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Abstract

:

Effective protection of highly mobile and data-poor species constitutes a great challenge amid growing ocean exploitation and use. Blue whales and bowhead whales in the North-East Atlantic face several threats, such as climate change, ship strikes, pollution, and entanglement in fishing gear. Consequently, the OSPAR (“Oslo-Paris Convention for the Protection of the Marine Environment of the North-East Atlantic”) Commission recognised their need for protection and included them on the OSPAR List of Threatened and/or Declining Species. Two actions to protect these endangered species that OSPAR Contracting Parties have agreed on are (i) identifying areas that play an essential role in the species’ life cycle—subsequently called key habitats, and (ii) ensuring that those key habitats are covered by OSPAR marine protected areas (MPAs). In addition, OSPAR has committed to expanding its network of MPAs and other effective area-based conservation measures by 2030 to cover at least 30% of the OSPAR maritime area (termed the 30 × 30 target) from today’s approx. 11%. In this paper, we present the results of modelling key habitats for the bowhead and blue whales in the North-East Atlantic, including Arctic waters. Due to the sparse data situation for these species, we apply presence-only modelling methods. As this method can, in principle, produce somewhat biased results, we recommend that systematic, regular surveys on these species in Arctic waters be significantly intensified for future analyses to overcome the data paucity and allow using presence–absence/count data modelling approaches. Key habitats of blue whales were identified between Iceland and Svalbard, extending to the Azores. For bowhead whales, key habitats were identified in the Fram Strait. However, our findings show that only 11.8% of blue whale key habitats and 4.1% of bowhead whale key habitats are currently covered by OSPAR MPAs. To protect 30% of key habitats for these species in the most efficient way, our analyses suggest that suitable areas to designate new OSPAR MPAs are located around the Azores for blue whales and in the Fram Strait for bowhead whales. With these additional MPAs, OSPAR would substantially improve the protection of the two endangered species and, at the same time, progress towards its 30 × 30 target.
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1. Introduction


Great whales are in a worrying state worldwide and urgently require enhanced protection. Given the increasing threats from human activities and ongoing climate change, the OSPAR (“Oslo-Paris Convention for the Protection of the Marine Environment of the North-East Atlantic”) Commission has recognised the necessity of implementing measures to safeguard these endangered species [1]. A critical aspect of protecting great whales is the identification and preservation of key habitats essential for their reproduction, feeding, and migration [2]. Marine protected areas play a pivotal role in this context by safeguarding these vital habitats from harmful influences [3]. However, there is still a significant lack of comprehensive data on the specific needs and distribution areas of many great whale species, impeding the planning and implementation of effective conservation strategies [4].



The OSPAR Convention is an international agreement on the protection of the marine environment of the North-East Atlantic. Fifteen countries and the European Union are Contracting Parties to the convention and work together to address pollution, biodiversity loss, habitat degradation, and sustainable resource use. By fostering cooperation, OSPAR aims to ensure the long-term health of the North-East Atlantic’s marine ecosystem. Important tools to achieve that are the OSPAR network of marine protected areas (MPAs) [5] as well as the OSPAR List of Threatened and/or Declining Species and Habitats [6] and an associated roadmap [7] that outlines actions to be implemented collectively or individually by Contracting Parties, to protect the listed species.



According to these actions, it should be examined if the key habitats of bowhead whale (Balaena mysticetus) and blue whale (Balaenoptera musculus) are covered by the OSPAR network of MPAs and if additional areas could be proposed as MPAs. Since OSPAR has subscribed to the 30 × 30 target, i.e., to protect 30% of its maritime area, which extends from the Strait of Gibraltar up to the North Pole by 2030, by designating new MPAs, OSPAR could make progress concerning two of its objectives, namely, to increase its MPA coverage from currently approx. 11% and to enhance the protection of these two endangered whale species.



