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Abstract

:

Vulnerability mapping of sea-coastal zones is an important element of oil spill response plans, environmental support for offshore projects, and the integrated management of the marine environment. The creation of such maps is a complex scientific problem. In their development, it is necessary to take into account differences in the nature of biotic and abiotic components existing in the cartographic area, dissimilarities in their relative vulnerability and significance, the seasonal variability of ecosystem components, and other factors. The purpose of this paper is to briefly review the main elements of international and Russian methods of mapping the vulnerability of sea-coastal zones to oil spills, and the development problems of such maps, including problems of using rank (ordinal) values, and to note possible solutions. Based on the analysis of key existing international and Russian approaches to vulnerability mapping, it was concluded that almost all methods of map calculations use rank (ordinal) values. However, arithmetic operations cannot be performed with them, as they lead to incorrect results. The paper shortly describes the main problems of mapping the vulnerability of sea-coastal zones to oil (the choice of the map scales and season limits for them, differences in the units of biota abundance, the calculation of relative vulnerability coefficients for the considered biotic components, the summation of the vulnerability of objects of different types, etc.). For some problems, possible solutions are outlined.
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1. Introduction


Prospecting, extraction, and maritime transportation of oil require special attention to environmental safety, notably with respect to accidental oil spills in the shelf zones. In this regard, the problem of developing and using sensitivity/vulnerability maps of sea-coastal zones to oil is especially urgent. These maps should be used in the planning of oil spill response (OSR) activities, as well as in the course of these activities [1,2]. Such maps are able to minimize the potential damage from oil spills to natural and man-made environments. Specialists distinguish between two types of maps. Sensitivity maps represent the sensitivity of a shoreline to oil, which is ranked by the environmental sensitivity index (ESI). There is a corresponding well-developed procedure for the creation of such maps; these are widely used outside Russia [1,2,3,4,5]. Vulnerability maps represent the integrated vulnerability of sea areas to oil spills, describing all negative consequences, possible damage to biological resources, social and economic objects, and nature conservation territories, should a spill occur. This paper considers the water areas near the coast (sea-coastal zones), although a similar approach to vulnerability assessment is fully applicable to the water areas that are more remote from the shoreline.



The recommendations of international organizations [1,2] and some other methods [6,7,8], emphasize that in order to minimize oil spill damage, it is necessary to take into account both the vulnerability of sea-coastal zones and the sensitivity of the shoreline by the ESI index. We do not dwell on examples of sea oil spills because there are a lot of reviews focusing on this problem (for example, extensive bibliography [9] and bibliography of accident with oil platform in the Gulf of Mexico [10]). Detailed analysis of important incidents is given in [11,12,13] and many other publications. Spills statistics concerned with tanker accidents are represented in ITOPF material [14].



In this paper we consider only issues of the methodology to construct the maps of water area vulnerability. There is still no consensus on the procedure of vulnerability maps construction. These maps are compiled by different methods in different countries; they are supposed to have some general correct provisions and principles. The best situation is when the sensitivity or vulnerability maps of neighboring countries that have access to the sea are prepared by a single or similar method, and both are used in OSR, including joint operations. It is important for coordinating the actions of these countries’ liquidators in large-scale oil accidents affecting the neighbor states.



It should also be noted that a general methodology for constructing the maps of a marine environment’s vulnerability to oil can be used to make vulnerability maps and assess possible damage to the environment in any offshore project, for any form of anthropogenic impact. A unified methodology can be employed for constructing the maps of marine environment vulnerability to spills of oil and oil products (spills in accidents with tankers, oil platforms, underwater oil pipelines), reservoir water (accidents in shelf drilling) or suspended matter (in dredging and dumping of the ground), and acoustical action (working oil platforms, tubing, freight by large-capacity vessels). With an appropriate common algorithm, differences can only be accounted for in vulnerability coefficients of the considered groups/subgroups/biota species. This general approach is determined by the following: (1) the main base of the natural and man-made environment data for vulnerability mapping is one and the same for different types of exposure; (2) the coefficients of biota vulnerability themselves from different anthropogenic impacts may differ in one of the parameters, e.g., sensitivity and/or potential effect (the details are given below); (3) the algorithm for calculating such maps is virtually the same.



