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Shorewatch is a citizen science project, managed by Whale and Dolphin Conservation (WDC), that records the occurrence of cetaceans during regular, standardized watches from a series of locations along the coast of Scotland (United Kingdom). Observer training and a clearly defined protocol help deliver a valuable source of information about cetacean occurrence and activity along the coast. Between 2005–2018, over 52000 watches generated over 11000 sightings of at least 18 cetacean species. Generalized Additive Models based on sightings for the five most commonly sighted species (bottlenose dolphin, harbor porpoise, minke whale, Risso’s dolphin, and common dolphin), at those sites with the longest time series, demonstrated seasonal, geographical and year-to-year differences in their local occurrence and relative abundance. Bottlenose dolphins are mainly present at observation sites located on the east coast of Scotland, being uncommon on the west coast, while harbor porpoise and minke whale are principally present at sites located on the west coast. The seasonality observed in cetacean occurrence is consistent with peak abundance in summer months described by previous studies in the area. Mean depth around the observation sites is the static variable that apparently has the greatest influence on species presence and number of sightings, except for Risso’s dolphin. All the species except bottlenose dolphin showed upward trends in occurrence and number of sightings over the period 2012–2018. Evidence of temporal autocorrelation was found between results from consecutive watches at the same site on the same day as well as between results from consecutive days at the same site. The power to detect declines in local abundance over a 6-year period depends on the underlying sighting rate of each cetacean species, the number of watches performed and the rate of decline. Simulations performed to determine the power to detect a decline suggest that the current intensity of observation effort in some observation sites, of about 2500 watches per year, may offer good prospects of detecting a 30% decline of the most frequently sighted species (95% of the time) over a 6-year period, although a more even distribution of observation effort in space and time is desirable. The data could potentially be used for monitoring and 6-yearly reporting of the status of cetacean populations.
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INTRODUCTION

The Whale and Dolphin Conservation (WDC) Shorewatch program involves trained members of the public in monitoring coastal cetaceans in Scotland (United Kingdom), based on dedicated effort-based “watches” from the coast, following a standardized protocol. Starting in 2005, the Shorewatch program was developed with support from NatureScot (formerly Scottish Natural Heritage) and has already accumulated an important time series of cetacean sightings from all around the Scottish coast, including information not otherwise collected, such as fine-scale data on the use of the coastal environment by cetaceans, behavior, presence of calves, and the occurrence of rare species, as well as spatio-temporal patterns and trends in all of the above. The program aims to improve our knowledge of the coastal cetacean species present, and their distribution and local abundance, as well as determining seasonal and year-to-year trends and spatial patterns in occurrence and abundance, and to promote conservation of cetaceans and their marine habitat.

To date, the Shorewatch program has reported sightings of 18 different coastal cetacean species, i.e., 75% of the 24 species recorded in the waters around Scotland (Parsons et al., 2000; Weir et al., 2001; Reid et al., 2003). All cetacean species are listed under Annex IV of the EU Habitats Directive (Council Directive 92/43/EEC,) as European Protected Species of Community Interest which are in need of strict protection. Furthermore, the two most commonly sighted species along Scottish coasts, harbor porpoise (Phocoena phocoena), and bottlenose dolphin (Tursiops truncatus) (Weir et al., 2001; Reid et al., 2003; Robinson et al., 2007) are protected under Annex II of this directive. This legislation requires establishment of a system to monitor the species and ensure that human activities do not have a significant negative impact on them and, for species listed in Annex II, the designation of special areas of conservation (SACs). In addition, the EU Marine Strategy Framework Directive (MSFD) (Directive 2008/56/EC,) requires implementation of monitoring and management measures to achieve or maintain good environmental status (GES) in relation to 11 descriptors, the first of which is biodiversity. Cetacean abundance, distribution and fisheries bycatch are all considered when assessing GES in relation to descriptor 1. At present (2021), although the United Kingdom has left the EU, the provisions of these Directives remain in force, since the European Union (Withdrawal) Act 2018 brought all existing EU law into United Kingdom law.

The observation points of the Shorewatch program are, as the name suggests, shore-based. Thus, the sampling effort is limited to coastal areas, which are of particular interest for the conservation of cetaceans because it is where most human marine activities are concentrated. Cetacean species inhabiting those areas face a wide range of threats (Avila et al., 2018), most of them anthropogenic, including fisheries bycatch (Read, 2005), ghost gear entanglement (Stelfox et al., 2016), anthropogenic underwater noise (Wright et al., 2007), vessel collisions (Schoeman et al., 2020), habitat degradation and disturbance (Parsons et al., 2000), infectious diseases (Gulland and Hall, 2005), marine debris (Baulch and Perry, 2014), climate change (MacLeod et al., 2005; Moore, 2005; Learmonth et al., 2006), and chemical pollution (Parsons et al., 2000; Hall et al., 2006; Law et al., 2006; Pierce et al., 2008; Murphy et al., 2015; Jepson et al., 2016).

The threats described, together with the requirements of various relevant directives and laws, dictate the need to monitor coastal cetacean species inhabiting Scottish waters. Monitoring of the abundance and distribution of most cetacean populations in European waters under the EU MSFD and Habitats Directive depends on large-scale, synoptic, boat-based and aerial surveys such as the SCANS surveys, of which there have been three to date, carried out in summer at approximately decadal intervals (Hammond et al., 2013, 2017). For resident coastal populations, such as those of bottlenose dolphins, photo-identification surveys are more appropriate (Cheney et al., 2014, 2019; Arso Civil et al., 2019). Local and regional scale surveys–including land-based monitoring (e.g., Hastie et al., 2004; Weir et al., 2007; Bailey et al., 2013; Dolman et al., 2014)–can potentially provide additional evidence about patterns and trends in cetacean distribution and abundance during the periods between large-scale surveys, and at other times of year, assuming that they meet appropriate quality control standards. For example, the Joint Cetacean Protocol (Paxton et al., 2016) proposes, among other recommendations, that the data supplied on effort and sightings must be related by a common code (to ensure that each sighting can be linked to the relevant unit of effort), and both must be geographically and temporally referenced. Thus, even when protocols vary widely, there are approaches which can be used to integrate multiple data sources so as to be able to infer patterns and trends in cetacean distribution and abundance (e.g., Cheney et al., 2013; Virgili et al., 2019; Waggitt et al., 2020; Bouchet et al., 2021).

Relevant characteristics of the Shorewatch protocol include effort-related sightings data, a well-established and standardized methodology, sites all around the Scottish coast and a time series that now exceeds 15 years in length. Nevertheless, it is important to also consider the potential limitations of such data sets. Firstly, and most obviously, observations are spatially limited (to specific sites) and cover only areas adjacent to the coast. In general, there is an issue that such surveys cover only part of the range of a population (or management unit) and, using the Shorewatch data in isolation, it is therefore difficult to distinguish changes in abundance from changes in distribution. Shorewatch covers most of the range of the coastal bottlenose dolphin population in northeast Scotland (Cheney et al., 2014; Arso Civil et al., 2019) and it is thus interesting to compare apparent abundance trends with those obtained using photo-identification studies of this species. Secondly, although there is year-round search effort (unlike the large-scale surveys), it tends to be irregularly distributed in space and time, and the large numbers of observations taken at particular locations may not be statistically independent of each other. This is likely to be especially true for resident populations, like that of the bottlenose dolphin (Bailey et al., 2013). Thirdly, despite increasing use of citizen science data on cetacean distribution and abundance (Bouchet et al., 2021), there is some skepticism about the use of such data in statutory population status assessments, due to perceived quality control issues such as the use of observers with various levels of training, possible misidentifications, and unconscious bias in effort toward times and locations with high cetacean occurrence.

Previous surveys of the distribution and occurrence of Scottish coastal cetaceans include the aforementioned SCANS surveys, opportunistic data collection during seabird surveys by Seabirds at Sea Team (SAST) and European Seabirds at Sea (ESAS) (Weir et al., 2001; Virgili et al., 2019; Waggitt et al., 2020), and data collected by dedicated volunteer networks (such as SeaWatch and Shorewatch) from opportunistic platforms. Most of the above-mentioned datasets have limited temporal or spatial coverage and for that reason, there remains a need to improve our knowledge about patterns and trends in the occurrence and the use of Scottish coastal waters by cetaceans, not only to meet statutory requirements for monitoring but also to inform the development and implementation of effective management measures against potential anthropogenic threats.

