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Tidal stream environments exhibit fast current flows and unique turbulent features occurring at fine spatio-temporal scales (metres and seconds). There is now global recognition of the importance of tidal stream environments for marine megafauna. Such areas are also key to the development of marine renewable energy due to the reliable and predictable nature of tidally driven flows. Bed-derived turbulent features, such as kolk-boils, transport organic material to the surface and may increase the availability of prey species (fish) for foraging marine megafauna (seabirds and marine mammals). Quantification of animal association and interactions with turbulent features is required to understand potential environmental impacts of tidal energy developments in these sites. Downward-facing unmanned aerial vehicle (UAV) imagery was collected within the Pentland Firth, UK. Resulting imagery was used to quantify the density distribution of pursuit-diving seabirds, called auks (of the family Alcidae), distribution in comparison relation to concurrent surface imagery of kolk-boils and, analyse evaluate spatial relationships with individual kolk-boil features, and quantify body orientation relative to the water flow. Although variability was present, auk density distribution was generally correlated with that of kolk-boils throughout the study area; however, spatial analysis highlighted an overall trend of finer-scale dispersion between individual auks and kolk-boils. Auk orientation on the surface was primarily observed across the flow throughout ebb and flood tidal phases. These results suggest that auks may be associating with kolk-boil peripheries. Similarly, it may be energetically beneficial to orientate across the flow while maintaining observation of current flow or searching for shallow prey species and potential threats in the environment. This work demonstrates that UAV imagery was appropriate for quantification of fine-scale biophysical interactions. It allowed for concurrent measurement of hydrodynamic and predator metrics in a challenging environment and provided novel insights not possible to collect by conventional survey methodology. This technique can increase the evidence base for assessment of potential impacts of marine renewable energy extraction on key marine species.
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1 Introduction

Tidal stream environments are of importance to anthropogenic developments, in the form of marine renewable energy (MRE) or tidal energy converters. While many turbine designs exist, the predominant form of tidal energy converters, representing around 70 % of global research and development efforts, are bottom-mounted horizontally orientated turbines (Fraenkel, 2006; Isaksson et al., 2020). For tidal stream projects to be economically viable it has globally, and consistently, been stated that locations must generally exhibit current flow speeds greater than 2 m/s (Fraenkel, 2006; Johnson and Pride, 2010; Vyshnavi et al., 2021). In turn, this restricts locations of development to areas such as straits and shallows around headlands (tidal stream environments) which accelerate current flow to the necessary velocities (Fraenkel, 2006; Adcock, 2015; McIlvenny et al., 2021).

These environments are also of importance to marine megafauna (seabirds and marine mammals) which utilise them for foraging, transport and breeding purposes (Benjamins et al., 2015). Seabirds in particular exploit tidal stream environments for foraging purposes, with breeding colonies often being in proximity (Johnston et al., 2018). The UK has several important seabird populations, with a legal responsibility to protect them through the EU Habitats Directive (92/43/EEC) and the EU Birds Directive (2009/147/EEC) (European Union, 1992; Mitchell et al., 2004). This is increasingly imperative with climate change, lack of prey and predation causing breeding populations within the UK to decline (Langston, 2010). Tidal energy developments, that may overlap with key seabird usage areas, could increase pressure on populations (Isaksson et al., 2020). To minimise this, further understanding of tidal stream environments, the extent of overlap between seabirds and tidal energy developments, and resulting environmental impacts is required (Grecian et al., 2010).

Tidal stream environments occur in coastal areas, usually in narrow channels or between headlands, that exhibit fast current flow repeatedly exceeding 2 m/s and contain complex turbulent features (Benjamins et al., 2015). Turbulent features are three-dimensional constructs of water that diverge from the general water body, thus creating identifiable structures (Benjamins et al., 2015). These features occur over fine spatio-temporal scales (metres and seconds) and are visible at the water surface in a number of different forms (kolk-boils, eddies, wakes and jets) (Benjamins et al., 2015). They are created by constraints imposed on the water flow by coastal features (headlands and islands) and seabed topography or as a result of vertical/horizontal wave kinematics (Filipot et al., 2015). Seabed-derived turbulence is of particular biological importance, as it transports plankton and fish species towards the water surface (Embling et al., 2012). These turbulent features, referred to as kolk-boils from hereon, are created by fast-flowing currents interacting with uneven bathymetry, resulting in upward vortices through the water column that eject at the surface, establishing areas of upwelling (Thorpe et al., 2008). While kolk-boils may predominantly act as a transport mechanism, moving sediment and organisms from the seabed to near the surface, it is speculated that they also have a disorientating effect on prey species (fish) which are caught within (Waggitt et al., 2016b). It is therefore theorised that kolk-boils create highly localised, repeating, periods (seconds) and areas (metres) of enhanced foraging opportunity for seabirds (Zamon, 2003; Benjamins et al., 2015).