Except for OSR operations, such vulnerability maps are necessary for: (1) conducting preliminary environmental studies in the area of the possible impact of a project (in Russia they are called engineering and environmental surveys), which is required for environmental support and justification of the environmental safety of planned economic activities; (2) assessing the zone of their possible impact during normal operation and in emergency situations; (3) integrated management of marine environments, including the integrated management of coastal zones; (4) planning of environmental monitoring.



In and outside of Russia, there is experience in constructing vulnerability maps [6,7,8,15,16,17,18], but the calculations of water area integrated vulnerabilities are usually based on ordinal values (ranks) and the application of associated arithmetic operations. However, the latter is infeasible with rank values [19,20,21,22]. Otherwise, vulnerability maps constructed on this basis are incorrect. At the same time, refusal to use ordinal values leads to several methodic problems. Therefore, any research in this area—developing a correct methodology for constructing vulnerability maps of water areas—is significant and rather complicated, especially with regard to the total vulnerability of a large number of biological objects in one area. The Appendix provides a brief justification and an example of the fact that using rank values in arithmetic operations, including the calculation of vulnerability maps, leads to incorrect results.



The purpose of this paper is to briefly review the main elements of international and Russian methods of mapping the vulnerability of sea-coastal zones to oil spills, and the development problems of such maps, including problems of using rank (ordinal) values, and to note possible solutions.




2. A Brief Overview of Methods for Constructing Vulnerability Maps


Vulnerability maps for oil are based on different approaches in different countries. The main methods are referred to below. In their consideration, it is more important to pay attention to the correctness of vulnerability maps, their clarity, and comprehensibility for the user, rather than the complexity or simplicity of the methodology. A rigorous approach is also significant.



2.1. The International Organizations—International Marine Organization (IMO), International Petroleum Industry Environmental Conservation Association (IPIECA), International Association of Oil & Gas Producers (IOGP)


These organizations prepared reports [1,2] on the mapping of environmentally vulnerable zones for oil spill response. In this report [2], the terms “sensitivity” and “vulnerability” are not explained, no distinction is made between them, and the term “sensitivity” is used, with very few exceptions. The term “sensitivity” always refers to the effects of marine environment pollution associated with accidental hydrocarbon spills (verbatim: ‘Within this guide, ‘sensitivity’ always relates to the effects of accidental marine pollution involving hydrocarbons’).



Vulnerability maps are a key stage in the preparation of OSR, and an essential tool for liquidators. The map scale is a very important element for the methodology and the end product. The nature and volume of necessary initial data, the volume of cartographic materials, and the possibility of liquidators to use such maps depend on scale. Let us consider the report of 2012 [2]. The maps are prepared by the working group during the preparation of OSR plans. There are three levels of spills—from Tier 1 (a small spill) to Tier 3 (a large-scale spill)—and three map scales corresponding to them: 1:10,000–1:25,000 (object-related), 1:25,000–1:100,000 (tactical), and 1:200,000–1:1,000,000 (strategic). At different stages of the OSR, they use one or more sets of maps, depending on the level of the spill.



Tactical maps are developed in the first instance and are fundamental for operations managers and field coordinators. They show: (1) the type of the shoreline by the ESI index; (2) sensitive ecosystems, habitats, biological species, and key natural resources; data on their concentration can be expressed in a simplified manner (presence/absence in ranks/points from 1 (no information) to 5 (high abundance of species)); (3) social and economic objects: ports, aquaculture, etc.; (4) logistic and other important resources for OSR; (5) potential sources of oil spills.