The suitability of Shorewatch data to detect trends in occurrence of bottlenose dolphins in the Moray Firth SAC was previously investigated by Embling et al. (2015). The study concluded that around five watches per day were required to detect year-to-year or between-site differences of 50% in dolphin occurrence, in locations where dolphins were sighted reliably (at least 0.1 sightings per hour), and that differences of less than 30% could not be detected statistically. Here we aim to further explore the suitability of the Shorewatch data to answer various monitoring questions about occupancy and local abundance of cetaceans, and the patterns and trends in space and time that can be detected over different time-scales.

We may expect the presence and local abundance of cetaceans to show temporal variation, and perhaps cycles, at several time-scales (Bailey et al., 2013). The shortest relevant time-scale is linked to the duration of periods that individual animals spend at the surface and underwater. The next relevant time-scale is likely to be sub-daily, for example feeding movements related to the tidal cycle (e.g., Mendes et al., 2002). At longer time-scales, seasonal shifts in distribution may be seen. These patterns will differ between species. For monitoring purposes, the shortest cycles, related to surfacing intervals, may be useful in terms of describing behavior and identifying whether animals are foraging, traveling, resting, engaged in courtship, aggressive interactions or nursing. From a statistical point of view, we wish to obtain accurate and precise measures of presence (or occupancy) and abundance while assuring as far as possible that observations are independent of each other, i.e., eliminating spatio-temporal autocorrelation and thus avoiding pseudo-replication. If successive watches are recording exactly the same individuals, arguably this is a problem because we would be over-estimating the numbers of animals and sightings although, if we are observing animals from a resident population, it is also not surprising, as is the case for resident bottlenose dolphins that may stay in the same area for hours (Hastie et al., 2004; Bailey et al., 2013). Considering all the possible time-scales, the selection of an appropriate duration for the watches is complicated, perhaps more so in programs like Shorewatch, that involve citizen volunteers, in which their interests (e.g., time constraints, the quality of the experience) must also be taken into account. Thus, there is a tension between building a reliable picture of what is happening, obtaining observations which are independent of each other, and ensuring that observers are fully engaged and motivated to continue contributing data.

In this study, the Shorewatch program dataset was analyzed to:


(1) Describe the coverage achieved to date by Shorewatch, in terms of spatial and temporal distribution of the watches. Based on this initial exploratory analysis, we selected seven sites to use for the majority of the further analysis, taking into consideration the number of watches carried out at each site, the length of the time series and the coverage for different times of year.

(2) Evaluate the utility of the dataset to describe cetacean distribution, occupancy and abundance, and its power to describe patterns and detect trends (e.g., between years, seasons and sites), and thus to evaluate the suitability of the Shorewatch program as an effective monitoring tool. We considered evidence about the consistency of species identification, the statistical properties of the data (e.g., existence of autocorrelation) and the precision of the estimates of probability of occurrence and sighting rate. This analysis, coupled with statistical simulations, aims to evaluate the power of the methodology to detect trends and therefore determine its suitability for assessing GES under the MSFD and detecting possible human impacts on coastal cetaceans at a fine scale along the Scottish coastline.

(3) Describe and quantify spatio-temporal patterns and trends in the local occurrence and relative abundance of Scottish coastal cetaceans and to describe the influence of environmental variables. We undertook statistical modeling of the patterns and trends in the local occurrence and relative abundance of the five most frequently sighted species: bottlenose dolphin, harbor porpoise, minke whale (Balaenoptera acutorostrata), Risso’s dolphin (Grampus griseus), and common dolphin (Delphinus delphis).





MATERIALS AND METHODS


Study Area and Data Collection

The Shorewatch program started in 2005, based at the Scottish Dolphin Centre in Spey Bay (Moray Firth) and was later extended to other land-based observation platforms along the Scottish coastline, mainly from headlands and other vantage points. For the present analysis, data collected between March 2005 and April 2018 were available. At the time of the analysis, the Shorewatch program was operating at 25 locations around the coastline (Figure 1). The features considered when choosing the observation sites include viewing potential (height, field of view); achieving a geographical spread; monitoring potential (history of cetacean sightings); volunteer requirements (proximity, accessibility, and facilities); and support and outreach (local partner support, education and awareness-raising).
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FIGURE 1. Map of the study area. The map describes the position of the observation sites of the Whale and Dolphin Conservation Shorewatch program: (1) Hynish Watch Tower (Tiree); (2) Hough Bay (Coll); (3) Eigg Pier (Eigg); (4) Armadale Pier (Skye); (5) Kilt Rock (Skye); (6) Rodel (Harris); (7) Scalpay Lighthouse (Harris); (8) Tiumpan Head (Lewis); (9) Rhue Lighthouse (Ullapool); (10) Stoer Head Lighthouse; (11) Melness Church (Talmine); (12) Strathy Point; (13) St John’s Point (Caithness); (14) Castle of Old Wick; (15) Cromarty; (16) Chanonry Point; (17) North Kessock; (18) Fort George; (19) Nairn viewpoint; (20) Burghead; (21) Spey Bay (Scottish Dolphin Centre); (22) Cullen; (23) Macduff; (24) Torry Battery (Aberdeen); (25) Kinghorn (Fife). Observation sites colored in light blue indicate those locations used for further analysis in this study.


Since the beginning of the program, dedicated visual surveys for cetaceans have been carried out by trained volunteers following a standardized protocol. The effort unit in the protocol is a watch, a period of observation that lasts for 10 min. Watches may be carried out a maximum of once per hour at a given site, i.e., the start times of consecutive watches must be separated by 60 min. Observers use 7 × 50 binoculars with reticules and the naked eye to scan the area. In principle, watches take place at sea states varying between 0 and 4 on the Beaufort scale and under good visibility conditions [visibility is estimated on a scale from poor (range of visibility between 1 and 5 km) to excellent (range of visibility up to at least 20 km)], which facilitates detection of animals and makes occurrence data more reliable. Nonetheless, a small percentage of watches (0.04%) took place in less favorable conditions.

When a watch starts, information is recorded about the date, time, location, and environmental conditions (sea state and visibility), as well as the presence of feeding seabirds and human activities. When cetaceans are sighted, the species is recorded along with a code to describe the observer’s level of confidence in the identification, the numbers of adults and calves seen, their behavior, the estimated distance of the sighting from the observation point and the times (within the watch period) when the sighting started and ended. The end time of the watch is also recorded and each watch is assigned an identification code.



Data Analysis


Exploration of the Data

The dataset was explored to determine the species seen most frequently, to identify the observation sites and time periods with most data available for subsequent analysis, and to describe and visualize the spatial and temporal distributions of observation effort and sightings.

Observation sites are located along the Scottish coastline, irregularly distributed and, in certain cases, they present peculiarities that could lead to overestimation of the number of sightings. In particular there were (i) pairs of sites for which the fields of view overlapped (e.g., Chanonry Point and Fort George) and (ii) sites where the field of view is wider than 180° (e.g., Tiumpan Head and Burghead) and, since a single watch cannot effectively cover such a wide viewing angle (the estimated binocular field of view in humans is 120°), they are split into two consecutive survey areas for which the data are entered separately (e.g., as Tiumpan Head A and Tiumpan Head B). Such sites were merged for analysis. Where observation periods overlapped, one set of observation was removed. In addition, the exact watch point at some sites has been relocated within the local area. Such pairs of sites were also joined to create single time series (e.g., Stoer Head and Nairn).

The data are potentially prone to temporal autocorrelation. Within-day temporal autocorrelation (i.e., between successive watches at a site) is difficult to evaluate directly since each time series consists of a maximum of 8–10 data points (often fewer). However, an indication of the within-day temporal autocorrelation was provided by calculating the overall correlation (across sites and days) between the results from each watch and (if there was one) the following consecutive watch at the same site on the same date (i.e., autocorrelation at lag 1 h). Similar calculations were carried out for lags of 2 h, 3 h, and so on, where the time series at a particular site on a particular day was long enough to permit its inclusion (sample size inevitably declines for longer time lags).

To remove the apparent temporal autocorrelation within the same day in subsequent statistical analysis, watches were aggregated by site and date (see below). For each site-date combination, mean values (across all watches) of the response and explanatory variables were calculated.