In this study, we apply a modelling approach to identify the key habitats of bowhead and blue whales in the OSPAR maritime area, determine their coverage by existing OSPAR MPAs, and propose locations for new MPAs to increase that coverage. Thus, our results can contribute positively to improving the protection of bowhead and blue whales as well as the marine environment of the North-East Atlantic, including Arctic waters, in general.




2. Materials and Methods


The OSPAR area is a very large area, covering approximately 13.5 million square kilometres and including parts of the Northeast Atlantic, the North Sea, the northwest continental shelf, and sections of the Arctic Ocean. Species data are therefore not available across the board and, in addition, vary greatly in nature, ranging from chance observations and tracking data to systematic survey data. Therefore, modelling key habitats requires the development and application of statistical methods capable of dealing with such data heterogeneity [8] and the acquisition of appropriate covariates given in the entire region.



In order to maximise the data basis for modelling on the one hand and to optimise the interaction between data and the various decisions in the context of variable selection and modelling technology on the other, the following approach was chosen and presented in this work:



First, intense worldwide research and acquisition of datasets on the distribution of the above species in the OSPAR area were conducted based on species databases, search engines, marine mammal experts, publications, and “grey literature”. In addition, scientific information on the ecology and biology of the above species was gathered and the results were validated by several species- and/or region-specific experts (summarised in the Supporting Material S3). Furthermore, suitable biotic and abiotic variables for modelling were selected based on biological and ecological characteristics (e.g., life cycle) of the species.



The second aim was the development of a robust modelling approach for the spatial identification of key habitats of the above-mentioned species. A particular focus was given to the development of appropriate statistical methods that can integrate data from different sources. Indeed, ecological data usually contain a number of statistical challenges, e.g., (but not exclusively) overdispersion, spatial and temporal autocorrelation, sampling bias and/or nonlinear correlations [9,10,11,12,13], making the choice and development of appropriate techniques non-trivial.



Third, we applied these methods to the above-mentioned data and subsequently aligned the modelled key habitats with the OSPAR network of MPAs. This included the identification of gaps in the OSPAR network of MPAs based on the identified key habitats and thus provides a scientifically sound and empirically well-founded proposal for additional MPAs to improve the protection of blue whales and bowhead whales in the OSPAR area.



A schematic overview of the overall approach is shown in Figure 1 and can be divided into three different work packages, namely (1) the research and acquisition of species and background information and data, (2) the development and application of appropriate modelling techniques, and (3) the comparison of the predicted key habitats with the existing OSPAR MPA network.



2.1. Species Data: Sources, Preparation and Suitability for Modelling


In order to obtain sufficiently high spatial coverage of the entire OSPAR maritime area, species data have been acquired from various sources. “High-quality data” (e.g., highly standardised survey data specialised/optimised for the species of interest such as, e.g., data from the SCANS surveys [14]), as well as data from less standardised approaches (e.g., data from presence-only databases), were gathered. The latter datasets were also considered, as no estimation of absolute animal numbers/densities was required, and thus, no method-specific correction factors for availability and/or visibility bias had to be derived. Instead, only relative changes in habitat suitability in space were of interest. Modelling of relative habitat suitability was carried out using the data as presented in Supporting Material S1 in detail.



In summary, the available survey data (i.e., data comprising both positive and zero observations) with respect to the blue whale resulted in 988,339 entries comprising only 14 sightings of individuals or groups, and for presence-only data, we obtained 427 positive sightings of one or more individuals. With respect to the bowhead, 22 positive sightings were available in the survey data, but 286 were in the presence-only data. Spatial plots of all data (separately for survey vs. presence-only data) are given in Figure 2. Because survey data comprised too few positive observations for regression-based modelling (e.g., using appropriate regression techniques [8]), the analysis used was based on the MaxEnt approach particularly suited for presence-only data (more corresponding details are given below). Particularly if data are sparse, MaxEnt was shown to still show reliable predictions [15]. In addition, if count data are sparse (i.e., many zeros and few ones), the random distribution of a count-data model would approximate a Bernoulli distribution so that cropping values > 1 (which happens in the course of presence-only methods) has an increasingly negligible influence on the predicted patterns with sparse data.