Strategic maps are prepared based on tactical maps; they are intended for the OSR headquarter management team. They represent: (1) the most sensitive types of the coastline, for example, only ESI 8 index as high and ESI 9–10 indices as very high; and the other types (low sensitivity) may not be shown; (2) the ranked sensitivity of ecosystems and native resources (a five-point scale from very low to very high); (3) the ranked sensitivity of socio-economic resources in a manner similar to the previous parameter. To determine the rank sensitivity of the site, there is a recommended matrix (Figure 1). It is recommended that an assessment of the site’s sensitivity be undertaken in terms of the diversity of sensitive species (the abscissa axis) and the sensitivity of those species (the ordinate axis). A similar scheme can be used to rank socio-economic sites and nature conservation areas.



This is an approach based on rank assessment values. It doesn’t involve performing arithmetic operations with the values of sensitivity and species diversity, although neither of the two matrix scales is a metric ratio scale (the rational zero and unit of measurement are not defined).



In our opinion, the most important point here is that this approach does not take into account the abundance (biomass or number per unit area) of individual groups/subgroups/species of biota. Abundance also largely defines the impact of oil on the site. Thus, the greater the biota abundance within a site, the more (with other conditions remaining the same) negative the consequences (possible damage) of an oil spill for it, and the more priority should be given to such a site in terms of oil spill protection. The presented matrix and the approach described in the report do not allow for this fact, since sensitivity and vulnerability are not distinguished. It was already noted that the report [2] uses only the concept of “sensitivity”, which is not defined in this document. This concept can be interpreted as the presence of one or another reaction to the effect of a negative factor on one or another organism. To our mind, it is more optimal to talk of area vulnerability as of the total negative effects from oil spills, taking into account not only biota sensitivity, but also a number of other characteristics, including the abundance of biota in the area and its recoverability rate after a spill. For example, we may compare two zones. With a “medium” level of sensitivity of one or two mass species (“very low” diversity), the sensitivity of the first zone will be “medium” (Figure 1). Also with a “medium” sensitivity of species, but their “high” diversity and “low” total abundance, the sensitivity of the second zone will be “high”. At the same time, the vulnerability (overall negative consequences) of the first zone may be greater than that of the second zone, just because of the greater abundance of species. In addition, the restorability rate of certain species is not taken into account at all. With other conditions remaining the same, the consequences (vulnerability of the zone) are more serious, based on the recovery rate of the species after a spill.



Operational maps are optional maps for liquidators and field coordinators; they are developed for the most sensitive areas and high-risk areas. These maps show detailed information about logistics and operational resources for OSR, data on the protection of specific vulnerable resources and areas, as well as information on the protection system for a specific object and details of planned OSR operations.




2.2. The Model of OSR Mapping in Norway (Modellen for Miljoprioriteringer—MOB)


The Norwegian Climate and Pollution Agency (Statens forurensningstilsyn) issued the document “Emergency Pollution Prevention—Model for prioritizing environmental resources for an acute oil spill in the coastal zone” [6]. This model is still in force. The authorities of coastal territories prepared maps according to this method. In case of an oil pollution threat to the sea areas adjacent to the territory, these maps must be used to coordinate the administration experts in oil spill response operations. The method is based on the classification of natural resources (biological, geographical, physical, chemical) and human activity objects according to four factors: natural occurrence, compensability, conservational value, and general oil vulnerability, which are estimated as ranks/points (Table 1).



For all objects, vulnerability tables are shown on a point (or rank) scale: for biological objects (groups/subgroups/species of birds, marine mammals, fish)—in the integer range between 0 and 3; for the types of shores and objects of nature management—in the range between 0 and 2. After multiplying all the factors (P = VI × VII × VIII × VIV) for each object, they obtain one of the five priority protection categories: A (P = 36), B (P = 18 or 24), C (P = 9 or 12), D (P = 4 or 6 or 8), E (P ≤ 3). These categories Psx (where s is the index of the calendar season, x is the reference number) are plotted on maps along with the boundaries of the corresponding objects’ distribution or location. The maps are supplemented with a table containing a detailed description of each resource. The map scale is 1:100,000–1:200,000 (actually, they are tactical maps).