Temporal autocorrelation between watches from consecutive days at the same observation site was investigated using site-date aggregated data. The frequency of occurrence of different length runs of observation days was first calculated and plotted. Then, the overall correlation between the results from each day and its following days, at the same site, was calculated.



Data Subsetting

For the present analysis, all watches performed at sea state of 4 or lower and with good visibility conditions (visibility from 1 to >20 km) were used, thus retaining 99.96% of the data. The percentage of watches associated with cetacean presence fell slightly due to this subsetting, from 22.0 to 21.7%. Only those sightings with an associated identification certainty of 100% were used in further analysis. This resulted in the loss of 5.53% of sightings of the five most commonly sighted species (bottlenose dolphin, harbor porpoise, minke whale, Risso’s dolphin, and common dolphin).

Two subsets were then created for use in specific analyses. Subset A includes effort data for those site-date combinations where at least 10 consecutive watches were carried out at a site on a single day (N = 861 site-date combinations). The unit of this subset is the individual watch. Due to the number of daylight hours required to perform 10 consecutive watches in a day, this subset contains data collected from March to October.

Subset B includes effort data for sites with good seasonal coverage (at least 20 watches in each month of the year) over at least 6 years. Only seven observation sites met these criteria between 2012 and 2017 (coverage prior to 2012 was less complete): Tiumpan Head, Chanonry Point, North Kessock, Spey Bay (Scottish Dolphin Centre), Cullen, Macduff, and Torry Battery (Aberdeen). The resulting subset contained 29032 watches (55.11% of the total) that were combined into 8836 unique site-date combinations. As noted above, the use of site-date as the unit for this subset will allow us to eliminate the possible temporal autocorrelation within the same day in further analysis. The topographical characteristics of the observation sites selected (e.g., height) vary according their geographic location. More information can be found in Supplementary Table 1.



Comparisons of Data From Consecutive Watches

Using Subset A, we investigated: (1) variation in sighting rate over consecutive watches, to check whether there is evidence that observer behavior changes over successive watches; (2) differences in sighting rates for watches which were and were not followed by another watch immediately afterward, to check whether successful watches encourage observers to carry out further watches; (3) whether sighting rate for a watch was related to the number of consecutive watches which followed, again to check for evidence that the motivation of observers depended on the results of the watches; (4) variation of cumulative sighting rate over consecutive watches and its variance, to determine how rapidly the estimated sighting rate stabilizes and how variance changes as further watches are carried out.

It should be noted that observations at a given site on a given day are not necessarily all carried out by a single observer. The number of volunteers per day varied between observation sites, with a median of two and a maximum of six volunteers per day in Spey Bay, a median of one and a maximum of three volunteers per day in North Kessock, and a median and maximum of one volunteer per day in Macduff. Thus, whether a second watch took place after the first, and so on, is not necessarily a decision taken by a single person. Furthermore, where multiple individuals are present, individual observers may join the group or leave the group during the sequence of watches.



Ability to Detect Changes in Sighting Rates

In order to set a minimum level of observation effort required to permit detection of trends in local abundance of coastal cetacean populations, we used the IUCN criterion for abundance changes which would identify a population as vulnerable. This criterion has also been proposed [by the ICES Working Group on Marine Mammal Ecology (WGMME), see ICES (2014)] as a basis for determining GES under the MSFD. This approach suggests that population sizes should be maintained at or above baseline levels, with no decrease from this level of more than (or equivalent to) 30% over a three-generation period. Generation times were derived from the literature and the percentage of decrease per year that would be equivalent to a 30% of decrease over three generations was calculated for the main coastal cetacean species present in Scotland (Table 1). According to Article 17(2) of the EU MSFD, Member States (MS) have to update their marine strategies every 6 years. In addition, the EU Habitats Directive has a 6-yearly reporting interval and we thus considered the use of annual data from a 6-year period [i.e., a series of seven annual abundance index (sighting rate) estimates] as appropriate to detect trends in cetacean abundance.


TABLE 1. Generation time and decrease per year that should be detected for the main coastal cetacean species present in Scotland, calculated based on a 30% decrease over three generations.

[image: Table 1]Taking into account this information, simulations can be made to calculate the effort necessary to detect a decline with a given statistical power and/or to detect a certain rate of decline. ICES WGMME proposed a minimum power of 80% (see ICES, 2014, 2016), given different underlying levels of decline over a 6-year period. We also considered 95% power. In both cases we assume that a statistically significant trend is one for which p < 0.05 (although this too could be modified). The parameters necessary to perform the simulations are: initial probability of sighting each species (i.e., the initial sighting rate), maximum number of watches that can be carried out (taking into account the number of daylight hours available), the period of time (e.g., 6 years) and the different levels of decline that we want to test. The range of sighting rates chosen corresponds to values obtained in this study for the main cetacean species sighted. In principle, the approach can be easily extended to populations or areas with lower or higher sighting rates.

In the first set of simulations, it was assumed that data would be collected over the whole year at one site, giving an upper limit for the number of watches of ≈4000 (considering average daylight hours over the year). In addition, it was assumed that each watch is a valid and independent estimate of the underlying sighting rate (thus ignoring the issue of autocorrelation). Nonetheless, considering more than one site in future simulations is recommended since spreading out the watches not only over the year but also over several sites could help to ensure independence (ICES, 2014, 2016). The power to detect trends was set at the 80 and 95% level. Since the proportion of watches with more than one sighting is low (3%), it is reasonable to assume a Bernoulli (i.e., 0, 1) distribution of sightings per watch.

Simulations to detect a decline, with a given statistical power, were performed as follows:


(1) For each possible combination of sighting rate and rate of decline per year, generate a sample of X watches (each with a sighting rate of 0 or 1), X being the number of watches which are carried out in a year (from 10 to 4010, in steps of 10) at a site, from a Bernoulli distribution with an appropriate mean value of sighting rate (for the species and site chosen). This provides results for year 0.

(2) For years 1–6, the process is repeated, but each year the underlying sighting rate is reduced by an amount sufficient to achieve the desired overall rate of decline after 6 years.

(3) For each sample size between 10 and 4010, fit a linear regression using year as a covariate to the seven values obtained and check if a trend is detected (regression slope significantly different from 0, at the 95% level, over the 6-year period).

(4) Resample and repeat the calculations 1000 times for each combination of initial sighting rate and rate of decline per year.

(5) Summarize the results of the simulations for each possible combination of initial sighting rate and proportion of decline to be detected over a 6-year period, identifying how many samples are needed to achieve statistical significance 80 or 95% of the time.



The above approach focuses on detecting a statistically significant decline. In the second set of simulations, we determined the number of watches in a year required to detect a particular rate of decline, given a tolerance limit, 80 or 95% of the time. The tolerance limits considered were: 1, 5, 10, 20, 30, and 40%. Steps 1, 2, and 4 are identical to the previous approach. The calculations carried out at steps 3 and 5 are different.

At step 3, for each sample size between 10 and 4010, fit a linear regression using year as a covariate to the seven values obtained and collect the value of the simulated regression slope. For each simulated regression slope check whether it is above or below the lower interval defined by the true regression slope (for the relevant initial sighting rate-rate of decline combination) and the tolerance limit. Thus if the true slope was −2.0 and the tolerance limit was 10%, the relevant rate of decline is considered to have been detected if the simulated slope is negative with a slope equal to or steeper than −1.8. These calculations are repeated for all chosen tolerance limits.

At step 5, summarize the results for each possible combination of initial sighting rate and proportion of decline to be detected over a 6-year period, given each tolerance limit, identifying how many samples are needed to detect this rate of decline 80 or 95% of the time.



Modeling Patterns and Trends in Cetacean Sightings

To investigate the influence of environmental conditions on coastal cetacean occurrence, generalized additive models (GAMs) were used, as they can be used for response variables with different distributions and account for non-linear effects of multiple explanatory variables, while being readily adaptable to fit simple relationships if non-linearity is not apparent (Hastie and Tibshirani, 1990; Wood, 2006, 2017). Subset B was used for fitting the models: this comprises site-date data for seven sites. Modeling was focused on the five most commonly sighted species: bottlenose dolphin, harbor porpoise, minke whale, Risso’s dolphin and common dolphin.

