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Globally, the exploitation of marine mammals has shifted from hunting to viewing over the last few decades. While refraining from actively killing animals may have a positive effect on marine mammal populations, whale and dolphin watching can induce changes such as displacement from preferred habitat and disruption of foraging that may also have severe fitness costs. Under some circumstances, this non-lethal disturbance may affect populations in a manner similar to directed mortality. Here, we focus on inshore dolphin populations that are known to show short-term behavioral responses to boat approaches. Long-term fitness effects have only been clearly identified in a small number of these populations, and all share certain characteristics, i.e., closed, small and food-limited. This raises the question of importance of context when considering the long-term effects of disturbance, since many dolphin populations may be open, large, and/or free from resource restriction. We explored the effect of disturbance based on the characteristics of populations using the population consequences of disturbance (PCoD) framework. PCoD was developed to link short-term changes in individual behavior and physiology to presumed long-term effects on population dynamics. To ensure our scenarios were biologically plausible, they reflected the ecological context of four well-studied populations of dolphins, Doubtful Sound, New Zealand, Sarasota Bay, United States, Durban Bay, South Africa, and Jervis Bay, Australia, in terms of their size, closure, and food resources. We found that the characteristics of the populations being disturbed are important with regards to the level of disturbance that could be tolerated. Closed populations were most sensitive, while large, open populations with no food limitation appeared to be able to withstand a higher probability of disturbance. This implies that population characteristics should be accounted for when determining the suitability of whale and dolphin watching operations in a given area.
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INTRODUCTION

The exploitation of wildlife has undergone a fundamental change in many parts of the world over the last few decades (Dickman, 2010). From destruction of wildlife as pests (Pimentel et al., 2005), threats to humans or livestock (Loe and Roskaft, 2004; Packer et al., 2005), trophies from safaris (Di Minin et al., 2016) or harvest for food (Weinbaum et al., 2013), there has been a significant shift to viewing rather than killing wildlife. Indisputably, refraining from actively killing animals has an immediate and measurable positive effect on a population’s survival and abundance, as well as habitats and ecosystem processes (e.g., Ripple and Beschta, 2012). However, wildlife viewing can negatively impact populations (Abd Mutalib, 2018), and can induce subtle changes such as long-term displacement from preferred habitats (Klein et al., 1995; Steckenreuter et al., 2012) or disruption of foraging (Steckenreuter et al., 2011; Pirotta et al., 2015). Other essential behaviors can also be perturbed, such as nesting or caring for offspring (Frid, 2003; McClung et al., 2004), sometimes with severe fitness costs (Gill et al., 2001; Coetzee and Chown, 2016), where fitness is defined as all intrinsic factors affecting individuals’ ability to successfully produce young. Ultimately, in some circumstances, non-lethal effects may have a similar, or even larger, influence on populations than direct mortality (Preisser et al., 2005; Zanette et al., 2011).

Across the diverse spheres of wildlife tourism, whale and dolphin watching has grown more rapidly and globally in popularity than most, and since the first decade of the 21st century, most coastal cetacean populations have been exposed to some form of whale-watching (e.g., O’Connor et al., 2009; Mallard, 2019). This growth has been driven by the recovery, and therefore the availability, of the great whales following the end of large-scale commercial whaling, their emblematic status in the developing green movement of the 1960s and 1970s, and by the popularity of dolphins arising from widespread change in attitudes in western countries through popular media and assertions regarding dolphin intelligence (Lavigne et al., 1999; Simmonds, 2011; Wearing et al., 2011). While whale-watching was initially welcomed as a more “benign” alternative to whaling, concerns have arisen that the rise of high intensity watching may negatively affect whales and dolphins (e.g., Higham et al., 2014; New et al., 2015; Rodríguez-Izquierdo et al., 2019; Sprogis et al., 2020).