The maps take into account all of the most important biological, social, and economic resources, as well as the sensitivity of the coastline. All important information on resources is collected in a single format, which can be used both for OSR and for other environmental purposes. Two or more priority categories marked on the different areas does not change the protection priority of area where they may overlap. In addition, maps are developed for the whole year (although it is recommended that they be constructed for distinct seasons in exceptional cases). This, as well as the description of the resource priorities provided in the tables, may hinder the liquidators or coordinators in making a decision or undertaking action because they need to address both to the maps and to tables with resource descriptions in order to decide about the presence or absence of the corresponding resource in the area. Also, the use of rank values in calculating the priority category (P) of individual objects is not correct (see Appendix A).




2.3. The Method to Construct Environmental Vulnerability Maps in the Economic Zone of the Netherlands


The method was developed by the National Institute for Coastal and Marine Management (RIKZ, The Hague) [15]. Its experts prepared seasonal maps for the vulnerability of the Dutch Exclusive Economic Zone to various pollutants, including oil. The basis for their development is biota seasonal abundance in each map cell (5 × 5 km) and the vulnerability of biota to toxic agents. Ecosystem components should be represented by the major groups of biota (benthic and pelagic invertebrates, fish, birds, mammals), and related habitats. The method takes into account (1) biota species and their habitats for all vertical zones: near the seabed (zoo benthos), those moving freely in the water column (pelagic species), those found near the sea surface (birds) and the coast (phytobenthos); (2) the habit complex of these biota species (flight, swimming, diving, hunting) and the features of typical habitats (seabed, water column, sea surface, shore), in order to assess the potential impact of the pollutant on them.



The behavior of pollutants in the environment is divided, according to the Standard European Behavior Classification (SEBC code, Bonn Agreement), into five main types: gases, evaporators, floaters, dissolvers, sinkers. The mechanisms of their actions are based on the European criteria of persistence, bioaccumulation, and toxicity. Vulnerability is determined by three values: the potential effect (E) of the pollutant on the ecosystem component, its sensitivity (S) to the active factor, and the recoverability (R) of the component after exposure cessation. The values E, S, and R are calculated from a number of parameters; the final vulnerability (V) is calculated by the formula: V = (E × S)/R. All the parameters for the calculation of these three values are estimated expertly on the basis of points/ranks, mainly in the integer range between 0 and 10. Seasonality is also considered. To construct biota distribution maps, initial abundance (spec/km2, kg/m2) is normalized and reduced to non-dimension parameters. The scale of these maps is 1:100,000.



The negative point in this approach is that all the parameters used for calculations and mapping are assessed as ranks (if regarded as points, these are not “values” for the metric scale). Most likely, the maps provide strategic, small-scale reference points, especially since the objects of possible protection from oil spills and other pollutants within the area 25 km2 are represented on the map as one element. The mapping model takes into account the biota and its habitats, as well as various socio-economic objects. However, there is no mention of how these two components are “added” when calculating the final area vulnerability. In a practical implementation, this method turned out to be difficult and is not used currently. Nevertheless, the very approach to the calculation of biological objects vulnerability proposed in this work seems important. In our view, it is advisable to use it in any methodology for constructing vulnerability maps.




2.4. The Method to Calculate Environmental Vulnerability to Oil Spills and Other Chemicals in the Baltic Sea (the BRISK Project)


In 2009–2012, the Baltic countries carried out the project “Sub-regional risk of spill of oil and hazardous substances in the Baltic Sea” (BRISK) [16]. It was a response to the concerns about the growth of accidents and environmental damage in the sea because of a significant increase in shipping, particularly oil tanker transportation. The project involved all the countries of the Baltic Sea, including Russia.