Five response variables were considered in the models for each of the cetacean species selected: (1) occurrence (presence-absence); (2) the number of sightings (total number of sightings per site-date unit); (3) group size (mean group size per site-date unit, rounded up to its nearest whole number); (4) total number of animals sighted (per site-date unit); and (5) mean number of animals (mean number of animals per watch). Several distribution families were tested to identify the best for response variables 2–5, through the evaluation of model diagnostics and predictive performance [similar to the approach used in Potts and Elith (2006)]. Given the nature of the variables, binomial distribution is assumed for variable 1 and Poisson, quasi-Poisson or negative binomial are potentially suitable for variables 2 and 4 (which are count based). However, variables 3 and 5 are daily mean values, resulting in non-integer data, for which quasi-Poisson or negative binomial are the candidates. The use of mean values for each site-date unit basically scales the absolute values of each response variable downward to the values expected in a single watch.

Information collected during the watches about observation time, location and environmental conditions provides several explanatory variables for the models, namely: site (as an ordinal variable, numbering the sites from west to east), latitude-longitude (included in the models as two separate smooth terms), start time of the watch (24 h format), date, visibility and sea state, among others (Table 2). The daily mean values of these variables collected during the watches were calculated for each observation site. We also investigated the apparent influence of several other static and dynamic environmental variables known to affect cetacean distribution (see Table 3). The value of the dynamic environmental variables, derived from remote sensing, for each site-date unit were calculated as the daily mean of those satellite data points that fall within the field of observation of each observation site. On the other hand, the mean value of the static environmental variables (e.g., depth or angle of slope) were calculated for each site taking into consideration all values in the field of observation. Environmental covariates were selected based on their known influence on cetacean distribution directly or through their influence on prey abundance (Bailey and Thompson, 2010; Anderwald et al., 2012; de Boer et al., 2014; Cox et al., 2018). It should be noted that the static variables will have a single value per site.


TABLE 2. Spatio-temporal and other explanatory variables recorded during the watches.
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TABLE 3. Environmental variables, derived from remote sensing, included in the models.

[image: Table 3]Although tidal state and tide height are potentially useful as explanatory variables for some cetacean species in coastal areas, such as harbor porpoise (Waggitt et al., 2018) and bottlenose dolphin (Mendes et al., 2002), they have not been included in the models because using site-date as the unit means that sub-daily temporal variation is largely obscured (and the set of watches at a site over the course of a day may well span an entire tidal cycle).

To avoid collinearity between explanatory variables, pairwise Spearman correlation coefficients (ρ) were calculated before fitting the models for each species. In the case of highly correlated variables (ρ > | 0.7|) (Dormann et al., 2013), they were added separately to the models and the variable with greater influence on the response variable was selected. Concurvity tests were also performed after fitting the models to avoid unstable estimates, among other problems (Wood, 2008).

Model fitting was carried out using backward selection, starting from saturated models, containing all possible explanatory variables (noting that only one variable from any highly correlated pair can be included), and eliminating non-significant terms one at a time, starting with the least important in the model. If eliminating a variable resulted in no significant reduction in goodness of fit (based on the AIC for the binomial models and ANOVA for the rest of the models), the simpler model was preferred, following the principle of parsimony, and the process was repeated until no more variables could be removed. Note that we did not consider interactions between explanatory variables since there was no strong evidence of such interactions being present.

The maximum number of splines for smoothers was set to four to avoid overfitting (Lambert et al., 2017), except for the covariate month for which was set to 12. The covariates aspect and month were modeled using cyclic smoothers to account for their circular nature. Goodness of fit of the final models was evaluated based on the REML score, deviance explained and correlation between observed and predicted values, as well as by confirming an absence of (i) important trends or patterns in residuals (in general and versus each explanatory variable), (ii) influential data points, (iii) concurvity, and (iv) substantial over- or under-dispersion. Once the best model was selected, predicted values and their standard errors were calculated for each response variable, based on the mean observed conditions at the time and place of each observation.

To investigate the possible effect of autocorrelation across consecutive days on model results, GAMMs were fitted with an AR(1) structure, which assumes that autocorrelation exists only between consecutive days and not over a longer time-scale (e.g., Hastie and Tibshirani, 1990; Wood, 2006; Wood et al., 2015), using Subset B, for which the unit is the site-date, to fit the models. While more complex AR models might be appropriate (to account for autocorrelation over a longer time-scale), because the data comprise a large number of short time-series, we considered this to be impractical.

As an alternative GAMM approach to address temporal autocorrelation at larger scales, considering data from each observation site as independent of data from other sites but allowing that temporal autocorrelation could span a whole month, months were labeled with a unique ID, in chronological order, over the entire study period, then creating the variable site-month, so that each site-month combination has a unique ID. Site-month was then included in the models as a random effect. Since within-day autocorrelation is not an issue when using this structure, we used the original dataset in which the unit for the response variable is the individual watch, rather than the site-date dataset. We chose to focus on the occurrence of the five most frequently sighted cetacean species (separately), as response variables. Explanatory variables were the same as used previously.

Data exploration and analysis were performed using R software (R version 4.0.3) (R Core Team, 2020). GAMs and GAMMs were fitted using mgcv library (Wood, 2017), and figures were produced using the package ggplot2 (Wickham, 2016).



RESULTS


Data Exploration


Effort

From March 2005 to April 2018, 52677 watches were carried out, giving a total of 8779.5 h of effort, i.e., the equivalent of almost 1 year of continuous observation (if all hours were daylight hours). While most observation effort occurred between April and October, over the 13-years study period, cumulative totals of at least 2000 watches have been logged in every calendar month. Effort was highest between 10.00 and 16.00 h and there were few observations earlier than 07.00 h or later than 21.00 h. Evidently, there was also seasonal variation in watch times as daylight hours change over the year. Most watches took place at sea states between 1 and 3 and at high visibility (Figure 2).
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FIGURE 2. Effort distribution in relation to (A) month; (B) time of day; (C) (Beaufort) sea state and (D) visibility. The y-axis indicates the total number of watches.


Due to the way the Shorewatch program evolved, with new observation sites being added and some discontinued, there was considerable variation in the length of time series for different sites and in the total number of watches per year (Supplementary Figure 1). The longest time series is that for Spey Bay (2005–2018), where the WDC Scottish Dolphin Centre is located and where the Shorewatch program started. Other locations with moderately long time series (7–9 years) are: Chanonry Point, Cullen, Macduff, North Kessock, Tiumpan Head, Torry Battery (Aberdeen), and Nairn (Figure 1). By contrast, there are several sites for which the time series are as short as 1 year, either because they have been added recently or because they have been trialed and rejected for various reasons (e.g., not appropriate for volunteers or insufficient data were being collected). Effort intensity also varied widely across observation sites. There were over 1500 watches on average per year at Spey Bay and a further 13 sites had more than 100 watches per year.



Sightings

Eighteen different cetacean species have been recorded by Shorewatch program. Of these, the five most frequently sighted are bottlenose dolphin, harbor porpoise, minke whale, Risso’s dolphin, and common dolphin (Table 4). The total number of cetacean sightings varied markedly between different observation sites and from month-to-month, although these distributions are strongly influenced by the distribution of search effort (Figure 3). Each species presents a significantly different mean group size (Kruskal-Wallis chi-sq = 1639.9 (p < 0.05); p < 0.05 for all the pairwise comparisons between species), ranging from 1 individual for minke whale up to groups of 12 individuals for common dolphin (Table 5).


TABLE 4. Number of sightings per species.
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FIGURE 3. Number of sightings of all the cetacean species for those observation sites with more than 100 watches in relation to (A) month and (B) observation site (scaled on the left y-axis). The number of sightings is shown in dark blue and the distribution of total effort (number of watches) is shown in light gray. Sightings per unit of effort (SPUE) are indicated by dark gray dots, scaled on the right y-axis.


TABLE 5. Mean group size and its 95% confidence intervals calculated via bootstrapping, minimum and maximum number of individuals in a group and sample size used for the five most sighted species.
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Autocorrelation

Correlation analysis, run using Subset A which contains effort data for those site-date combinations where at least 10 consecutive watches were carried out at a site on a single day (these data are consequently all from March to October), showed that sighting rates (for all cetacean species combined) from consecutive watches tend to be moderately correlated (r < | 0.51|). There was also significant temporal autocorrelation between sighting rates for pairs of watches that occurred 2 h apart. This could indicate that some animals stay in the area over several hours so that when consecutive watches are performed, the same animals or groups are counted.