Further quantification of faunal habitat usage is required to understand potential environmental impacts resulting from spatio-temporal overlap of seabirds and tidal energy developments (Waggitt et al., 2017; Whitton et al., 2020). Pursuit-diving seabird species are thought to be most vulnerable to potential impacts from tidal energy devices (for example collision and habitat displacement) owing to using the full extent of the water column (Isaksson et al., 2020). Kolk-boils, and other turbulent features, are likely to dictate pursuit-diving seabird spatial usage patterns, as a result of their hypothesized influence on prey species, with these relationships key to informing the extent of environmental impacts when scaled up to a population level (Scott et al., 2014; Abrahms et al., 2018). However, knowledge regarding pursuit-diving seabird usage of tidal stream environments remains at a broad scale of association (500 m), with only proxy variables for turbulence available rather than fine-scale empirical measurement of features (Waggitt et al., 2016b). Previous investigation into habitat usage have highlighted associations with a range of horizontal current velocities and areas of high turbulence when foraging (Waggitt et al., 2016b; Waggit et al., 2016a). However, there has yet to be an investigation into fine-scale pursuit-diving seabird behaviour (< 1 min and < 1 m) in relation to current flow and associations with individual, empirically characterised, turbulent features such as kolk-boils.

Small, multirotor, unmanned aerial vehicles (UAVs), commonly known as drones, can provide novel insight into these relationships due to their ability to hover (providing a top-down view), collect high-resolution imagery (< 1 s and < 1 m) and survey in logistically complex locations (Chabot and Francis, 2016; Palomino‐González et al., 2021). Within the field of seabird ecology, a recent review identified that UAVs are increasingly being used for monitoring purposes, expanding beyond nest or individual count surveys (Edney and Wood, 2020). Within tidal stream environments, UAVs have been used for fine-scale examination of surface-foraging seabird associations with individual turbulent features, and anthropogenic wakes, providing evidence that the former are important environmental cues for foraging (Lieber et al., 2019; Lieber et al., 2021).

This study demonstrating the ability of UAV imagery to quantify imagery to investigate fine-scale pursuit-diving seabird associations with fine-scale hydrodynamic variables and detailed interactions with individual turbulent features within a tidal stream environment. Seabirds that undertake pursuit diving were chosen due to the species’ hypothesised greater risk of impacts from tidal stream renewables. Four pursuit-diving seabird species were investigated that fall within the auk (Alcidae) family, comprising the black guillemot (Cepphus grille), common guillemot (Uria aalge), razorbill (Alca torda) and Atlantic puffin (Fratercula arctica). These species use wing and foot propulsion to catch prey within the water column and regularly dive to depths exceeding 30 m for sustained durations (over 20 seconds) (Wanless et al., 1988; Furness et al., 2012). Specific objectives of this study are to 1) demonstrate the ability of UAV imagery to quantify auk orientation relative to the flow, in relation to hydrodynamic variables (current velocity and tidal phase), and 2) demonstrate the ability of UAV imagery to quantify relationships between auks and individual turbulent features.



2 Materials and Methods


2.1 Study Site

UAV measurements were carried out in the Pentland Firth, UK, and included an active tidal stream energy lease site. The Pentland Firth is a 20-km long channel of water in the north of Scotland that connects the North Atlantic Ocean to the North Sea (Figure 1). Due to large differences in water elevation at different tidal phases when moving from either entrance of the channel, as well as topographic restrictions, current velocities often exceed 4 m/s (Neill et al., 2017). The Inner Sound is a channel within the Pentland Firth, with an average depth of 35 m, and is located between the Scottish mainland and the Island of Stroma (Figure 1) (Goddijn-Murphy et al., 2013). During flood spring tides, current speeds of 6 m/s have been recorded within the Inner Sound, with an energy potential of approximately 1.9 GW predicted (Adcock et al., 2013; Neill et al., 2017). The Inner Sound is the location of the MeyGen tidal stream energy project with a total planned capacity of 398 MW, operated by SIMEC Atlantis Energy (SIMEC) (SIMEC, 2018). Surveys within the Inner Sound were conducted post-installation (2018) of four 1.5 MW turbines (Slingsby et al., 2021a).




Figure 1 | The United Kingdom and the Inner Sound of the Pentland Firth with UAV survey coverage displayed.