An integral part of the project is mapping the vulnerability of the Baltic Sea to oil and other hazardous chemical substances. Construction of vulnerability maps is a small part of the whole project; they serve as a foundation for calculating possible environmental damage in various scenarios of pollutant spills (Risk of damage = Probability of oil spills × Vulnerability). To reduce the risk in an area, possessing information on its vulnerability is essential.



The methodology for constructing vulnerability maps is very briefly described in the document [16]. It covers 17 different objects (natural and socio-economic resources), each with a distribution map. The maps (positions or areas without biota abundance quantities) are based on expert evaluation, taking into account the available information. The expert ecological seasonal vulnerability of each object is ranked as an integer from 0 to 4 (1—low, 4—very high). For each calendar season, all 17 maps are integrated into one map by summation of the distribution of corresponding objects, multiplied by their vulnerability coefficients. The vulnerability values on the integrated maps change in the range, approximately, between 0 and 40. This range is divided into 5 sub-ranges for better perception, from low to high vulnerability (or from dark green to red on the maps). The map scale is 1:500,000 (strategic maps).



The map resources were selected after project discussions. The vulnerability ranking is based on knowledge about the physical and biological characteristics of different ecosystems, organisms, or socio-economic resources, and their response to oil. Experts considered the behavior of oil, its potential impact on organisms and their habitats, and the recoverability of respective components after exposure; abiotic components were also taken into account. Given the incorrectness of the vulnerability calculation (because it is based on arithmetical operations with ranks), the assessments of pollutant spill damage risk are incorrect as well.




2.5. The Methodology to Construct Integrated Environmental Vulnerability Maps by CJSC “Ecoproject” and World Wildlife Fund (WWF) Russia


The leading author of the development in CJSC “Ecoproject” is Doctor of Biological Sciences V. Pogrebov [7]. The WWF methodology is the result of specialists’ teamwork under the guidance of WWF Russia [8]. This methodology is completely based on the approach of CJSC “Ecoproject”. The company has developed and improved it, but has not changed its principles. Starting from the 1990s, the works of V. Pogrebov and his team in creating vulnerability maps was practically unique in Russia. They greatly contributed to the development of this sphere in the country, and initiated broad discussions on the topic of working groups; their seminars were organized by WWF Russia.



According to the approach that gave a start to the Ecoproject method, the potential environmental vulnerability of a water area in a particular season is determined by the abundance of organism groups that inhabit that area and their varied vulnerability to oil [7]. The algorithm is as follows. Specialists determine the limits of seasons, define objects for evaluation (all environmental groups, from phytoplankton to birds), and make maps of abundance distribution for them (rank distribution based on points). The coefficients of biota vulnerability (in terms of sensitivity and recoverability) are evaluated expertly as integer points, in the range from 1 to 5; the potential impact of oil on the biota groups is not considered, but there are individual vulnerability coefficients for dispersed oil and oil films. In addition to biota, the method takes into account zones of special significance, e.g., water protection areas, vulnerable habitats, etc., but they do not constitute a separate group, and the vulnerability coefficients for them are not given. Initial maps are converted to geographic information system (GIS) data, represented in the form of layers on a regular grid, the cell size of which is based on the minimum size of the map contours.



Another step in the calculation of vulnerability maps is the spatial “summation” of all initial maps developed for the ranked ecological groups’ abundance, taking into account their vulnerability coefficients as ordinal values. The obtained results are seasonal maps of vulnerability to oil (and/or other types of exposure). The integrated vulnerability is represented on maps by five color gradations—from green (low vulnerability) to red (high vulnerability), but the algorithm for dividing by subranges is not described. The maps have one specified scale. The maps developed according to procedure [7] are used in many Russian OSR plans and in offshore project materials. This process is based entirely on the use of ranks (non-metric points), which is not correct. Using cells instead of polygons for data representation distorts biota distribution and the positions of objects, and can hinder the orientation of liquidators during OSR.