When analyzing the correlation between the sighting rate of consecutive watches separately for each species, the results showed that bottlenose dolphin sighting rates (N = 1197) are moderately correlated (r < | 0.56|) and that statistically significant correlation extends to time-lags of 3 or 4 h. For the rest of the species, there were not enough occurrence data in Subset A to extract correlation values [e.g., harbor porpoise (N = 30) or common dolphin (N = 3)].

The frequency distribution for the length of runs of consecutive days of observation at a given site showed that most site-days were either isolated (with no observations on the previous or subsequent days at that site) (40%) or belonged to a short run of consecutive observation days (2–3 days = 29%) at a site (Figure 4). Very long runs of consecutive observation days are the exception, 276 days being the maximum run length (observations carried out at North Kessock).
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FIGURE 4. Frequency distribution for length of runs of consecutive observation days. One outlier (length of the run = 276 days) has been excluded.


Analysis of species occurrence records during runs of consecutive observation days (at the same site), using the site-date dataset (Subset B), showed that non-independence was evident at time-lags of (at least) up to 8–10 days. For bottlenose dolphin, correlations above r = 0.3 are seen for lags of 1–10 days while, for other species, correlations were above r = 0.2 for lags up to 8 or 9 days. There were insufficient data for longer runs to adequately test for autocorrelation at longer time-lags. The analysis does not provide a measure of autocorrelation in sighting rate results per se (it is based on combined data for all site-dates and not on analysis of individual runs of which, as noted above, there are many, mostly very short) but it indicates that species occurrences at a site on consecutive days are not independent.



Utility of Consecutive Watches

The analysis of the sighting rates over consecutive watches, again performed with Subset A, showed that there were no consistent trends in the mean sighting rate, or its variance, over the watches carried out during a day. The analysis of the cumulative sighting rates reveals that the estimates become more similar and their variance decreases (i.e., precision increases) as more watches are carried out in a day. Nonetheless, the additional benefits from each successive watch also decrease: while there is a noticeable gain in the consistency and precision of sighting rate estimates from 1 to 5 watches, the benefit from performing the 10th watch after performing nine watches is much reduced. Note that while these results suggest there is value in carrying out 5 or more successive watches, the absolute values of variance obtained should be treated with caution since there is autocorrelation in the data.



Does Observation “Success” Influence Observer Behavior?

No significant differences were observed between mean sighting rates (of all cetacean species together) for those watches which were immediately followed (i.e., after 1 h) by another watch (mean = 0.17; 95% CI 0.14–0.19; N = 842) and those watches which were followed by a gap in data collection (mean = 0.18; 95% CI 0.18–0.24; N = 269). Thus, there is no evidence that the decision of observers to stay was conditioned by the sighting(s) of animals during the first watch. It may be noted that first watches followed by a consecutive watch were three times more numerous (N = 842) than those not followed by a consecutive watch (N = 269).

In addition, no significant correlation was observed between the sighting rate in the first watch and the number of following consecutive watches (r = −0.03; p = 0.88), nor between the number of animals seen in the first watch and the number of consecutive watches (r = −0.02; p = 0.27). Hence, in general, the decision of observers to stay at the observation site was apparently not influenced by the number of animals observed in the first watch.



Ability to Detect Changes in Sighting Rates

The power to detect downward trends in sighting rate (a proxy for local abundance) over a series of years is a function of the initial sighting rate for each species, the underlying rate of decline and the number of watches per year (among other factors). Our simulations considered these three variables and used two possible metrics: the likelihood of obtaining a statistically significant (p < 0.05) trend and the likelihood of the rate of decline detected being at least as steep as the underlying rate of decline (within a limit of tolerance).

In this study, the mean sighting rate for most species was quite low, ranging between 0.115 sightings per watch (SD = 0.042) and 0.004 (SD = 0.008) for bottlenose dolphin and common dolphin, respectively (Table 6).


TABLE 6. Mean sighting rate and standard deviation for each of the studied species.

[image: Table 6]The lower the initial sighting rate (prior to a decline), the higher the number of watches needed to detect a statistically significant decline over 6-year period on at least 95% of occasions (Figure 5A). Thus, to be 95% sure of detecting a negative trend when simulating a 60% decline, it would be necessary to perform 430 watches per year for bottlenose dolphin (sighting rate = 0.11, SD = 0.042) but more than 4000 watches for harbor porpoise (sighting rate = 0.013, SD = 0.015), implying that such decline could not be detected. If we set the required certainty at 80% (but retaining the 95% statistical significance level), 260 watches per year and 2870 watches per year would be necessary, respectively. To detect a smaller negative trend, e.g., 30% with 95% of certainty (at a 95% significance level) for bottlenose dolphin (sighting rate = 0.11), it would be necessary to perform 1990 watches per year or 1230 if we set the required certainty at 80%. The results of the simulations for other rates of decline can be found in Supplementary Figure 4.
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FIGURE 5. The relationship between the annual number of watches (based on the notional approach of all these watches occurring at a single site with a known underlying initial sighting rate) and the proportion of simulations during which “trend detection criteria” were met, given an overall decline in sighting rate of 30% over 6 years, for a range of values for initial sighting rates (i.e., a range of initial values for relative abundance). Dotted horizontal gray lines indicate where 80 and 95% detection success was achieved. (A) Using the criterion that a statistically significant decline is detected (regardless of the estimated regression slope). (B) Using the criterion that the estimated regression slope is equivalent to a decline equal to or greater than the true underlying rate of decline over 6 years (in this example 30%), applying a tolerance limit of 20%. Thus the estimated slope must be equivalent to a decline of at least 24% over 6 years (since 20% of 30% is 6% and 30–6% = 24%).


If we focus on the rate of decline, the number of watches required (to achieve 95% certainty of recording a rate of decline at least as great as the true underlying rate of decline, given a margin of tolerance) increased considerably compared to that suggested by the previous approach (Figure 5B). Thus, to detect a 30% decline (with a tolerance limit of 20% of the true rate, i.e., to detect a decline of at least 24%) on 80% of occasions, it would be necessary to perform 3840 watches per year for bottlenose dolphin (sighting rate = 0.11) and more than 4000 watches per year for harbor porpoise (sighting rate = 0.013), meaning that such percentage of decline will not be detected. Obviously, setting more stringent criteria (in terms of tolerance limits or the probability that the regression slope is at least as steep as that defined by the tolerance limit), will require a higher number of watches per year, especially for those species with lower sighting rates. The results of the simulations using different values can be found in Supplementary Figure 5.

It should be noted that carrying out a certain number of watches obviously does not guarantee that a certain rate of population decline will be detected by a given statistical test–but the likelihood of a statistical test failing to detect a real trend (i.e., a type II error) evidently decreases as the number of watches increases. A second caveat is that the validity of the statistical tests depends on results from each watch being independent of results from other watches, so (for each year) watches would ideally need to be spread across multiple sites and over the whole year–and since this might in turn lead to a change in the underlying sighting rate, the number of watches needed would have to be adjusted accordingly.



Patterns and Trends in Cetacean Sightings

For each cetacean species, the explanatory variables that had significant effects on each response variable are presented in Table 7, as well as the model diagnostics. The results of the models for each response variable for a given cetacean species are expected to show some differences since the factors influencing or determining the number of animals in a group (group size) might not be the same as those influencing its occurrence or the number of groups sighted. GAM plots are available in Supplementary Figures 8–30.


TABLE 7. Models results for each species: number of presences, response variables, explanatory variables selected by the models (in descending order of importance according to deviance explained), total deviance explained, R2 adjusted, correlation between the observed and the predicted values and distribution family used.

[image: Table 7]

Bottlenose Dolphin

Models for bottlenose dolphin show a strong influence of the mean sea depth in the area around the observation sites (14.77% of the total deviance explained (DE) for occurrence, as determined by comparing models with and without this variable included; 30.86% DE for the number of sightings in a day and 19.05% DE for mean number of animals sighted), with maximum values being seen over mean depths of around 30 m. Group size is also influenced by mean depth but with a lower deviance explained (3.10%).

Other significant explanatory variables were: (1) mean angle of slope of the seabed (5.2% DE for occurrence, 13.63% DE for the number of sightings in a day and 6.99% DE for mean number of animals sighted); (2) month (3.57% DE for occurrence, 5.51% DE for number of sightings per day and 2.36% for mean number of animals sighted), presenting a peak between May and July; and (3) the number of watches in each site-date unit, which mainly influenced occurrence (5.78% DE) and mean group size (1.47% DE).