Of course, presence-only data were augmented with positive observations based on survey data.



All species data have been restricted to the period 2000–2022, aiming to find the optimal compromise between a long enough time series to produce sufficient data, even for rare species, while not using data that might reflect historical rather than actual distribution patterns and habitat preferences. However, for several datasets, the survey/observation effort was not equally distributed with respect to the time of year. In particular, survey data in the Arctic region were biased towards the summer. Consequently, the final predicted key habitats are also assumed to be biased towards the main survey season.




2.2. Definition of “Key Habitat” in the Context of the Project


Due to sparse data (in particular with respect to age and sex classes), key habitats were modelled based on maximum data, comprising observations from all sexes and age classes. The modelling approach modelled key habitats in terms of habitat suitability. Here, only the relative values of habitat suitability are relevant because areas of particular relative importance are to be extracted rather than total values of abundance or density. Predicted species-specific values were thus rescaled to values ≤ 1 to facilitate inter-species comparability. The resulting patterns of relative habitat suitability do not necessarily correspond to the (relative) animal distribution or abundance [16], but both are assumed to be strongly related without existing barriers to animal movement. Hence, during validation/plausibility checking of model results (e.g., in the context of previous works investigating abundances), no strict distinction between (relative) species abundance and (relative) habitat suitability was applied. However, the aim was to indeed model habitat suitability instead of abundance in a reasonable range around the observation (cf., “buffer” below) since abundance could be already influenced by anthropogenic activities and suitable habitats are to be identified, which can be used by the species if disturbance is minimised. For the considered species, this difference is, however, rather academic in practice because, in almost all cases, the identified key habitats coincide with high abundance (cf., Results and Discussion Sections).




2.3. Predictor Variables: Sources and Preparation


Potential predictor variables have been acquired from various sources and with varying spatial and temporal coverage and resolution. Like the species data, the aim was not to use variables with optimal spatio-temporal resolution only but rather to acquire data for all variables that may have a significant effect on species distribution as suggested by our species-specific background analyses (cf. Supporting Materials S3 and S4). Spatial data gaps (frequently occurring, e.g., very close to the coastline) have been extrapolated by assigning the value of the spatially closest pixel with existing information to each missing-value pixel (“nearest-neighbour approach”).



All variables have also been used/tested as log-transformed values, which can improve model performance by normalising skewed data, reducing heteroscedasticity, and capturing nonlinear relationships. Furthermore, it is often assumed that the spatial derivative, rather than the variable itself, is the important predictor, i.e., ocean regions with strong environmental gradients, such as oceanic fronts (e.g., represented by gradients in salinity and/or temperature) or continental slopes (i.e., gradients in water depth), are often of particular ecological importance [17,18]. To describe such dependencies, the spatial gradient for each variable has also been calculated and tested. Finally, for each variable, the spatial gradient of the log-transformed measure has been calculated and tested. Details with respect to the different variable sources are given in the Supporting Material S4.




2.4. Statistical Methods


Modelling approach. The following statistical methods were developed and applied to predict relative habitat suitability representing species-specific key habitats. Initially, we tested and applied two distinctly different modelling approaches to the data to provide appropriate methods for different data situations, namely regression-based methods for count-data (related to those of Mercker et al. [8]) and methods for presence-only data. In particular (and as mentioned above), data were usually given either in terms of systematic survey/count data or as occurrence/presence-only data.



Although analyses based on survey data (thus quantifying and correcting for effort) generally lead to more reliable results if the data density with respect to positive observations is comparable, presence-only methods will perform better if the density of presence-only data greatly exceeds that of positive observations in survey data, and/or if regions frequently used by the species under consideration are reflected in presence-only data but are completely absent in survey data. In each of these scenarios, the advantages of the higher data density of positive observations (and/or the better spatial coverage) outweigh the disadvantages of presence-only methods vs. count-data methods.