2.2 Data Collection

Thirty-eight UAV surveys were conducted between 21-24th July 2018 from a moving vessel (MRV Scotia) sailing continuously around the Island of Stroma (Figure 1). Surveys focused on the central area of the Inner Sound with flights occurring, weather permitting, during daylight hours and across different locations, times and hydrodynamic conditions (Slingsby et al., 2021a). Although surveys were taken at spatially different locations throughout the survey period, there was a comparable number of surveys (nineteen) carried out in flood and ebb phases, during and shortly after neap tides. All flights were undertaken according to Civil Aviation Authority regulations for UAV operation, as well as following best practice guidelines, detailed by Hodgson and Koh, 2016), for UAV usage during environmental research (Civil Aviation Authority, 2019). This minimised any potential effect on target and non-target species (Hodgson and Koh, 2016). Vessel-based observers recorded the times when UAV surveys were being undertaken and monitored for potential disturbance behaviour (vigilance, diving or flight responses) resulting from either flight operations or vessel activity (McEvoy et al., 2016). Disturbance was only noted when birds were within 20 m of the vessel itself which was closer than the distance of the UAV from the boat. It was therefore deemed that no disturbance, resulting from either the UAV or vessel, was present at the operational range of the UAV.

During UAV operation, all surveys were manually flown at a consistent speed, and altitude (70 m), over ground while also maintaining a consistent position ahead of the vessel (100 m). This was achieved by monitoring onboard GPS speed readouts. Surveys were conducted at windspeeds < 5 m/s for safety, and to remain within capability specified by the UAV manufacturer (DJI, 2020). All surveys were conducted against the prevailing current direction to avoid double counting objects of interest. Survey durations ranged between 10-30 minutes, with an average of 200 JPEG images taken during each survey. The inter-image sampling period was set to 5 seconds, with UAV and camera specifications detailed in Table 1. Image overlap was calculated to be 80 % over water, allowing for complete coverage.


Table 1 | UAV and camera specifications of surveys.





2.3 Data Processing

Images were assigned a position in space and georectified to allow for conversion of image units (pixels to metres) using previously described methods (Slingsby et al., 2021b). This permitted calculation of latitude and longitude values for the centre point of each auk, their surface orientation angle and ground survey coverage. Kolk-boil distributions were obtained using the same imagery, from previous data processing efforts (Slingsby et al., 2021a). The methodology for kolk-boil data extraction is further detailed within Slingsby et al. (2021a).

A graphical user interface (GUI), created by Slingsby et al. (2021b), was used to process, review and collate the multiple images taken within each survey. The GUI created an output file for each survey that included the extracted variables from detected auks and relevant telemetry information (Table 2). Telemetry information was collected from onboard GPS data. Methodology on how corrections were made to report the correct altitude values are detailed in Slingsby et al. (2021a). Auk behaviour was classified as flying (visibly above the water with wings outstretched), sitting (visibly sat on the water surface) or diving (visibly breaking the water surface, or having appeared in an image without being there in the previous one). Still images allowed for these to be distinguishable and avoid misidentification. User observation time (effort) per image was kept consistent by using a grid system to systematically search through each image for seabirds. If the same auk was present in consecutive images, this was recorded as part of the classification process. Once started, a survey was processed in one operation by the same user to maintain consistency and avoid between-user bias. The same user was maintained throughout all surveys to also avoid between-survey bias.


Table 2 | UAV and seabird variables stored within GUI output file.



To ensure a high degree of certainty regarding behaviour and family identification, and to ensure only positive targets, a confidence score (out of 3) was given to each target within an image. This was based on the user’s certainty of identification. This corresponded to high (3), good (2) and poor (1) quality. The confidence score was applied visually, by the same user, to minimise inconsistencies and subjectivity. An auk was deemed ‘high’ quality if both a family and species level of identification could be achieved, ‘good’ quality if just a family level of identification was possible and ‘poor’ quality if neither were discernible (Supplementary Figure 1).



2.4 Post-Processing

Hydrodynamic variables (current velocity, current direction, and ebb/flood tidal phase) were obtained from a depth-averaged TELEMAC-2D model output for the location and timestamp of each image (Lang et al., 2014; McIlvenny et al., 2021). While current velocity and current direction values were taken directly from the hydrodynamic model for each image, tidal phase categorisation (either ebb or flood) was assigned from the average current velocity and current direction across each survey, with flood tide corresponding to flow in an easterly direction.