Over the past two decades, numerous studies have identified short-term behavioral responses of inshore dolphin populations to boat approaches (e.g., Stensland and Berggren, 2007; Stockin et al., 2008; Senigaglia et al., 2016; Cecchetti et al., 2018). However, identification of long-term fitness effects has been less forthcoming, in part due to the difficulty of quantifying the fitness of animals that spend their entire lives at sea. Although fitness effects are difficult to measure, and analyze, they have been identified, with behavioral disturbances implicated in decreased female reproductive success and a consequent reduction in population size for at least one dolphin population (Lusseau et al., 2006).

An alternative to the difficult task of attributing specific fitness costs empirically is known as the population consequences of disturbance (PCoD) framework (New et al., 2014; Pirotta et al., 2018). This framework was developed to link short-term changes in individual behavior and physiology to potential long-term effects on population dynamics. An advantage over earlier approaches is its ability to incorporate a wide range of phenomenological, mechanistic, and hypothesized links, such as unobservable changes in individuals (e.g., New et al., 2013). The PCoD framework distinguishes disturbances that have an acute, immediate effect on vital rates (e.g., collision with a vessel, entanglement in a fishing net) from chronic disturbances (e.g., whale-watching) that alter vital rates by affecting an individual’s health, defined as all internal factors that affect homeostasis (New et al., 2013). Health is then the principal avenue through which to assess the indirect effects of whale-watching on species’ vital rates, and hence population dynamics. This approach provides us with the capacity to ask whether observed disturbance effects are invariably generalizable, i.e., whether measurable short-term disturbance will always have fitness effects, or whether there are specific characteristics of a population that make them vulnerable, or, alternatively, robust, to disturbance effects.

Small populations are inherently more vulnerable to the effects of disturbance than larger populations (O’Grady et al., 2004; Manlik et al., 2016). To date, fitness effects on dolphin populations attributable to disturbance have only been clearly identified in a few populations, all of which share certain characteristics, namely being closed to immigration and emigration, small and food-limited (Doubtful Sound dolphins, Lusseau et al., 2006; East African dolphins, Pérez-Jorge et al., 2016). This raises the question of whether the fitness effects are a function of the population or a limitation of our tools and the populations we choose to study. Large populations that are open to immigration and emigration are often less well studied, as the focus of management and conservation is often on smaller, declining populations (New et al., 2015). Larger populations may also be less sensitive to tourism effects as they are buffered by the relatively lower disturbance experienced at the individual level. Populations largely free from resource constraints, such as in Sarasota Bay, Florida, may also be able to compensate for the effects of disturbances (Lusseau, 2014; Nattrass and Lusseau, 2016), since greater food resources and overall lower exposure per capita may offset any disruption to foraging behavior.

In this article, we address whether the effect of disturbance is a function of a population’s characteristics, using stochastic simulations of four dolphin populations that represent variation across three crucial characteristics: size, food limitation, and whether a population is open or closed. Within these contexts, dolphins engage in different behaviors based upon internal drivers (e.g., physical condition) that must be satisfied. The constraints the ecological context places upon individuals’ ability to fill these needs also impacts dolphins’ response to disturbance, contributing to their ability to avoid a stressor and compensate for a negative response. Individual-based models have been used to explore the relationship between internal drivers and behavior, and have proven able to simulate realistic dynamics (e.g., New et al., 2013; Pirotta et al., 2014, 2019). Here we take advantage of an existing model for dolphin populations (New et al., 2013) and generalize it to investigate broad patterns in population response to disturbance.



MATERIALS AND METHODS


Model Structure

We used the individual based model presented in New et al. (2013) to investigate dolphin populations’ responses to disturbance. The model allowed the intrinsic motivational state of individuals (e.g., fear) to affect their physical condition and choice of behaviors, even when such changes may not be apparent from the observed activity. Each individual in a population was defined as being either a juvenile, mother with calf, or adult, since each was assumed to affect the fission-fusion behavior observed in dolphins (e.g., Möller et al., 2006) and result in different cost-benefits between internal drivers and the behavior in which the dolphin takes part (New et al., 2013).