Thus, for both considered species, the species distribution modelling (SDM) algorithm MaxEnt [15,16] was used, which is based on the maximum entropy principle and is strongly related to an inhomogeneous Poisson point process [19,20]. In particular, presence observations were augmented with 10,000 pseudo-absences, randomly selected in a spatial buffer (cf., below) around the presence observations. The statistical advantages of MaxEnt (e.g., efficient handling of complex response-predictor interactions, ability to deal with small sample sizes), in conjunction with its simplicity of use, have led to the fact that it is currently the most widely used SDM algorithm [21].



However, such presence-only methods are sensitive, dependent on the survey design, and thus might not always reflect animal presence (respectively habitat suitability) as the results may be confounded by survey effort [22] if sampling bias is present [21]. If, for example, data are only obtained in a specific region (e.g., whale observations from ships associated with the coast), MaxEnt might interpret high sampling efforts as hotspots of species presence. An efficient bias-correction method, “Systematic Sampling” [21], was thus applied before using MaxEnt. In addition, sampling bias was further reduced by including expert/literature knowledge, particularly by pre-selecting the predictors based on known preferences for each considered species [23] and by applying efficient variable selection techniques [24]. In summary, several steps were used to prevent or minimise the effect of sampling bias, including thinning presence data (keeping only one occurrence point per spatial grid cell), creating dummy points only within a spatial buffer around presence points (with a buffer width adapted to the mobility/spatial spread of the considered species), applying efficient variable selection techniques (cf., below) and integrating expert knowledge at several points of the analysis.



Variable/model selection and validation. Considering the variety of predictor variables (including their various transformed variants—cf., above and Supporting Material S4), it is of particular importance to apply efficient variable selection techniques before final modelling. This leads to the selection of the most predictive subset of theoretically reasonable variables and, thus, to the ecologically most reasonable (and parsimonious) models [24]. In this study, variable selection was based on the methods described by Vollering et al. [24]. Several additional transformations were applied (e.g., representing both nonlinear dependencies as well as threshold-like behaviour), and appropriate variables were finally selected based on subset selection methods, which appear to outperform other selection methods (e.g., LASSO) in the context of MaxEnt [24]. Model validation was also based on the methods described by Vollering et al. [24].



Software. All statistical analyses were carried out using the open-source software R [25]. MaxEnt analysis was carried out using the R-package MiaMaxent [24], and visualisation and spatial analyses using the R-packages ggplot2 [26], raster [27,28], sf [29], and spatstat [30]. In addition, further data manipulation utilised the R-packages lubridate [31], RANN [32] and plyr [33].



Prediction of relative habitat suitability. Predictions of relative habitat suitability were based on the different predictor variables given for the entire OSPAR area using predict functions provided by the corresponding R-packages. However, a few adaptions were made.



First, predictions were not made for the entire OSPAR area (which might include unrealistic/highly speculative extrapolations) but rather for spatial buffers around reported occurrence points. Here, the size of the buffer has been adapted to the spatial spread of presence points in the raw data and was set to a radius of 200 km for the blue whale and to a radius of 500 km for the bowhead whale since blue whale observations appear to be more locally clustered compared to the bowhead observations (Figure 2). Subsequently, only those buffers comprising more than two occurrence points have been considered (to exclude single false-positive observations). In addition, the robustness of model predictions was tested with respect to changes in buffer size.



Second, minimum and maximum values of predictor variables in the entire OSPAR area were cropped to the minimum and maximum values of these variables associated with the species observation data points (i.e., to the experimentally assessed range), which reduces problems connected with extrapolation. Finally, we rescaled the final predicted relative habitat suitability patterns for optimal comparability, such that the maximum values were equal to 1.