This study further characterised auk distribution and orientation relative to the flow direction. Distribution was obtained from latitude and longitude values of the central point of each auk. Auk orientation was obtained by calculating the angle of the bird (a line measured from each auk’s head to its tail using the GUI) relative to the forward orientation of the image (Figure 2). This was designated as auk orientation within the image, and then relative to north by accounting for the yaw of the UAV. Instantaneous flow direction was then incorporated to calculate auk orientation relative to the flow. This was calculated by subtraction of auk orientation from current direction, to work out an angle difference, and then implementing two absolute transformations to obtain a nonnegative value within the range of 0 – 180°.




Figure 2 | Metrics obtained from UAV imagery including bird central point, head (H) to tail (T) measurements and orientation angle.



	

Categories were used to represent auk relative orientation and formed three classifications: with the flow (> 0 – ≤ 45°), across the flow (> 45 – ≤ 135°) and against the flow (> 135 – ≤ 180°) (Figure 3). Orientation relative to the flow was then examined in relation to hydrodynamic covariates (tidal phase and current velocity). Auk distribution was analysed in relation to kolk-boils present at the surface, detected within concurrent imagery, and the same hydrodynamic variables.




Figure 3 | Classifications of auk orientation relative to flow.



Birds deemed to be visually poorly defined (family identification confidence score = 1) were excluded at this point due to an inability to accurately classify to a family level. This excluded 20 potential auks from an initial 262 individuals. The final data set was then subset to only include auks classified as sitting due to this being the most likely behavioural state to interact with turbulent features at the surface and tidal energy devices below the water. All detected auk individuals were then blind verified by a second, independent, observer with experience in seabird identification to confirm each family level of identification and provide a species level where possible. To resolve potential errors in species identification, and due to the low numbers in each relevant species group (160), with some individuals (82) not being able to be accurately classified at this higher resolution, all analysis remained at a family level of identification. Secondary evaluation confirmed that all individuals logged as being within the auk family were correctly identified. However, had this not been the case, falsely identified auks would have been removed from the dataset at this point.

The output files for each survey were collated and merged into a single dataset. This included bird central point position, bird orientation (degrees), a confidence value of family level identification, kolk-boil central point, telemetry data, and relevant explanatory variables taken from the central point of each image: current velocity (m/s), current direction (degrees) and tidal phase (assigned based on the average current velocity and direction).



2.5 Data Analysis

All analysis was carried out within the software R 2020 (R Core Team, 2020). To analyse kolk-boil and auk spatial distribution, and associations, the package “spatstat” was used (Baddeley et al., 2015). Data were transformed into a point pattern process (PPP). This allowed for the addition of categorical marks, which could be assigned to each point (auk or kolk-boil), and the designation of a custom window in which they could be assessed (a shape file of the Inner Sound and surrounding sides of the Island of Stroma). To visually assess spatial density distribution of auk and kolk-boils, kernel smoothed intensity plots were implemented with an isotropic smoothing bandwidth (sigma) of 200 m for the scale of analysis. This value was chosen to capture all fine-scale spatial associations within the entirety of the area surveyed (Inner Sound channel and Island of Stroma).

A multitype pairwise correlation function (MPCF) was used to analyse spatial associations between individual auks and kolk-boils. The method is a bivariate derivation of Ripley’s K function and measures spatial association within rings instead of cumulative circles. This allows for the denotation of whether points are clustered, dispersed or randomly distributed between marks throughout a study area (Gillan and Gonzalez, 2012). The approach allowed analysis of a PPP between the distances of each circle, instead of just within a larger area, by looking at a neighbourhood of points surrounding the specified radius. This is achieved by giving greater importance to points close to the radius, and less to those further away, through the implementation of a defined bandwidth value (Gillan and Gonzalez, 2012).

A marked correlation function, which detects correlations amongst categorical marks in PPPs, was used to determine the bandwidth value for analysis and highlight an overall distance at which there is significant correlation (either clustering or dispersion) between points. Beyond this point was deemed to be non-meaningful as it is unlikely that points would influence each other beyond that spatial range. In this case, a significant relationship, of some description, was observable between kolk-boils and auks up to 500 m (Supplementary Figure 2). The focus of kolk-boil and auk interaction was therefore between 0 - 500 m within the following results.

A bandwidth of 40 m was chosen to best highlight potential relationships within this 500 m range. The choice of bandwidth is an important consideration in MPCF plots, as too large a value will create information loss and too small a figure will create large fluctuations (Binder and Simpson, 2015). There is also limited information within the literature on the correct procedure to calculate this value (Illian et al., 2008). Therefore, the bandwidth was increased in 10-m increments, from 0 m, until the output created a smooth line. Finally, MPCF analysis was carried out within a simulation envelope to investigate if relationships observed were significant. This approach compared observed patterns against a number of simulations (n = 100) based upon the null model, creating 95 % confidence intervals, with observed relationships being significant if exceeding upper and lower bounds (Szmyt, 2014).