WWF Russia’s method [8] recommends the use of polygonal distribution of sensitive objects, but it also involves rank evaluation of species abundance. Two groups of objects are evaluated separately: biotic components, or important ecosystem components, and vulnerable socio-economic objects, or areas of priority protection. The map scale depends on a particular purpose and the level of oil spill: there are plans (1:10,000–1:25,000), large-scale (1:25,000–1:100,000), and small- and medium-scale (1:100,000–1:1,000,000) maps. For vulnerability factors in this method, it is proposed to use a table, which is more detailed than in [7], but also the range of the ranks is the same, from 1 to 5. The method calculations use polygonal shapefiles, but all sample vulnerability maps are presented in [8] with a division of the calculation area into individual cells, like in [7]. The coastline sensitivity maps should also support the ESI requirements.



Thus, given that these methods are based on the use of ranks, it is possible to speak of incorrectness of the maps developed with them.




2.6. The Methodology of Murmansk Marine Biological Institute (MMBI) for Constructing Vulnerability Maps


The methodology developed at MMBI [17,18] was initially based on the methods outlined in [7,8], but was fundamentally different from them in some aspects. The methods were similar in the following points: (1) all initial values for calculation (biota abundance distribution, biota vulnerability coefficients) were estimated in most cases as rank values (in the ranges 1–5 and/or 1–10); (2) the integrated vulnerability of a site was the total abundance of biota groups/subgroups multiplied by the corresponding vulnerability coefficients; (3) final vulnerability maps had the form of individual cells, although the calculation applied polygonal distribution.



However, this method differs from the Ecoproject /WWF Russia procedure in some significant points. Firstly, there were calculations of both relative and absolute integrated vulnerability [17]. The relative integrated vulnerability of the map area was presented as several (three-five) subranges of the total range of the area’s integrated vulnerability in a given season. This range is different for each season. The absolute integrated vulnerability in a particular season is represented as 3–5 subranges of the total range of the area’s integrated vulnerability for the whole year; the range of vulnerability is single for different seasons. Secondly, the selection of seasons was based on the limits of the periods of the year, i.e., the periods when the distribution densities of biota groups/subgroups are approximately constant [18]. With this approach, the number of seasons can differ from the number of conventional calendar periods. It should be noted that in the first version of the methodology to calculate the vulnerability maps for the eastern part of the Barents Sea [17], seasons were defined before the construction of maps for the biota groups’ abundance distribution. Nevertheless, for large marine areas, it is only possible to use an approach that takes into account the seasonal variability of biota for various parts of the map area. Thirdly, it is the use of metric, dimensionless units of biota abundance (groups/subgroups distribution density), rather than rank values in subsequent specific calculations, that became possible due to normalizing the initial distributions to the average annual abundance of groups in the mapping area [18,23]. However, even partial use of rank values (relative vulnerability coefficients) also makes the methodology incorrect.



A comparison of the main elements of the vulnerability mapping method of sea-coastal zones to oil is represented in Table 2. It is possible to draw an overall conclusion from the comparison and short analysis of the considered methods: all these methods are not quite correct because they are based on the use of ordinal values (ranks) in different stages of calculations; however, this is not acceptable, and leads to incorrect maps. We recommend against the use of ranks in vulnerability maps calculation entirely.



We propose a new, more correct procedure of vulnerability mapping (briefly presented in [24,25], which is completely based on the use of only metric values. It also assumes a fundamentally different approach to assessing the specific vulnerability of biota groups with different interactions with water (see below Section 3.4, Section 3.5 and Section 3.6). This direction requires further research, since the “metric” methods still have unresolved questions and difficulties. Some of them are described below in Section 3.