Estimation of prediction uncertainties. To estimate prediction uncertainties, the methodological approach was based on 10 different resamples (i.e., “random draw with put back” of lines) of the original data frame used for modelling, where the difference between minimum and maximum values from the predictions for each spatial pixel was presented (Supporting Material S2). This roughly corresponds to the (spatially varying) extent of the 90% confidence intervals for the relative habitat suitability. Notably, uncertainties connected with the intercept have been neglected (in contrast to approaches where the total abundance or density is estimated) because only the relative changes in space were important.



Derivation of locations suitable for new/additional MPAs. To identify areas suitable for new/additional MPAs, the following additional aspects were taken into account:




	
Different species show different degrees of “patchiness” with respect to the distribution of (and strength of association with) key habitats. Thus, different sizes of protected areas are required to achieve the same strength/percentage of protection;



	
the percentage of key habitats already protected by MPAs, and thus, the need for additional MPAs varies among species;



	
our predicted key habitats differ in their quality of prediction, depending on both species and location (Supporting Material S2);



	
for some of the species/identified locations for MPAs, protection measures may suffice for certain periods of the year (migratory species, breeding season);



	
predicted key habitats of species can overlap, which increases the overall contribution of potential MPAs at those locations;



	
MPAs should not be too fragmented and/or small (e.g., comprising only a few km2).








Thus, the following approach to identify species-specific areas suitable for additional MPAs within the OSPAR region was applied. The overall goal was to protect, at best, the upper 30% of the key habitats of each species. This was motivated by operational objective S5.O1. of the North-East Atlantic Environment Strategy 2030 of OSPAR, which aims to further develop its network of MPAs to cover and effectively manage at least 30% of the OSPAR maritime area by 2030 to achieve its conservation objectives.



To identify new areas suitable for additional MPAs, first the integral, ∫all, of the predicted relative habitat suitability over the entire OSPAR area was calculated and then the same integral was calculated but only integrated over the existing MPAs (∫all). Thus, ∫all quantifies the overall area of key habitats in the OSPAR region, whereas ∫all quantifies the area of key habitats within existing MPAs. Hence, the quotient of these two measures (×100) gives the percentage of species-specific key habitats that are currently protected by OSPAR MPAs.



The second step, described below, aimed to augment new areas (MPAnew), such that MPAex (existing MPAs) and MPAnew together cover 30% of the species-specific key habitats in the most efficient way, i.e., with a minimum required area of MPAnew. To achieve this, we stepwise augmented the 1 × 1 km pixel with the highest predicted habitat suitability value (not belonging to either MPAex or MPAnew) to MPAnew until the integral over MPAex and MPAnew reached 30% of the value ∫all. In simple terms, the “free” pixels with the highest predicted habitat suitability are added to the proposed protected area network until 30% of the key habitat is protected.



In a third and final step (and as explained in more detail above), we reviewed and possibly modified these protected areas in light of the above points, such that at least 25% (but preferably 30%—cf., above) of the species-specific key habitats remained (cf., slight modifications for the areas proposed for the blue whale due to extrapolation errors).





3. Results


3.1. Blue Whale (Balaenoptera musculus)


Pre-selected key variables. Based on an intensive literature search in conjunction with expert communication (Supporting Material S3A), the following critical parameters were pre-selected as possible influencing factors for the blue whale: krill availability, sea surface temperature, net primary production/chlorophyll a, data on upwelling dynamics, sea ice concentration, and continental shelf slope (see Supporting Materials S3 and S4 for a more detailed motivation and derivation of these variables). Direct remote-sensing data on krill availability and/or upwelling events were not available; however, both variables can be approximated by sea surface temperature and/or chlorophyll availability, and these variables have thus been used as proxies.



Tested and selected predictor variables. The following predictors have been tested/used for the MaxEnt-based analysis: sea surface temperature, chlorophyll a, sea ice concentration, distance to the coast and water depth. The following variables remained as predictors after variable selection: distance to the nearest coast, sea surface temperature, water depth, logarithm of sea surface temperature, and logarithm of chlorophyll a.