A Chi-squared test of homogeneity, with a significance level of p ≤ 0.05, was used to assess if overall counts of relative orientation (across flow, against flow and with flow) were distributed identically within the classifications or if significant variation was present. Within this, and prior analysis, the assumption that auks were acting independently of each other was made. While this cannot be statistically proven, literature does highlight the prevalence of individualistic behaviour within auk species (Johnston et al., 2018). For relative orientation, with regard to tidal phase and current velocity (Table 3), a Gaussian finite mixture model was implemented to estimate modality of the density of distributions using the R package “mclust” (Scrucca et al., 2016).


Table 3 | Hydrodynamic variables used in examination of relative orientation, density distribution and multitype pairwise correlation function.






3 Results


3.1 Spatial Association With Kolk-Boils


3.1.1 Density Distribution

A total of 242 auks, comprising 118 common guillemots (Uria aalge), 35 razorbills (Alca torda), 7 puffins (Fratercula arctica) and 82 unidentifiable auks, were detected sitting on the water surface within UAV imagery. Throughout all tidal states the highest densities of auks (max density > 5x10-5 individuals/m2) and kolk-boils (max density > 7x10-5 individuals/m2) were observed within images taken in the Inner Sound channel (Figure 4). Kolk-boil and auk coverage were predominantly within the channel, with some auks detected on the eastern and western sides of the island of Stroma.




Figure 4 | Density distributions (individuals/m²) of kolk-boils and auks overall, across ebb and flood tidal phases and at differing current velocity ranges (at 200 m bandwidth) across the Inner Sound and island of Stroma areas of the Pentland Firth.



When subset by tidal phase, kolk-boil density distribution was greatest in the central to eastern areas of the Inner Sound on the flood phase (max density > 7x10-5 individuals/m²) and further west on the ebb phase (max density > 3x10-5 individuals/m²) (Figure 4). Auk density was more variable on the ebb phase (max density > 6x10-6 individuals/m²). On the flood phase clustering of auk density distribution (max density > 5x10-5 individuals/m²) was observed at the central area of the Inner Sound, slightly to the south of corresponding kolk-boil density.

When subset by current velocity, kolk-boil density distribution was predominantly clustered within the central channel area of the Inner Sound across all velocities surveyed (low = max density > 1.5x10-5 individuals/m², medium = max density > 2x10-5 individuals/m², high = max density > 4x10-5 individuals/m²) (Figure 4). Auk density was evenly distributed both within the Inner Sound, and around the island of Stroma, in low (max density > 1.2x10-5 individuals/m²) and medium (max density > 1.2x10-5 individuals/m²) flow speeds. However, at fast velocities, auk density became highly clustered in the central area of the channel (max density > 4x10-5 individuals/m²).



3.1.2 Multitype Pairwise Correlation Function

Analysis highlighted that although auks and kolk-boils (r-range = 0 – 4.2) were slightly dispersed, at < 100 m this relationship was not deemed to be significant and fell within the simulated values indicating random distribution (Figure 5). However, significant dispersal between auks and kolk-boils was observed between 100 – 500 m.




Figure 5 | Multitype pairwise correlation function plot of kolk-boil and auk point associations overall, across ebb and flood tidal phases and at differing current velocity ranges (at 40 m bandwidth), across the Inner Sound and island of Stroma areas of the Pentland Firth. Grey shaded area (hi, lo) represents 95 % confidence intervals, black line (obs) the observed values and red dashed line (theo) indicates the theoretical value.



When subset by tidal phase, on the ebb phase (r-range = 0 – 9.6), significant dispersion was observed between auks and kolk-boils beyond approximately 250 m (Figure 5). However, on the flood phase (r-range = 0 – 7.2), increased variability in the relationship was noted, with significant clustering between kolk-boils and auks between approximately 50 – 250 m. However, significant dispersion was then observed between approximately 250 – 400 m, with significant clustering with individuals at 450 m.

When subset by current velocity, significant dispersion was only observed between auks and kolk-boils at low flow speeds (r-range = 0 – 9.8), at approximately 500 m (Figure 5). At medium flow speeds (r-range = 0 – 11.0), the distance at which significant dispersion was observed between auks and kolk-boils reduced to beyond approximately 400 m. At high current velocities (r-range = 0 – 0.9), significant deviation between auks and kolk-boils was observed from beyond approximately 10 m.