Individuals formed schools, whose behavior (traveling, foraging, resting, and socializing) at time t (bt) was assumed to be an observation on a true underlying activity (at). Every individual (i) within a group was assumed to be taking part in the same activity, which was itself dependent on the motivations (i.e., fear, hunger, condition, social desire) of the individual members of the group at time t (mi,t). The individuals’ motivations changed through time according to the activity in which the dolphins engaged and an effect of the season (st, warm or cold):
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where A is a k by k matrix of the cost-benefit of each activity on the motivations, mi,t, ai,t–1, and d are all vectors of length k and st is a scalar. The only exception was the individuals’ condition at time t (mc,i,t), which was dependent on the individuals’ hunger (mh,i,t), thus changing at a slower rate than the other motivations (New et al., 2013).

The school’s activity at time t was chosen based on the desires (qi,t) of the individuals within the school to take part in each activity, which was a function of individual motivations and the effect of season (r). We averaged these individual desires (mt, a vector whose length is equal to the number of activities, k) and used mt to calculate the probability (pa,t) that the school would take part in a given activity.
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where G is a k by k matrix indicating the strength of the relationship between motivations and activities and qi,t, pa,t, and r are all vectors of length k. The school’s activity was then chosen according to a multinomial distribution,
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which gave a vector of length k where the chosen activity was equal to 1 and all other values were zero. For additional details, see New et al. (2013) and Pirotta et al. (2014).



Social Structure

Dolphins are social animals that live in schools whose membership and size can vary on a regular basis (Connor et al., 2000; Lusseau et al., 2003; Möller et al., 2006). Known as fission-fusion behavior, we incorporated this breaking up and reforming of schools into the model, assuming a dolphin’s decision to leave their current school was dependent on school size and overall satisfaction with levels of hunger, fear, and social desire. If fission occurred, the dolphin and the individual in their current school with whom they were most closely associated would seek to find an alternate school together.

We assumed fusion was dependent on the new school’s current activity and the level of association between schools. Association was determined by a randomly generated correlation matrix that accounted for the fact that individuals of different classes (mother with calf, adult, juvenile) will share different levels of association (e.g., mothers with calves are more likely to school together than with other adults) (Möller et al., 2006; McHugh et al., 2011; New et al., 2013).



Spatial Structure

New et al. (2013) originally built the model for the population of bottlenose dolphins (Tursiops truncatus) in the Moray Firth, United Kingdom, using a spatial map of the Firth to direct the dolphins’ movement and determine where certain behaviors (e.g., foraging) could take place, based on environmental features. However, the aim of this study was not to assess the management or conservation needs of a specific population, but rather to investigate how populations’ response to disturbance may be influenced by the broad-scale ecological contexts in which dolphins exist. Therefore, to disentangle the effects of any fine-scale environmental features from those of the populations’ characteristics, we simplified the spatial component of the model. Using an approach common in many dynamic energy budget models (e.g., Hin et al., 2019), we retained traveling as an activity with an associated cost of movement, but without any defined spatial component (location, distance).



Resource Limitation

Resource limitation is often due to human exploitation of prey, patchy prey dynamics, or because prey occurs in locations with high perceived risk (e.g., predation), limiting the time dolphins can remain in that area (Torres and Read, 2009). Therefore, in these situations, the dolphins must move between locations to take part in different behaviors. For example, if the risk of predation is higher in foraging areas, individuals are unlikely to rest in those locations (Madin et al., 2016). Therefore, for food limited populations we modified the model to require individuals to travel for at least one-time step before switching between the other behaviors (foraging, resting, and socializing). We assumed individuals in populations without resource limitations were able to engage in any behavior without first traveling.