Predicted habitats and proposed areas suitable for additional MPAs. The predicted spatial patterns of habitat suitability for blue whales are given in Figure 3A,C. Our calculations reveal that currently, 11.8% of the key habitats predicted for blue whales are already covered by the existing OSPAR MPA network. In addition, the proposed areas suitable for blue whale-specific MPAs are shown in Figure 4A. Here, we excluded only small areas with high predicted habitat suitability at the Blosseville Coast, where blue whales do not occur regularly (R. G. Hansen, pers. comm.); we ascribe this prediction error to uncertainties connected to extrapolations. As a result, instead of 30% only 28.7% protection remained.




3.2. Bowhead Whale (Balaena mysticetus)


Pre-selected key variables. Based on an extensive literature review and expert consultations (see Supporting Material S3B), the following critical parameters were pre-selected as potential influencing factors, namely sea surface temperature, (seasonal) sea ice coverage and thickness/volume, water depth, and distance to the coast, as well as salinity and current-related variables, bottom slope, human activities (namely shipping), and variables representing food availability (such as chlorophyll a). More detailed species background information and preferences are given in Supporting Materials S3 and S4.



Tested and selected predictor variables. The following predictors have finally been tested/used for variable selection during the MaxEnt-based analysis: chlorophyll a, water depth, distance to the coast, sea ice intensity, sea ice thickness, sea surface temperature, different types of sea surface currents, and vessel density. More detailed information on these variables, data sources, and transformed variants of these variables are given above and in the Supporting Material S4. The following variables remained as predictors after variable selection: the spatial gradient of the logarithm of sea ice intensity, the logarithm of water depth, the logarithm of sea ice thickness, and the spatial gradient of water depth.



Predicted habitats and identified areas suitable for additional MPAs. The predicted relative habitat suitability patterns are given in Figure 3B,D. Our calculations suggest that currently, only 4.1% of the key habitats predicted for bowheads are already covered by the existing MPA network. The identified areas suitable for bowhead whale-specific new MPAs are shown in Figure 4B. No changes in the predicted upper 30% of key habitats are suggested.





4. Discussion


The predicted distribution of relative habitat suitability within the OSPAR area with respect to the blue whale (Figure 3A) mainly concerns waters of the Svalbard archipelago, Iceland and the Azores. For the bowhead whale, the most important areas/habitats concern waters between the Svalbard archipelago and Greenland, particularly the Fram Strait (Figure 3B).



For the blue whale, this strongly coincides with the coarse distribution map provided by Carwardine [34]. In particular, the main distribution between the north-eastern coast of Iceland and the western coast of the Svalbard archipelago, but also movements as far south as the Azores [35,36]. Previous studies, however, also identified a core area for this species in waters south of Iceland [37], which is not indicated by our raw data (Figure 2) or our predicted habitat suitability (Figure 3), or by the coarse map of Carwardine [34]. This apparent discrepancy might be explained by the fact that Pike et al. [37] considered data from 1987–2001 when a distinct trend in blue whale sightings was observed, being increasingly relocated from the south of Iceland to more northern regions. A further increase in the use of northern areas could be explained and driven by individuals passing from the Pacific stock to the North Atlantic [38]. A continuation of this process may have led to the current, complete lack of individuals on the southern coast of Iceland in the data from 2000–2020, as reflected in the raw data and predictions of this study.



In further accordance with previous studies, our predictions indicated that blue whales (respectively, their key habitats) are nearly completely absent in the centre of the OSPAR area (North Sea and UK waters) [39]; non-zero predicted patterns only concern waters north of UK waters, while rare observations and strandings have been described west of Ireland in the last two decades [40,41]. Our predictions also include a hotspot at the Azores (Figure 3A, bottom) in accordance with known migration routes for this species [36,42]. However, the corresponding migration corridor between Iceland and the Azores is not reflected in the predicted map, probably due to a lack of data (M. Silva, pers. comm.). Our predicted patterns with respect to the direct surroundings of the Svalbard archipelago (Figure 3C) strongly coincide with the patterns presented in Storrie et al. [43].