3.2 Auk Orientation

Across all detected auks, 191 (79 %), were orientated across the flow (Figure 6). This was significantly higher than with the flow (14 %), and against the flow (7 %), classifications (X2 = 227.76, DF = 2, p < 0.001).




Figure 6 | Observed densities of auk orientation relative to flow (grey bars) overall, split by ebb and flood tidal phase and across differing current velocity ranges, with Gaussian mixture-based density estimate curves (black line).



Significantly more auks were detected within the flood phase (185) compared to ebb (57) (X2 = 67.70, DF = 1, p < 0.001). Significantly more auks were orientated “across flow” during both flood (X2 = 174.37, DF = 2, p < 0.001) and ebb (X2 = 53.47, DF = 2, p < 0.001) than with/against flow, with both flood and ebb distributions displaying a unimodal distribution (Figure 6).

The highest percentage of auk orientation was observed within the “across flow” category when examined at low (X2 = 51.808, DF = 2, p < 0.001), medium (X2 = 60.31, DF = 2, p < 0.001) and high (X2 = 127.42, DF = 2, p < 0.001) current velocities (Figure 6). However, greater variation in auk orientation occurred at low and medium flow velocities compared to high, as indicated by probability density estimates.




4 Discussion

This study demonstrates the capability of using UAV imagery to characterise fine-scale bird species orientation and associations with kolk-boils at the sea surface. It also uniquely found that auk species predominantly orientated themselves across the flow irrespective of tidal phase, and at current velocity > 2 m/s. The density distribution of auk species was influenced by current velocity and tidal phase, and often coincided with that of kolk-boils. However, spatial analysis generally highlighted a negative correlation between individual auks and kolk-boils. These findings offer novel insights into fine-scale auk habitat usage via examination of correlations with empirically quantified turbulent features and incorporation of auk orientation. These results highlight the need for an increased evidence base for tidal energy developers, and regulators, to inform environmental impact assessments (EIAs) and post-construction impact monitoring.


4.1 Seabird Associations


4.1.1 Spatial Associations with Kolk-Boils

Literature suggests that many foraging auks display a “moderate to strong” association with high current velocities, > 2 m/s, with this plateauing and then declining above 3 m/s (Benjamins et al., 2015; Waggitt et al., 2016b; Waggit et al., 2016a). It is therefore likely that auks will correlate, or associate, with kolk-boils which are highly prevalent at the surface when velocities exceed 2 m/s (Slingsby et al., 2021a). Results from this study showed that spatial patterns between auks and kolk-boils were present, with auk densities similarly located to those of kolk-boils (Figure 4). However, a significant dispersion between individual auks and kolk-boils, when within 100 – 500 m of each other, was indicated (Figure 5). At highly localised scales (10 – 100 m) areas of upwelling, produced by kolk-boils, may provide important environmental cues to auks in terms of foraging site selection, as has already been observed in foraging tern species in areas of high current flow (Lieber et al., 2021). This could explain why there were observed similarities in overall distributions of both auk and kolk-boils, but why significant dispersion was then recorded between individual auk and kolk-boils. However, unlike aerial foraging seabirds such as terns, auks must consider the energy requirements needed to approach, and move within, kolk-boils due to primary foraging strategies involving the pursuit of prey through the water column (Nol and Gaskin, 1987; Johnston et al., 2018). This juxtaposition becomes more apparent when examining the interaction of auk species and kolk-boils in relation to current velocity and tidal phase.

In relation to current velocity, density distribution plots showed concentrations of auks and kolk-boils to be spatially similar within the study site at the highest flow velocity category sampled (Figure 4). However, the overall relationship between individual auks and kolk-boils, at the same velocity category, was that of significant dispersion (Figure 5). For animals utilising tidal stream environments the energetic demands are high, particularly in areas of increased depth, current velocity and turbidity (Waggitt et al., 2016b). The disparity between overall density distribution and individual relationships indicates that the areas surrounding, or the edges of kolk-boils themselves, may be preferentially targeted by auks due to yielding high enough densities of prey species to actively associate with. Prey species at the peripheries of kolk-boils may still be disorientated from interacting directly with it, requiring less energy to catch, or have the opportunity to resume shoaling behaviour (where individuals swim in close proximity, in the same direction, in a coordinated manner) (Liao, 2007). This would make prey increasingly aggregated and more detectable by foraging auks in these areas (Waggitt et al., 2016b). The peripheries of kolk-boils, characterised by waves and bubbles, could also provide a form of cover for foraging auks to approach prey species and avoid detection due to increased turbidity in the water (Haney and Stone, 1988). However, these areas may concurrently lower an auk’s ability to detect prey items. While the exact nature of these relationships is unclear, this work highlights the continued importance of integrating fine-scale prey metrics into assessments of marine megafauna usage of tidal stream environments. A focus on fish associations with turbulence, alongside inter-species (auks) differences in habitat associations, is of paramount importance moving forwards to fully describe the complex bio-physical interactions occurring.