Disturbance

The probability that a school of dolphins would be disturbed on a given day was defined based upon a range of potential whale-watching intensities (e.g., Lusseau et al., 2009; Seely et al., 2017). For open populations, we assumed that only schools in the area used by tour boats were at risk of disturbance, and that 10–34% of the population were vulnerable to disturbance at any one point (Mahomed, 2008), with the exact percentage chosen stochastically each day. We also assumed all individuals within a school experienced the same external stimuli (e.g., disturbance, foraging conditions, etc.). Given that fission-fusion behavior changed the number and size of schools, we randomly selected the schools exposed to disturbance in an iterative fashion, summing the total number of individuals across all disturbed schools. When the total was equal to, or immediately greater than, the proportion of the population assumed to be vulnerable to disturbance on that day we ceased selecting schools. For the unselected schools, the risk of disturbance was zero. This process assumed there were no individual or school home ranges within the wider population, which may not always be the case.

For closed populations, we assumed the dolphins were unable to leave the general area in which tour boats were operating, but did have access to refugia (Lusseau and Higham, 2004; Steckenreuter et al., 2012). These scenarios followed a similar structure as to disturbance in the open populations with two main differences. First, we assumed that on any one day only 10–34% of the population could be in refugia, with the exact percentage chosen stochastically. Therefore, the majority of the population was always disturbed. In addition, while seeking refuge in these areas, we assumed that the dolphins foraging efficiency was reduced. We based this on the supposition that refugia are suboptimal habitat that would have a low probability of utilization in the absence of disturbance.

In the scenarios, disturbance is defined by the presence of a whale-watching vessel, and the dolphins’ fear is assumed to increase as vessels draw closer to the animals (Nowacek et al., 2001; New et al., 2013). The distance at which the dolphins detect the vessel is determined stochastically, and if the vessel is simulated as sharing the same location as the school, fear is assumed to outweigh all other motivations and the dolphins will switch from their current activity to traveling.



Simulations

At the start of a simulation, we randomly assigned each individual in a population to be either a juvenile, mother with calf, or adult, as well as the level of association between individuals and the starting school membership, behavior and motivational states for each individual. Each stochastic simulation covered the time period of 1 year (365 days), with the season and its resulting effects on the model switching half way through the simulation (New et al., 2013).

To ensure that the ecological contexts being explored were biologically plausible, we chose the characteristics (size, open/closed, resource availability) of the populations to be simulated based upon four well-studied coastal dolphin populations (Tursiops spp.). The first population, small (61 individuals, Henderson, 2012), closed and food limited (Williams et al., 1993), was based upon Doubtful Sound, New Zealand (T. truncatus). The characteristics of the second closed population were taken from Sarasota Bay, Florida (T. truncatus), which is larger in size (160 individuals, Wells et al., 2015) and generally unaffected by food limitation excepting in years of red tides (Wells, 2014). The red tide years were not considered as part of the simulations for this population, since the food limitation would make the scenario too similar to that for Doubtful Sound. For a large (350 individuals, Natoli et al., 2008), open population with no food limitation (Roberts and Nieuwenhuys, 2016), we used the characteristics of the dolphins found in Durban Bay, South Africa (Tursiops aduncus). For this location there were multiple estimates of population size, including one that included over 900 individuals (Browning et al., 2014). We used and older estimate of [image: image] (Natoli et al., 2008) because of the computational cost of an individual based model tracking over 900 individuals. Lastly, Jervis Bay, Australia (T. aduncus) provided the characteristics for a small (108 individuals, Möller et al., 2002), open population that is food limited (Armbrecht et al., 2014). For the sake of simplicity, we refer to the ecological context scenarios by the name of the population after which they were structured, although they are not meant to be replications of those populations.

For each of our ecological context scenarios, we investigated four disturbance regimes that were assumed to occur year-round. The baseline regime assumed the population was undisturbed, after which the probability of disturbance increased to 10, 25, or 50% for each simulated population. These values were chosen to represent realistic levels of whale-watching from around the world (e.g., Lusseau et al., 2009; Seely et al., 2017).

We used the statistical programming language R, version 3.6.0 (R Core Team, 2019) to run the separate disturbance regimes 100 times for each scenario. The code was bespoke, but made use of the packages poLCA (Lizner and Lewis, 2011) for the simulations and ggplot2 (Wickham, 2016) for plotting the figures. The results were based upon the cumulative outputs of each disturbance-context combination.