3. Main Problems in the Development of Vulnerability Maps


We believe that in order to construct sea-coastal vulnerability maps correctly, one should consider vulnerable objects and their specific (relative) vulnerability. For the correct assessment of coastal marine vulnerability to oil, it is necessary to have the following information: (1) the quantitative characteristics of seasonal spatial distribution of biota ecological groups/subgroups/species (their abundance) on all sites of the evaluated area; (2) the specific vulnerability of these biota groups/subgroups/species to oil; (3) the position of the considered abiotic (socio-economic, nature-conservative) objects in the evaluated area, which are not directly related to the biota abundance; (4) the degree of their significance for human beings. In fact, the latter parameter is the evaluation of coefficients of abiotic objects’ significance, an analogue of biota specific vulnerability. All values must be appropriate for the metric ratio scale.



The development of vulnerability mapping procedures has different problems. These are the main ones, taking into consideration the absence of ranks and points.



3.1. Selection of Vulnerability Mapping Scale


It is recommended developing maps on different scales only in one method [2]. Our proposals for map scales are as follows (all scale values are tentative and require detailed discussion). Strategic small-scale maps (1:500,000 and less) give a general representation of the most vulnerable areas. For such maps (covering quite large areas of the sea), it is difficult to correctly identify the seasons, for which the maps are designed (see below). But they are important to OSR senior managers for general strategic planning, especially for large-scale spills. Tactical maps (1:100,000–1:250,000) should probably be prepared for all sea-coastal areas; they are the most numerous vulnerability maps for marine and coastal zones. Object-related maps (1:10,000–1:50,000) must be developed for the most significant marine and sea-coastal areas.



Some questions remain unanswered: what is shown on each of the vulnerability maps of different scales, what the strategic, tactical, and object-related maps have in common, and what their fundamental differences are. The work [2] gives comprehensive recommendations in this respect, and the content of information on maps with different scales is fundamentally dissimilar. We believe that vulnerability maps should be on different scales for cartographic areas. The difference between them should be specified by a generalization in transfer from large-scale to small-scale maps. In any case, this suggestion and recommendations on scales stated in report [2] should be discussed in detail.




3.2. The List of Objects for Evaluation


This is a debatable issue, especially if the development of maps involves specialists working in different fields. It is important to avoid inclusion into this list all or almost all the biota groups inhabiting the cartographic area; only the dominant, essential, and Red Book species should be considered. It is also necessary to take into account socio-economic objects and nature conservation areas. At this stage, the issue should be generally solved using methods which are in line with the recommendations given in the report of international organizations [2].




3.3. Adjustment of Limits for Seasons


It is important to decide about periods—will the map be created for the entire year, for each month, or for certain seasons (climatic, calendar, etc.)? The authors of [17] show that for large areas, e.g., for the whole eastern (Russian) part of the Barents Sea, there can be several proposed variants of such periods, based on different criteria. We believe that the most important criterion for the selection of seasons is the stability of the distribution density of vulnerable objects, primarily biological ones. While preparing the initial data, it is reasonable to start from the periods of the year within which the initial distribution (abundance) of the evaluated biota and the position of abiotic objects remain relatively constant. The seasons for mapping should be chosen with the help of these data on stability [18]. If you construct a series of vulnerability maps of a long-stretching coastal water area for a single season and deal with great variability in many parameters (there is an example of the Barents Sea coast of the Kola Peninsula), you will inevitably face discrepancies between the maps of neighboring sites of the cartographic area. The reason is differences in the time limits of the seasons for the western and eastern parts of the coastal regions. This issue also still requires discussion and solution.




3.4. The Units of Biota Abundance


Usually units of biota abundance are different—spec/km2, kg/m2, g/m3, etc. Integrated map construction requires summarizing the vulnerabilities of individual biota groups (abundance of groups/subgroups/species multiplied by corresponding specific vulnerability). This cannot be done if biota distribution values have different units of measurement. That is why biota abundance must be in the same units as those that have been proposed in [15] for map calculations using cells instead of polygons. Another possible option is a transition to dimensionless units via normalizing the abundance of groups/subgroups/species to the average annual abundance of the corresponding group in the mapping area [23,24,25]. The following is a proposed procedure.