Overall, auk and kolk-boil densities were similarly distributed across differing tidal phases (flood and ebb) although increased variation was observed on the ebb (Figure 4). Between individual auks and kolk-boils, a pattern of dispersion was evident on the ebb phase, while significant clustering was observed on the flood (Figure 5). While the latter contrasts the overall trend of dispersion between individual auks and boils, it may not be in direct contradiction. Previous work has shown that within the Inner Sound of the Pentland Firth, kolk-boils are more localised during the ebb phase due to the prevailing current direction (Slingsby et al., 2021a). This results in a predominant presence at the western (downstream) extent of the channel throughout the ebb phase, but across the majority of the channel in the flood (Slingsby et al., 2021a). Therefore, while clustering was present on the flood phase, this may be correlation but not necessarily causation, and could still fit similar observed trends of fine-scale dispersion. It is likely that the increased spatial distribution of kolk-boils, throughout the flood phase, may mean that these turbulent features are unavoidable to foraging auks, as opposed to the ebb phase where their coverage is more localised. In this circumstance, the need to forage may outweigh the energetic cost of traversing through or in the vicinity of kolk-boils. Further study is needed to fully characterise these relationships, including the differing associations noted at contrasting tidal phases and site-specific differences.



4.1.2 Orientation

Auks are considered to be pursuit divers that propel themselves after prey species underwater, using wings or feet, from a stationary position at the sea’s surface (Haney and Stone, 1988). This has been deemed to be an “energetically costly” form of locomotion to hunt prey, meaning energetic efficiency is key to successful foraging and reproductive strategies (Cairns et al., 1987). When foraging within tidal stream environments, which are themselves energetically challenging, auks exhibit a tendency to dive against the prevailing flow direction (Wade, 2015; Cole et al., 2019). While this method would not be without high energetic costs, it is perhaps the most efficient to pursue targets underwater, as prey species also exhibit a similar response in fast current flows (Wade et al., 2013; Williamson et al., 2021).

Within this study auk orientation was primarily across the tidal flow, with this pattern apparent regardless of tidal phase and at the highest sampled current velocities (Figure 6). Therefore, with a high cost associated in diving against the flow within a highly turbulent environment, orientation at the surface may play a key role in offsetting the resultant energy expenditure. Auks orientating across the flow will have the largest surface area facing the prevailing current direction, creating increased hydrodynamic drag, meaning that an individual would be more likely to travel with the flow at no energetic cost (Mattos et al., 2007). This is likely to be part of what has been described as the “conveyor-belt” foraging theory which is a particular strategy employed by several pursuit-diving seabird species within tidal stream environments (Isaksson et al., 2020). Specifically, it is when individuals drift passively into an area, using the prevailing current, followed by flying upstream and diving against the flow before the process repeats itself (Johnston et al., 2018). UAV imagery allows for further characterisation of the drifting periods of this strategy and highlights the importance of orientation in gaining maximum benefit of passive travel from the prevailing current direction.

Auk orientation across the prevailing current direction may also be linked to bird visual ranges. Auks, like most bird species, rely heavily on visual information to guide foraging and other activities (Martin and Crawford, 2015). While pursuit-diving seabirds experience restrictions on vision when underwater, due to changes in visual fields from effects of immersion causing increased reliance on tactile or auditory cues, this is not the case at the surface (Cantlay et al., 2020). Although it must be stated that there are clear interspecific differences, in terms of visual fields and eye placement, the same general characteristics are present in all auk species (Martin and Wanless, 2015). Environmental cues at the surface, biological cues just below the surface, and aerial threats from above may be examples of visual drivers that could determine orientation (Martin and Wanless, 2015; Lieber et al., 2019; Lieber et al., 2021). Auks, similarly to other predatory bird species, utilise both lateral and binocular vision when interacting with the environment, with the former generally used when searching for prey or threats (Martin, 2017). Thus, orientating across the prevailing flow direction may provide the greatest visual range for auk species to observe and react to cues, as a perpendicular angle could allow for a greater volume of water to pass by an individual, comparative to facing with or against it. However, further work would be required to evaluate whether this rationale is supported.