The observation sites with the highest probability of occurrence of bottlenose dolphin are: Torry Battery (Aberdeen) (0.548, SD = 0.189), Chanonry Point (0.456, SD = 0.211), Spey Bay (0.433, SD = 0.262), North Kessock (0.175, SD = 0.165), Macduff (0.125, SD = 0.639), and Cullen (0.079, SD = 0.053). Bottlenose dolphin occurrence presented a decreasing year-on-year trend (a decline of 0.007 in probability of occurrence per year) whilst the mean number of animals sighted presented an increase (an increase of 0.059 in the mean number of animals sighted).



Harbor Porpoise

Harbor porpoise models show that mean depth was the variable with the greatest influence on occurrence (22.99% DE) and on the number of sightings in a day (22.17% DE), both of which increased as the depth increases. This was followed by sea state, the number of watches performed in a day, and the month, with a slight decrease in June–July. By contrast, the total and the mean number of animals sighted were mainly influenced by sea state (31.42% DE and 31.26% DE, respectively), with a lower probability of detection at higher sea states, followed by the month, with a higher probability of occurrence between June and September. Mean group size and the mean number of animals per sighting, were mainly influenced by the year (6.9% DE), with an increase being seen from 2015 onward.

The observation site with the highest probability of occurrence of harbor porpoise is Tiumpan Head (Isle of Lewis) (0.156, SD = 0.123), with much lower probabilities at other observation sites–ranging from 0.009 in Macduff to 0.0007 in North Kessock. Harbor porpoise occurrence and mean number of animals sighted present a weakly increasing trend since 2013 (an increase of 0.006 in the probability of occurrence per year; an increase of 0.004 in the mean number of animals sighted per year).



Minke Whale

Models for minke whale also show a strong influence of mean depth on most of the response variables (total number of sightings 53.49% DE; mean number of animals 21.16% DE; mean group size 49.62% DE), the effect of increasing depth being positive at depths greater than 60 m. Occurrence was mainly influenced by the number of watches (42.97% DE). Other significant explanatory variables are: (1) month (9.51% DE for occurrence; 5.68% DE for mean number of animals sighted; 7.89% DE for occurrence and 9.96% for mean group size), presenting a peak between May and July, and (2) sea state, which generally had a negative effect on the number of sightings and mean number of animals sighted (6.29 and 2.53%).

The observation site with the highest probability of occurrence of minke whale is Tiumpan Head (0.169, SD = 0.193). Over the study period, this species presented a year-on-year increasing trend in occurrence and mean number of animals sighted yearly (occurrence: rate = 0.009, i.e., an increase of 0.009 in the probability of occurrence per year; mean number of animals sighted: rate = 0.006, i.e., an increase of 0.006 in the mean number of animals sighted).



Risso’s Dolphin

The fits obtained for Risso’s dolphin models were poor compared with those for the above-mentioned species, but the models show that occurrence, number of sightings and mean number of animals sighted were mainly influenced by the number of watches (13.19% DE, 19.7% DE, and 8.33% DE, respectively). Year was a significant explanatory variable for all the response variables (% DE ranging from 4.39% for mean group size to 15.99% for the number of sightings), with an increase being seen from 2015 onward.

The observation sites with the highest probabilities of Risso’s dolphin occurrence were Tiumpan Head (0.019, SD = 0.003) and Spey Bay (0.008, SD = 0.012). Probability of occurrence was lower (<0.007) at Torry Battery, North Kessock, and Macduff. Occurrence and mean number of animals sighted yearly both increased over the course of the study period (an increase of 0.008 in the probability of occurrence per year; an increase of 0.013 in the mean number of animals sighted).



Common Dolphin

Common dolphin models also performed poorly, nonetheless showing that the main explanatory variable influencing all the response variables was the mean depth (51.55% DE for number of sightings, 21.52% for mean number of animals, 14.82% for occurrence, 40.77% for mean group size), with values of all response variables being higher as the depth increases.

The observation site with the highest probability of occurrence of common dolphin is Tiumpan Head (0.078, SD = 0.069). Occurrence and mean number of animals sighted showed an increasing trend over the course of the study period (an increase of 0.004 in the probability of occurrence per year; an increase of 0.012 in the mean number of animals sighted).



Group Size Variation

Mean group size (number of animals sighted divided by the number of sightings, per site-date unit) shows high seasonal variation in bottlenose dolphin, ranging from groups of two individuals on average in winter months to groups of up to eight individuals in June–July. Harbor porpoise and minke whale also show some seasonal variation in mean group size, the former showing an increase in the group size in July and October and the latter showing an increase in June. Risso’s dolphin and common dolphin showed little seasonal variation in group size.



Mixed Models

Fitted GAMMs for sighting rate and for occurrence of bottlenose dolphin, using an AR(1) structure, did not markedly change the goodness of fit compared to GAMs (GAM sighting rate–R2 = 0.309, dispersion (disp) = 0.568; GAMM sighting rate–R2 = 0.272, disp = 0.710; GAM occurrence–R2 = 0.408, disp = 1.013; GAMM occurrence–R2 = 0.403; disp = 1.075). Model diagnostics were satisfactory for both models, e.g., no apparent relationships of residuals with explanatory variables and the same explanatory variables in both modeling approaches were significant. For the remaining species, mixed models did not converge.



DISCUSSION

The WDC Shorewatch program has generated a substantial amount of observation effort distributed along the Scottish coast, especially since 2012. During the time period considered here (2015–2018), this citizen science project has generated almost 9000 h of observation effort and a very large number of sightings of the coastal cetacean species of Scotland–species which are protected under the EU Habitats Directive (Council Directive 92/43/EEC,), thus offering a potentially valuable monitoring tool. Shorewatch contributed to the proposal and subsequent designation of a Marine Protected Area (MPA), namely the North-East Lewis Nature Conservation MPA, particularly by providing data on winter sightings. Shorewatch data can be used to demonstrate inter-annual and inter-site variation in bottlenose dolphin sightings in a SAC (Embling et al., 2015) as well as more widely for harbor porpoise, minke whale and Risso’s dolphin (Weir et al., 2019). As demonstrated in this study, they can be used to detect patterns, trends and changes in sighting rates of regularly sighted species.

The observation effort carried out under this program is to a considerable extent concentrated in a few observation sites as well as occurring mainly during times of the year and times of the day when observation conditions are more favorable. It would thus be desirable to achieve a more evenly distributed effort across the active observation sites and to increase it toward both ends of the year and indeed toward dawn and dusk. Apart from providing a more rounded picture of use of the Scottish coast by cetaceans, a wider distribution of effort might also have the beneficial consequence of reducing the amount of autocorrelation in the dataset or at least allowing it to be taken into account, and of increasing the data’s utility for providing robust indicators of status and changes in status of cetaceans. While changes in the observation sites used were almost inevitable as the utility of initially selected sites was evaluated, it will be important to maintain at least a core set of sites to help ensure the consistency of the data collected.

While the WDC Shorewatch protocol is well-established and is designed to ensure consistency of data collection (e.g., the program involves the training of citizen volunteers), some aspects of the protocol are difficult to evaluate and some error and/or bias could arise due to observer behavior and motivation. Between-observer variability may occur in detecting cetaceans, identifying species, counting cetacean numbers and describing weather conditions. Although observers are provided with training in order to reduce such variability, it would be worthwhile to analyze subsets of data from known observers to test this.

To the extent that we were able to evaluate this, we found no evidence of observer-related bias in the data. For example, we found no evidence that the sighting of animals (or the number sighted) during a watch influences observers’ decision to stay at the observation site. It should be noted that the decisions of the volunteers can be influenced by many factors. The Shorewatch program involves many different people and covers a diverse study area. In addition, the number of volunteers involved in carrying out the watches on a particular day at a particular site is variable, and individuals may come and go during a sequence of watches. Further analysis could look at results for specific (named) observers.

