporary opportunistic
aggregations, responding to local abiotic factors, such as tidal ve-
locity conditions.

4.3. Combined survey methods: caveats and future approaches

The combined use of video/still photography and ADCP sam-
pling techniques are useful for such offshore, extreme hydrody-
namic environments (Krag et al., 2009; Monk et al., 2011; Reed
et al., 2004; Wewetzer et al., 1999). In the context of the study
aims, the study provided preliminary ecological quantitative in-
formation, which can assist regulatory bodies and developers begin
to define ecological interactions with marine tidal energy de-
velopments. However, further experimental testing of the study's
method design is recommended, for scientific rigour and in-depth
analysis of ecological responses with tidal energy devices (Diesing
et al., 2009; Hermant et al., 2010; Osalusi et al., 2009). For example,
a proportion of unexplained variation and interaction was identi-
fied between the abundance and tidal velocity rates for both annual
trials (ᵟ (from analysis of deviance) 2009 ¼ 35%, ᵟ 2010 ¼ 86%),
with the 2010 trial outlining considerable unexplained variation.
This is the likely result of other direct or indirect biotic and abiotic
factors. In addition, the 2010 survey trial also lost a number of video
survey days which could therefore attribute to the high unex-
plained variation value, which is further shown by thewider spread
of the confidence intervals and the level of interaction in the GLM
and GAM results.
Please cite this article in press as: Broadhurst, M., et al., In-situ ecological in
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Overall, this pilot study could be enhanced by the addition of
replication units (number of cameras, control sites, deployed tidal
energy devices), the inclusion of other key variables (i.e. light/
diel, sea temperature and meteorological information) and also
implementing additional methods (electronic fish tagging tech-
niques) (Selleslagh and Amara, 2008). In addition, a wider-scaled
collaborative research is recommended, to examine fish in-
teractions with other types of offshore developments, such as
wind energy devices and oil and gas platforms (Dempster et al.,
2010). For example, this could include examining fish in-
teractions with different development life stages (deployment,
operational and decommissioning cycles), development struc-
tural complexity (structure shape and size) and their location
within the marine environment (adjacent habitat types). This
approach would be extremely beneficial for developers, regula-
tors, ecologists and the scientific community, to examine the true
patterns of ecological responses with new offshore anthropo-
genic activities. This is inherently important given the potential
large scale of such developments in the future (Albert et al., 2003;
EMEC, 2013).
4.4. Conclusions

The pilot study outlined P. pollachius to aggregate temporally
surrounding the deployed marine tidal energy device during the
2009 and 2010 trials. Fish aggregations fluctuated considerably
across hour and day temporal scales, with temporal interactions
found in 2010. Tidal velocity was identified to influence the pres-
ence of fish aggregations, with increasing tidal velocities seen to
clearly reduce the number of observations. Fish aggregations were
not observed above 1.3 m/s in 2009 trials and 1.8 m/s in 2010
respectively. Overall this experimental approach identified pre-
liminary responses of local species interactions with this marine
tidal energy device. However, further method testing, replicate
samples and assessment of this pilot study is recommended to aid
future environmental impact assessments for tidal energy de-
velopers and regulators.
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