RESULTS

In the absence of disturbance from whale-watching vessels, the differences in activity budget and motivation across the ecological contexts were based solely upon food limitation. As we expected from the model structure, food limited populations spent more time traveling than those with readily available access to prey (Figure 1). When the chance of disturbance was 10%, we observed an increase in the time spent traveling and foraging in the activity budgets of the closed populations. We did not see a similar shift in the activity budget for an open (“Jervis Bay”) population until there was a 25% chance of disturbance, or for the largest of the four populations (350 individuals, Durban Bay) until there was a 50% chance of disturbance (Figure 1).


[image: image]

FIGURE 1. The activity time budgets for the four simulated populations (columns), Doubtful Sound (A–D), Sarasota Bay (E–H), Jervis Bay (I–L), and Durban Bay (M–P), under four different disturbance scenarios (rows): no disturbance (A,E,I,M) and a 10% (B,F,J,N), 25% (C,G,K,O), or 50% (D,H,L,P) chance of an individual being disturbed when in the area used by whale-watching vessels. The four behaviors in which the dolphins can take part are: traveling (Travel), resting (Rest), foraging (Feed), and socializing (Social).


We found that the motivational states showed a similar pattern to the activity budgets. While a 10% chance of disturbance had an effect on the motivational states of the dolphins in the closed populations, it took increasing amounts of disturbance to see a similar change in the simulations for the open populations (Figures 2–5). We did not find a substantial shift in individual condition for any of the simulated populations, despite the observed increase in fear and hunger. This was an artifact of the length of the simulations, which we only ran for 1 year. Condition changes at a slower pace than the more immediate motivations of fear, hunger or social need, so we would only expect to see a notable change in condition when the disturbance occurred over multiple years.


[image: image]

FIGURE 2. The four motivational states of condition (A,E,I,M), fear (B,F,J,N), hunger (C,G,K,O), and social need (D,H,L,P) for the simulated Doubtful Sound population under each of the four disturbance scenarios: no disturbance (A–D) and a 10% (E–H), 25% (I–L), or 50% (M–P) chance of an individual being disturbed when in the area used by whale-watching vessels. The y-axis is the cumulative count over all simulations, while the x-axis is a unit-less measure of individual motivation. Motivation is centered at zero (i.e., indifference) and can take on negative values to indicate a lack of incentive (i.e., satisfaction) and positive values to indicate strong incentive (i.e., discontent) (New et al., 2013).
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FIGURE 3. The four motivational states of condition (A,E,I,M), fear (B,F,J,N), hunger (C,G,K,O), and social need (D,H,L,P) for the simulated Sarasota Bay population under each of the four disturbance scenarios: no disturbance (A–D) and a 10% (E–H), 25% (I–L), or 50% (M–P) chance of an individual being disturbed when in the area used by whale-watching vessels. The y-axis is the cumulative count over all simulations, while the x-axis is a unit-less measure of individual motivation. Motivation is centered at zero (i.e., indifference) and can take on negative values to indicate a lack of incentive (i.e., satisfaction) and positive values to indicate strong incentive (i.e., discontent) (New et al., 2013).



[image: image]

FIGURE 4. The four motivational states of condition (A,E,I,M), fear (B,F,J,N), hunger (C,G,K,O), and social need (D,H,L,P) for the simulated Jervis Bay population under each of the four disturbance scenarios: no disturbance (A–D) and a 10% (E–H), 25% (I–L), or 50% (M–P) chance of an individual being disturbed when in the area used by whale-watching vessels. The y-axis is the cumulative count over all simulations, while the x-axis is a unit-less measure of individual motivation. Motivation is centered at zero (i.e., indifference) and can take on negative values to indicate a lack of incentive (i.e., satisfaction) and positive values to indicate strong incentive (i.e., discontent) (New et al., 2013).
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FIGURE 5. The four motivational states of condition (A,E,I,M), fear (B,F,J,N), hunger (C,G,K,O), and social need (D,H,L,P) for the simulated Durban Bay population under each of the four disturbance scenarios: no disturbance (A–D) and a 10% (E–H), 25% (I–L), or 50% (M–P) chance of an individual being disturbed when in the area used by whale-watching vessels. The y-axis is the cumulative count over all simulations, while the x-axis is a unit-less measure of individual motivation. Motivation is centered at zero (i.e., indifference) and can take on negative values to indicate a lack of incentive (i.e., satisfaction) and positive values to indicate strong incentive (i.e., discontent) (New et al., 2013).