Temporal autocorrelation is evident in the sightings data. There is evidence of autocorrelation both between successive watches and between successive days. This autocorrelation is a consequence of both the behavior of the species observed and the methodology employed (e.g., carrying out consecutive watches at a site). Thus, coastal bottlenose dolphins tend to use the same areas, day after day, year-round (Wilson et al., 1997, 2004; Stockin et al., 2006; Culloch and Robinson, 2008; Dinis et al., 2016). Hence, consistent occurrence or lack of occurrence at a site is precisely what might be expected of most and least preferred sites, respectively. Of course, understanding the reason for autocorrelation does not mean that it is not an issue for statistical analysis.

The consistency and apparent precision of estimated sighting rate increases when using data from several consecutive watches, while autocorrelation will be reduced if we join data from consecutive watches. Given that, it could be argued that the best approach is to estimate a cumulative (or average) sighting rate across all watches in a day, as done for the present analysis. Indeed, doing this for multiple days could provide more suitable data for revealing long-term trends in local occupancy or abundance.

As the current 1 h lag between watches does not seem to remove temporal autocorrelation, rather than 60 min of observation time comprised of six 10-min watches spread over 10 h, could equally valuable information be obtained from, for example, 60 consecutive minutes of observation or three 20-min watches, or other possible combinations? An obvious advantage of the maintaining the current approach is that data are more likely to be spread across different times of day and at different stages of the tidal cycle. However, longer watches could have benefits such as reducing the probability of missing cetaceans that are present or increasing the motivation of some volunteers. Fewer, longer watches could be more appropriate if the objective is to study patterns of occurrence over short time-scales, e.g., in relation to tidal cycles, or to build a more detailed picture of the activity budgets of the animals. It could also provide a more enjoyable experience for those volunteers who are able to participate less frequently but are able to spend more time making observations on those days when they are available. The desirability of minimizing within-day temporal autocorrelation should also be borne in mind. If there is more than one watch at a site per day, autocorrelation will not be avoided but post hoc data processing (e.g., joining data from consecutive watches) can reduce or even eliminate it.

Continuing with 10-min watches would arguably maintain a reasonable balance between achieving monitoring objectives and providing a satisfactory volunteer experience of observation (as well as meeting the needs of volunteers who do not have increased time to offer). Furthermore, short watches avoid observer fatigue and help the volunteers to keep focused during the whole watch, minimizing the likelihood of missing a sighting. Thus, the results of the watches should give a more accurate picture of the situation in the field, in term of number and species present, and help to ensure a uniform detection rate during each watch.

Retaining the 10-min watch also has the big advantage of preserving the integrity of the data series. It might be useful however, to suggest optional additional tasks for observers to carry out during some of the 50-min “resting” period between watches, e.g., collecting behavioral or activity budget data or observing interspecies interactions.

The Shorewatch program is being rolled out in the northern islands of Scotland and the likely lower rate of cetacean sightings has led to questions about whether the protocol could be modified to account for this. In order to maintain comparability with historical data, one compromise option would be to propose (say) 20-min watches, with hourly intervals between the starting times of each watch. This would help adjust to the different conditions, while data equivalent to the existing series could be extracted by using only data from the first 10 min of each watch.


Ability to Detect Changes in Sighting Rate

The simulations performed were carried out with the intention of setting a minimum level of effort at which trends in local abundance could realistically be detected. Therefore, they could help to identify how many watches are needed to detect a decline (or a certain rate of decline) over a 6-year period (as required for use in assessment of GES under the MSFD). The answer is obviously dependent on the typical sighting rate for the species and the rate of decline that needs to be detected.

Inevitably, the conclusion depends on the criterion selected and there is no approach which could provide 100% assurance that a statistically significant decline (or a particular rate of decline) would be detected. In this case, we considered two options. The first involved detecting a statistically significant (p < 0.05) trend over 6 years, 95% (or 80%) of the time. We used linear regression rather than correlation, since the former allows an overall rate of decline (or increase) to be estimated, even if the trend appears to be non-linear. This method, used to quantify the rate of decline, is likely to perform adequately for low rates of decline. For higher rates of decline, it will be more evident that abundance follows an exponential curve: as the population falls, the annual change in population size, which is a percentage, also falls. Fitting a linear regression will then be an increasingly inaccurate way of depicting the change. Our second approach focused on the need to determine whether a decline of at least X% had taken place over 6 years. We approached this by setting a tolerance limit (L), so that a decline of at least X-L% had to be detected 95% (or 80%) of the time. These latter simulations suggested that higher numbers of watches would be needed, as this is a more stringent test.

In theory, a statistically more robust estimate of any downward trend in abundance could be derived from the habitat models, in which year is an explanatory variable and effects of other explanatory variables are also taken into account. However, caution is also needed: while it clearly makes sense to account for changes in detectability, if, for example, the year-to-year trend in sighting rate is well explained by changes in temperature (and year thus drops out of the model), evidently it does not mean that no change in sighting rate took place.

For this analysis, sighting rate (calculated as the mean number of sightings per watch per site-date unit) was used since it is less likely to be affected by variation in the detection skills between observers than metrics which rely on the count of the animals sighted (Thompson et al., 2000). It was assumed that each watch is a valid and independent estimate of the underlying sighting rate. If the requisite number of watches can be spread not only over the whole year but also across all sites, this would help to ensure independence of the data as well as providing a more robust view of any trends. By basing the simulation on results from a single site, we have oversimplified the situation. Sighting rates differ between sites which will affect the overall average sighting rate for each species and, consequently, the estimate of the required number of watches. It should also be borne in mind that if the distribution of observers across sites changes from year to year, this could also generate changes in average sighting rates. This needs to be controlled, perhaps at the time of data collection or alternatively via post hoc standardization of the data.

The 6-year time window used for the calculations, to detect trends in cetacean abundance, was based on the reporting cycles of the MSFD and the Habitats Directive. Such simulations results could act as a guideline to set effort objectives for different monitoring purposes, depending on the amount or rate of decline which needs to be detected, and on the sighting characteristics of the species in the study area. In future, synchronization of the analysis of the sightings data with Habitats Directive or MSFD reporting periods could make the data collected by the WDC Shorewatch program more useful to conservation managers. To this end, we recommend that subsequent analysis takes place in synchrony with these 6-yearly reporting cycles.



Patterns and Trends in Cetacean Sightings

The total number of sightings varied between the five coastal cetacean species studied (i.e., bottlenose dolphin, harbor porpoise, minke whale, Risso’s dolphin, and common dolphin), affecting to the ability of the models to detect relationships with the explanatory variables. Thus, for those species with a greater number of sightings, such as bottlenose dolphin and harbor porpoise, we obtained models that are more reliable (in terms of descriptive and, potentially, predictive power). We selected a subset of the data containing those sites at which effort is more regularly distributed over time–within and between years–and with the longest possible time series. Almost all of the sites thus selected for the study of trends [i.e., Chanonry Point, North Kessock, Spey Bay, Cullen, Macduff, and Torry Battery (Aberdeen)], are located in the east coast of Scotland, with the exception being Tiumpan Head. This undoubtedly reflects the location of WDC supporting staff during the early years of the program but it also highlights the need to improve the observer coverage at sites on the west and north coasts. The Scottish coast is topographically diverse and each observation site has distinctive characteristics (platform height, field of view or the mean depth of the surrounding water). We did not include all these characteristics in the models, partly because they are likely to be correlated with each other and partly because we would need to include more sites to start to tease apart the relative contributions of the different variables. Despite these limitations, the analysis completed demonstrates the utility of the data collected by the Shorewatch program.

The data collected offer several different metrics for use as response variables, such as occurrence, number of sightings per site-date unit, total number of animals sighted per unit or group size, the analysis of which provides complementary information.

The different cetacean species considered presented different spatial and seasonal distribution patterns in the seven studied locations. Usually, in those places or seasons where bottlenose dolphins are present, other species such as harbor porpoise, minke whale and common dolphin are either absent or show a different seasonal distribution. This could be due to avoidance behavior or temporal habitat partitioning between species. For example, harbor porpoise might be expected to avoid those time/area combinations associated with bottlenose dolphin presence, as a way to avoid fatal attacks by bottlenose dolphins (Thompson et al., 2004).

Bottlenose dolphins are mainly present in the observation sites located on the East coast [Chanonry Point, North Kessock, Spey Bay, Cullen, Macduff, and Torry Battery (Aberdeen)], being uncommon at Tiumpan Head (Isle of Lewis, Outer Hebrides), as also stated by Weir et al. (2001). North Kessock and Chanonry Point are both located in the Moray Firth, a core part of the range of the resident population and where year-round bottlenose dolphin presence has been previously demonstrated (Wilson et al., 1997). The seasonal differences observed in the group size of bottlenose dolphin are consistent with changes observed by Wilson et al. (1997), with the largest group sizes seen from May to September and the lowest from October to April, probably linked to seasonal changes in use of the area by the dolphins (e.g., linked to the reproductive cycle).