4.1.3 Implications for Environmental Impact Assessments

For robust EIAs to be carried out, it is necessary to properly characterise the proposed development site and quantify the utilisation of it by species of potential concern. The fine-scale associations between seabirds and surface features can be difficult to study as tidal stream environments are logistically, and physically, challenging to survey within due to high flow velocities (Kregting et al., 2016). This results in a lack of detailed assessments and an increased uncertainty on potential environmental impacts identified in EIAs. This can also have ramifications after EIAs have been carried out, with it of paramount importance that pre-construction and post-construction data collection and methodology is as closely aligned as possible for consistency (British Standards Institution, 2015).

UAV usage allows for a potential way to achieve this through the simplification of data collection methods, as both objects of interest (seabirds and turbulent features) were sampled concurrently at identical spatio-temporal scales. Combined methodologies can reduce differences in monitoring approaches, that may be hindering the overall accuracy of EIAs, and reduce the associated risks of surveying within a challenging environment (Fox et al., 2018). UAV surveys offer a streamlined approach to alleviate these risks while providing the necessary resolution of data required to accurately assess the environmental impact of tidal energy developments (Roche et al., 2016). In relation to seabirds, this is a necessity, with a number of species described as having a “high vulnerability” to tidal turbine impacts (Furness et al., 2012). However, there would be a requirement for additional studies, incorporating the use of this methodology, to demonstrate it is reliable for direct use in EIA assessments to mitigate risks to project timescales and financing. The priority regarding this would be to increase the volume of UAV imagery data available to fully explore the fine-scale relationships observed within this work over increased temporal cycles. In doing so, this would provide more relevant information on the potential interactions between seabirds and tidal energy devices.

UAV imagery also provides the capability for novel fine-scale insights not possible to capture with existing survey methods. This includes seabird orientation, relative to the flow, and the analysis of spatial associations with kolk-boils. These metrics can aid in the continued understanding of drivers behind auk foraging, and in doing so, increase the ability to quantify seabird sensitivity to tidal energy developments (Johnston et al., 2018), such as alteration to hydrodynamic habitat, collision risk and prey availability (Haverson et al., 2018). The development and incorporation of novel techniques, such as displayed within this study, is essential in continuing to fill knowledge gaps that may aid in further developing increasingly representative EIAs. This should include the investigation of seasonal changes to the relationships detailed within this work, as these may potentially vary on an annual basis.

Although UAV imagery was used to capture fine-scale seabird associations with turbulent features at the surface, it is one small segment of a much larger data collection effort. To target the variety of relevant variables occurring at differing spatio-temporal scales, a conceptual framework by Isaksson et al. (2020) suggested a combination of survey tools is required. A multi-faceted approach, comprised of vantage point (VP), active acoustic, and UAV surveys would address key knowledge gaps remaining within the field. Incorporation of active acoustic surveys would allow for the full coverage of fine-scale turbulent features (in the water column and at the surface), and the characterisation of auk prey species (fish) (Williamson et al., 2017). VP surveys would offer the ability to carry out species identification to a higher degree of accuracy. This would allow for examination into potentially contrasting inter-species relationships with turbulent features. By continuing to develop this it will provide robust, evidence-based, data necessary for effective decision making and planning across all stages of tidal energy developments (ORJIP, 2020). Investigating site-specific differences and data collection around operational turbines will improve understanding of potential impacts and their severity on key species.





5 Conclusion

The quantification of seabird spatial usage patterns, in relation to flow conditions and turbulent features, was made possible with the use of UAV imagery. This study further demonstrated the ability of UAVs as a survey platform within tidal streams and highlighted new insights into seabird behaviour in relation to flow conditions and usage of turbulent features.

Overall, auk species displayed a preference for areas where kolk-boils were present, yet a significant trend of finer-scale avoidance between individual birds and features. This could indicate that species are targeting the peripheries of kolk-boils as potential areas for increased prey capture, while avoiding the energetic costs of direct association. Auk species also showed a predominant trend of orientating across the flow in a range of current velocities and at differing tidal phases.

The methodology and results of the study highlight the continued need for development and standardisation of EIA techniques within the tidal energy sector. This includes increasing accuracy, by capturing the full extent of bio-physical interactions occurring, and streamlining methodologies to allow for more effective data comparisons throughout project lifespans. Moving forwards, data highlighting fine-scale faunal usage of tidal stream environments should be assessed in comparison to surface and below surface measurements of turbulence and prey, to further investigate these biophysical links.
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