The distribution of school sizes was also sensitive to the level of disturbance, but comparison of the four ecological contexts was difficult because the varying population sizes resulted in different definitions of small and large schools. However, we found that, generally, larger school sizes became less common with increasing disturbance (Figure 6).
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FIGURE 6. The distribution of school sizes for the four simulated populations (columns), Doubtful Sound (A–D), Sarasota Bay (E–H), Jervis Bay (I–L), and Durban Bay (M–P), under four different disturbance scenarios (rows): no disturbance (A,E,I,M) and a 10% (B,F,J,N), 25% (C,G,K,O), or 50% (D,H,L,P) chance of an individual being disturbed when in the area used by whale-watching vessels (rows).




DISCUSSION

New et al.’s (2013) model had previously been extended to the population of bottlenose dolphins in Doubtful Sound (Pirotta et al., 2014), supporting the applicability of the model to populations other than that of the Moray Firth and its ability to account for a spatially constrained behavioral repertoire. The disturbance scenarios investigated in Pirotta et al. (2014) were more spatially complex than those explored here, and were specific to the tourism occurring in the area. In contrast, our goal was not to determine the effects of specific disturbances or population-specific behavioral constraints, but rather explore the role general population characteristics may have in regulating the effects of disturbance. Therefore, we generalized both the model structure, ecological contexts, and disturbance scenarios to enable us to make broad-scale comparisons, as opposed to population-specific predictions. However, useful future applications of our approach could include modeling specific disturbances for these populations, as well as exploring the potential interactions between the multiple types of disturbance to which the dolphins may be exposed (e.g., fishing pressures, commercial shipping, pollution, etc.).

Our results highlight the importance of population characteristics when considering the effect of disturbance on inshore dolphin populations. The two closed populations, which reflected the characteristics of the dolphins found in Doubtful Sound and Sarasota Bay, proved the most sensitive to disturbance, with only a 10% chance of encountering a tour boat having a notable effect on the dolphins’ behavioral time budget, motivations and school size (Figures 1–6). In contrast, the open populations, which mirrored the characteristics of the Jervis and Durban Bay dolphins, required higher probabilities of disturbance, 25 and 50%, respectively, to see the same shift in behavioral time budgets and motivations (Figures 1–5).

School size showed the least discernible differences between the disturbance scenarios (Figure 6). However, there were generally fewer larger schools when disturbance was present, regardless of the different population characteristics. Conversely, while there were fewer larger schools, they were comprised of a greater number of individuals. This is because we assumed fission-fusion at the school level was dependent on both school size and fear. We know that for all ungulate species (including cetaceans) aggregation is an anti-risk behavior, as it reduces risk per capita (Acevedo-Gutiérrez, 2002). However, there is a threshold at which the protection is no longer optimal because of the increased competition for resources and decreasing safety benefits (Lusseau et al., 2004). Therefore, the results show how individuals’ internal motivations, in this case an increase in both hunger and fear, resulted in a trade-off between protection and resource availability that was reflected in the change in school sizes.

The role of population characteristics in determining the effects of disturbance were more clearly seen in the dolphins’ activity time budgets and motivations. In particular, population size and closure appear to interact. Controlling for the effect of food limitation, population size did not seem to have a role in the effect of disturbance on the closed populations. This was likely because we assumed that all individuals outside of refugia were at the same risk regardless of population size. Given that many areas have restrictions on the number of whale-watching vessels and the hours they can operate, this assumption may be too conservative.