In summary, the predicted key habitats for the blue whale are in accordance with previous (sparse) knowledge about key habitats and distribution patterns of this species. Key habitats are already well covered by existing MPAs around the Svalbard archipelago but MPAs are lacking north of Iceland and in the waters of the Azores. However, as detailed in the “Material and methods” section, the key habitats derived from presence-only methods might be partially confounded by the spatial pattern of survey effort (cf., Discussion below), i.e., predicted key habitats might be correspondingly biased and/or other key habitats might still be missing. In addition (probably due to lack of data), the migration corridor between Iceland and the Azores is not reflected.



With respect to the bowhead whale, no diet-specific variables were selected during the variable selection algorithm. This is most probably due to the fact that the data basis for both bowhead whales and their specific diet in Arctic waters is very sparse; significant correlations between whales and dietary variables generally require both high observation numbers (at best from systematic surveys) and the existence of variables (e.g., based on corresponding surveys) that reflect the diet to a sufficient extent (e.g., the work of Gilles et al. [44], based on 14,356 positive sightings of harbour porpoises in addition to specific survey data on sand eel (Ammodytes spp.) grounds).



The predicted overall distribution of habitat suitability of the considered subpopulation within the OSPAR area (“Spitsbergen stock”) appears to be concentrated between Greenland and the Svalbard archipelago, reaching east across the northern Barents Sea to Franz Josef Land (Figure 3B, top), altogether spanning a belt in the areas close to the Arctic ice edge, as described previously, e.g., in surveys around Svalbard [45]. Published information on the distribution of this species in the OSPAR area (or parts of the region) is sparse. However, simple (binary) maps are available. A circumpolar distribution was already presumed by, e.g., Carwardine [34] and Shirihai and Jarret [46]. The former proposes a distribution reaching down to the waters of Iceland, in contrast to Shirihai and Jarret [46], who, in accordance with our predictions, indicated regions restricted distinctly north of Iceland. Indeed, the distribution range in the binary map proposed by Reeves et al. [47] coincides well with our modelled distribution and raw data, restricting the regularly used grounds to those approximately at the latitudinal range of the Svalbard archipelago. Sightings in more temperate waters are very rare [48], which is again in accordance with our modelled distribution of key habitats.



Our predictions suggest a distinct maximum of bowhead whale habitat suitability between Greenland and the Svalbard archipelago in the region of the Fram Strait. This preference has been indicated by survey data [38,49,50] and additionally documented by tagged individuals [51]. The latter dataset was not available for our present study and may thus be considered as an independent and recent validation dataset. Although the data presented by Kovacs et al. [51] only relied on 13 individuals, they reproduced the predicted pattern in Figure 3B,D quite well. Our results thus suggest that the distinct accumulation at the Fram Strait might represent an important current area for bowheads in the OSPAR area, further supporting the observations and results of de Boer et al. [49] and Joiris [38]. However, the same restrictions, as described above for the blue whale, need to be considered when it comes to potential bias due to presence-only methods.



The recently reported potential summering ground of bowhead whales in part of the Northeast Water Polynya [52] does not appear in our modelled distribution. However, this very local concentration might be below the spatial scale of the applied modelling approach. In addition, the work of Boertmann et al. [52] was based on bowhead whale numbers strongly corrected for overseen individuals, whereas the present approach is based on raw data only. Our model predicts suitable habitats near the Svalbard archipelago but shows the highest values northwest of the archipelago—consistent with the recent observations reported by Storrie et al. [43]. The same holds for the coastal waters off northeast Greenland, where our model predictions show existent but low habitat suitability in accordance with previous sightings [53,54,55]. Results shown in this study indicate that key habitats are poorly covered with MPAs so far and suggest that additional MPAs in the Fram Strait would strongly contribute to the protection of key habitats of bowhead whales in the OSPAR maritime area.