The seasonality observed in minke whale occurrence, seen most often at Tiumpan Head, is consistent with peak abundance between June and August described by Weir et al. (2001) for the east coast of Lewis. Previous studies describe similar seasonal patterns of minke whale occurrence on the East coast of Scotland, in the outer part of Moray Firth (Tetley et al., 2008; Robinson et al., 2009), with the distribution of sightings varying according to prey availability in the area (Robinson and Tetley, 2007). The Southern Trench Nature Conservation MPA has recently been designated for minke whale. Although, in this study, five observation sites were situated in the Moray Firth (Chanonry Point, North Kessock, Spey Bay, Cullen, and Macduff), the results of the models suggest a low presence of minke whales in this area. It is likely that a more offshore distribution of the minke whale and their prey could make the detection of the species difficult from shore-based observation points, whereas minke whale may be more easily detected from boat surveys (as in Robinson and Tetley, 2007, Robinson et al., 2009).

Model predictions of both occurrence and number of sightings showed upward long-term trends over the period 2012–2018, for four of the five studied species, with the exception being bottlenose dolphin. It will be necessary to investigate in more detail whether this could be an artifact of the changes in the distribution of the observations in space and time or if it is a genuine increase of occupancy and/or abundance of these species in Scottish coastal waters. Evidently year-to-year and seasonal changes at the studied sites may reflect changes in the distribution of the species rather than changes in its abundance. It is also the case that the explanations for such changes may involve factors not considered in the present study, such as changes in prey availability, anthropogenic disturbance, or inter-specific competition between cetacean species (Ross and Wilson, 1996; Thompson et al., 2004). Continued ocean warming could result in changes in cetacean communities in Scotland, with increased presence of species typically found in warmer waters, such as striped dolphin (Stenella coeruleoalba) (Lambert et al., 2014), Risso’s dolphin and common dolphin (MacLeod et al., 2005; Stockin et al., 2006; Robinson et al., 2010) coupled with reduced occurrence of species more typical of cooler waters, such as minke whale and white-beaked dolphin (Lagenorhynchus albirostris) (MacLeod et al., 2005, 2008). By contrast, bottlenose dolphin presented a downward long-term trend in mean local occurrence and mean number of sightings in the present study, as also seen by Culloch and Robinson (2008) during 2001–2004 in the Moray Firth. Previous studies have suggested that animals from the Moray Firth bottlenose population have increasingly been seen off Aberdeenshire and further south toward the Firth of Forth (e.g., Stockin et al., 2006), but also that the use of the latter areas may fluctuate seasonally and over longer time-scales. Thus, mark-recapture studies suggest that the part of the population in the Moray Firth was stable or increasing between 1990 and 2010 and between 2014 and 2016 (Cheney et al., 2014, 2018; ICES, 2016) and that the part of the population present in St. Andrews Bay and the Tay Estuary increased between 2009 and 2015 during the summer season (Arso Civil et al., 2019).

The models showed that the explanatory variable with the largest influence on occurrence and the number of sightings was the mean depth of water in the vicinity of the study area, except in the case of Risso’s dolphin. Sea depth close to the coast was also an important factor in determining land-based sighting rates for coastal cetaceans on the Northwest Spanish coast (Pierce et al., 2010), presumably in part because it determines the extent to which deeper water species approach to the coast. This needs further investigation in this dataset but coastal water depth could potentially be included as a factor when considering potential new Shorewatch observation sites. Since it reflects the local geomorphology, this variable may also likely to be related to the height of the observation site (Supplementary Table 1).

The WDC Shorewatch program, with its standardized data collection, offers a valuable source of information about coastal cetaceans in Scotland which has already contributed data for the designation of NE Lewis Nature Conservation MPA (Scottish Ministerial Order, 2020) and has influenced the timing of works for development activities in coastal waters (so as to minimize disturbance to bottlenose dolphins). It provides data that can be used to detect trends in local occurrence and relative abundance and to study the temporal and spatial distribution of five cetacean species. In addition, because it also collects data on species other than those studied in this paper, Shorewatch can support a range of other studies on coastal wildlife in Scotland. Furthermore, this ongoing citizen science program continues to collect data, building upon the data set used in the current analysis. As a long-term monitoring initiative, it aims to inform management bodies about the relative state of coastal cetacean sightings over time, and thus to meaningfully contribute to cetacean conservation.
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Tursiops truncatus 3 3.89 [3.82; 3.96] 1-30 7089
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Balaenoptera acutorostrata 1 1.36 [1.27;1.47] 1-30 702
Grampus griseus 4 4.74 [4.41; 5.14] 1-40 385
Delphinus delphis 10 11.98 [10.69; 13.38] 1-60 285
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Species Presence (N) Response variable Explanatory variables Deviance R2 (adj) Correlation Distribution
explained obs.-pred. family

Bottlenose dolphin 2202 Occurrence Depth + Effort + Angle of slope + Month + Year 4 Sea State + SSH 31.3 0.345 0.839 BN
A ELASIEReaNOBLHS) Number of sightings Depth + Efforts + Angle of Slope + Month + Year + Sea State + EV + SSH 53.2 0.435 0.876 PO
Total number of animals Depth + Effort + Month + Sea State + SSH + EV 4 Angle of slope 38.4 0.183 0782 NB
ean number of animals  Depth + Angle of Slope + Month + Sea State + Year + SSH + EV 30.3 0.154 0.692 NB
Group size Depth + Angle of Slope + Month + EV + Sea State 26.9 0.043 0.597 NB
Harbor porpoise 221 Occurrence Depth + Sea State + Effort + Month + Angle of Slope + Year 50 0.384 0.767 BN
oo Nurmber of sightings Sea State + Effort + Depth + Angle + Month + Year 66.2 0.368 0.877 PO
phocoens) Total number of animals Sea State + Effort + Month + Depth + Angle + Year 67.7 0.323 0.849 QP
ean number of animals ~ Sea State + Month + Angle + Depth + Year 56.6 0.25 0.726 Qp
Group size Year + Depth + Month 14.9 0.102 0.455 PO
Minke whale 201 Occurrence Depth + Month + Effort + Year + Sea State + Visibility 61.1 0.478 0.892 BN
(GakBgepics Number of sightings Depth + Effort + Month + Sea State + Year + EV + Visibility + Angle of Slope 84 0.763 0.942 QP
apuemstak) Total number of animals Effort + Month 4 Sea State + Year 4 Depth + Visibility + EV + Angle of Slope 841 0.716 0.921 PO
ean number of animals ~ Depth 4+ Month + Year 4 Sea State + Visibility + EV + Efforts 73.2 0.424 0.894 QP
Group size - - - -
Risso’s dolphin 120 Occurrence Effort + Year + Sea State + SSH + Month + Visibility 27.8 0.126 0.505 BN
(Grampus griseus) Number of sightings Effort + Year + Month + Sea State + Visibility + SSH 57.3 —0.118 0.643 NB
Total number of animals Year 4+ Month + Sea State 28.4 0.007 0.148 NB
lean number of animals  Effort + Year + Month + Sea State + SSH 36 0.024 0.145 NB
Group size - - - NB
Common dolphin 95 Occurrence Depth + Effort + Month + Sea State + Year + Angle of Slope + EV 89.7 0.389 0.798 BN
(Delphinus delphis) Number of sightings Depth + Effort + Year + Month + Sea State + Angle of Slope 775 0.32 0.817 NB
Total number of animals Depth + Effort + Sea State + Year + Angle of Slope 84.6 0.116 0.589 NB
ean number of animals  Depth + Sea State + Year + Month + Angle of Slope 80.2 0.081 0.609 NB
Group size Depth + Month 6.09 0.001 0.428 NB

Distribution families: BN: binomial; PO: Poisson; QP: Quasi-Poisson; NB: Negative Binomial.

Variables: Depth: mean depth; Effort: total number effort units performed per site-date unit; SSH: Sea Surface Height; EV: Eastward Current Velocity; NV: Northward Current Velocity.
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