In contrast, population size played a role in the level of disturbance tolerated by open populations. Every dolphin school had an equal probability of being chosen as part of 10–34% of the population affected by disturbance at any time step. However, we would expect smaller populations to have fewer schools on average (Figure 6), so compared to a larger population, each school had a higher probability of being selected for exposure to disturbance. As a result, each individual in the smaller population (108 individuals, Möller et al., 2002) would be more frequently at-risk to whale-watching vessels, and thus was disturbed more often regardless of the fission-fusion rate. However, a portion of the population remained undisturbed at each time step, so regardless of their exact size, open populations still showed a lower sensitivity to disturbance than observed in the closed populations. It is possible that food limitation played a role in the smaller of the two open populations showing a lower threshold of disturbance. However, we saw a limited effect of prey availability in the closed populations, lending weight to the belief that the difference between the open populations in our simulations was due to their size.

The effect of food limitation appeared to be restricted to the activity time budgets, with food limited populations traveling more frequently than those without resource limitation. We found it surprising that prey availability did not appear to mitigate the effects of disturbance given that populations such as Sarasota Bay are known to be relatively stable, even given high levels of disturbance (Wells, 2014). This is likely a result of the model structure and implementation. The simulations covered the period of 1 year, over which we observed very little change in condition at any level of disturbance (Figures 2–5). Condition in long-lived, slow-reproducing species will change at a slower rate than the other motivations (e.g., New et al., 2013), so longer simulations, incorporating birth and death, would be needed to explore the interaction between food limitation and disturbance that resulted in consistently lost foraging opportunities. In addition, fear was the motivation that changed the most in response to disturbance (Figures 2–5), yet it had no direct effect on individuals’ condition. Given current research on the effects of stress on marine mammals (e.g., Atkinson et al., 2015; Champagne et al., 2018; Galligan et al., 2019), this aspect of the model may need to be revisited. Lastly, the lack of a spatial component to the model means that when food is limited we are unlikely to be adequately capturing the ephemeral or patchy nature of the prey distributions, potentially leading to an underestimate of the effect of disturbance on these populations. This highlights the importance of using population-specific models to predict the effect of explicitly defined disturbances when considering the use of models such as these for management or conservation purposes.

By separating the fine-scale effect of local environmental features from the broad-scale ecological context, we were able to begin exploring how population characteristics (resource availability, population size, open/closed) can interact to influence the consequences of disturbance. Crucially we found that these characteristics helped define the susceptibility to disturbance. Closed populations, being unable to avoid the disturbance, were the most sensitive, while open populations were able to withstand a higher probability of interacting with whale-watching vessels. Our results imply that population ecology plays an important role in the level of disturbance that can be tolerated and, in particular, the vulnerability of small, closed populations should be accounted for when determining the intensity of whale-watching operations for a given area.

It is unquestionable that wildlife tourism affects the activities of individual cetaceans (Senigaglia et al., 2016). However, given the difficulty in assessing how short-term changes in individual behavior affect populations in the long-term, the potential consequences of wildlife tourism are often extrapolated assuming the worst possible outcome and with little or no reference to the ecological context (e.g., Stockin et al., 2008; Parsons, 2012). It has been argued that selective pressure and removal of key individuals can severely affect population dynamics (e.g., Allendorf and Hard, 2009; Devine et al., 2012). However, tourism aimed at watching cetaceans is not deliberately targeting specific individuals within the populations to which they have access and there is evidence that wildlife tourism will not always lead to conservation concerns (Christiansen and Lusseau, 2015; Crespo et al., 2019). Therefore, while our results are consistent with population dynamics theory, it remains important to quantitatively demonstrate that the propensity for population consequences due to disturbances such as whale-watching depends on the characteristics of the population and the intensity of the disturbance. Although there are a limited number of cetacean populations for which this could be done, confirming these relationships where possible would permit more confident extrapolation for those situations that are data poor. The ability to place observed behavioral responses to whale-watching in their ecological context can help identify and prioritize those populations that will most benefit from management and conservation action. This will enable focused efforts on those populations at risk and increase successful conservation efforts.
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