We are aware of the legitimate criticisms of presence-only methods compared with the regression-based analysis of systematic survey data (cf. also “Material and Methods” section). However, at the scale of the modelled OSPAR area and considering these limitations, we assume (and verified) that survey data are not sufficient for reliable regression-based estimates (as, e.g., applied by Mercker et al. [8]) for the two whales considered in this study. In terms of both spatial coverage and total number of non-zero observations, the analysis of presence-only data (augmented with pseudo-absences) was therefore preferred, despite the statistical disadvantages (such as sampling bias). In addition, predicted key habitats are based on all available but not all existing data and, thus, represent neither the “true” nor the best-possible representation of key habitats, i.e., important areas might still be missing. Given the available data basis, we have, however, chosen—to the best of our knowledge—the best possible way to make valid estimates, which, in addition to many technical aspects to avoid bias, also included the above-mentioned intensive involvement of various experts for validation and plausibility checks.



Several of the final selected variables used to predict the species-specific key habitats will change over the coming years with the North Atlantic warming due to climate change, such as increased sea surface temperature, sea ice intensity, sea ice thickness, and changes in chlorophyll a distribution. Thus, together with improving data availability, our predictions should be regularly updated with respect to these expected changes—an important aspect conservation planning and MPA designation processes must take into account [56].



However, the modelling approach performed in this study presents a highly empirical approach to identifying key habitats for two endangered cetacean species: the bowhead and the blue whale. In particular, the use of all available observation data from the entire OSPAR area to predict the distribution of key habitats for each species using appropriately adapted statistical methods is considered a major advantage—in particular, in combination with intensive communication with a wide range of experts, both regarding the selection of the predictors to be considered and regarding the plausibility of the results. As a result, this study identified regions that are highly suitable for additional MPAs, which could increase the protection of key habitats for the two species as efficiently as possible. For the blue whale, this primarily concerns the waters around the Azores, and for the bowhead whale, the region around the Fram Strait. We, therefore, recommend that both areas should be considered as additional MPAs to strengthen the protection of these species in the context of the Regional Seas Convention OSPAR.




5. Summary and Outlook


By using a modelling approach, this study identified suitable areas for MPAs to effectively protect bowhead and blue whales in the OSPAR area. To achieve this goal, we aimed to acquire as much species data as possible and applied suitable modelling techniques for the available (sparse) data situation in interplay with various expert knowledge and previously published data. Thus, evidence-based and expert-validated proposals for new MPAs are presented to increase MPA coverage in the most efficient way for two threatened, highly mobile and data-poor cetacean species within the OSPAR maritime area.



This information can serve as a valuable basis for discussions about the selection of areas for new MPAs within OSPAR to reach policy goals and enhance the protection of the considered species in the North-East Atlantic. Efforts should be made by OSPAR to implement the findings and designate new MPAs, as well as to improve data availability through intensified survey and monitoring activities.



In particular, this study suggests that waters north of Iceland and around the Azores should be better protected for the blue whale, and areas in the Fram Strait region should be protected for the bowhead whale. In addition, it would be highly desirable to intensify systematic surveys to obtain better data on the distribution of those species in the OSPAR area—particularly concerning regular marine mammal surveys in the northern half of the OSPAR convention area, where those data are still largely lacking.



The presented methods and results can help to come a step closer to the “30 × 30 goal” in an empirically and scientifically sound way and thus contribute to tackling one of the greatest challenges of our time: species protection despite the major upheavals in the marine environment due to human activities and climate change.
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Figure 1. Schematic overview of tasks and workflow of the present study. 
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Figure 2. Count (left) and presence-only (right) data for blue and bowhead whales. Red dots represent positive counts, and blue dots represent zero counts. “N_total” indicates the overall number of (zero or positive) observations, and “N_obs” indicates the total number of positive observations only. 
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