Determine the list of vulnerable components of the ecosystem: important biotic components (IBC), especially significant social-economic objects (ESO), and protected areas (PA). The required information on all these objects, such as results of expeditions, published works, and expert estimates, is assumed to have been collected for the area mapped.



Demarcate seasonal boundaries for this area. When boundaries of the seasons do not coincide with different biotic components (and probably for occurring ESOs), the final number and boundaries of seasons for maps of integral vulnerability are determined by boundaries of corresponding seasons of all biotic groups/subgroups/species and abiotic components that are taken into account.



Make seasonal maps of the distribution of ecosystem components for each adopted scale: IBC density (Bsg, s is the season index, g is the biota group index), locations of ESOs and PAs (Ce and Df, where e and f are the indices of the corresponding abiotic objects).



Maps of distributing Bsg are constructed in the units that are accepted for biotic groups (benthos—g/m2; birds—item/km2).



Normalize seasonal maps (Equation (1)) of distribution of each gth biotic component (Bsg) to the annual average abundance of the corresponding group Pgy within the mapped area (the superscript y indicates that a year is the period under consideration):


Bsg(y)=Bsg/Pgy.



(1)







This procedure enables us to use identical units of measurement for densities of biota [23]: all biotic components that are taken into account are represented in the units of the share of the annual average abundance of the corresponding group in the mapped region per unit area: (kg/m2)/kg = 1/m2; (item/km2)/item = 1/km2 → 1/m2.



Construct ESO maps, polygons of Ce (Ce = 1 for ESOs, the remaining water area is 0) and PA maps, polygons of Df (Df = 1 for PAs; the remaining water area is 0).



The normalization of the distribution density of biotic groups/subgroups/species to the annual average abundance (Pgy) of the corresponding groups makes it possible to represent all biotic components under study in identical units of measurement (shares of annual average abundance of the group within the mapped region per unit area).



Such an approach, like in the previous case, can lead to discrepancies between the maps of neighboring areas, because the maps for each of them are normalized, taking into account the abundance of biota groups/subgroups/species specific for each area. This issue is not finally resolved on this stage.




3.5. Coefficients of Biota (Relative) Vulnerability


Expert evaluation of vulnerability coefficients or the parameters (sensitivity, recoverability, the potential exposure to oil) required for calculating the coefficients of biota specific vulnerability to oil can easily be made in integer ranks or points [6,7,8,15,16,17,18]. The refusal to use rank values leads to a new problem. The indicated parameters are quite difficult to quantify, for both dominant environmental groups and well-studied individual species. Vulnerability coefficients (V) may be calculated as described (in simplified view) in [15]: V = (E × S)/R. Considerable research has been devoted to sensitivity assessments of major biological groups/subgroups/species to oil (evaluation of the values LC50 and/or LL50). The works were carried out both at the end of the last century (e.g., [27,28] and many others) and in recent years, when new methodological approaches were used (e.g., [29,30,31,32] and others). On this basis, it is possible to make quite a realistic estimation of the necessary metric values of S for most biota groups/subgroups/species. The values of S for the remaining objects will be chosen by expert evaluation, but also on the metric ratio scale. The coefficients of potential exposure (E, percentage) and recovery (R, years) are probably easier to manage, because the information about them is extensive and easily available, and the methodological problems are few. Priority protection coefficients for abiotic components should also be presented as metric values on the basis of their social and economic importance.



The choice of a certain scale of units for biota sensitivity (S) is an additional problem. It is possible to distinguish at least 4 habitats: pelagic (fish, plankton), bottom (fish, benthos), littoral (zoobenthos, macrophytobenthos, birds), and sea surface (birds), although this segmentation is quite nominal. Birds, mostly contacting with the water surface, are exposed to oil film (including exposure on littoral areas), but not to oil dissolved or dispersed in water. Fish and plankton are exposed to oil dispersed only in the water column. Thus, the sensitivities of fish/plankton and birds have different scales and cannot be fully compared. A possible solution to this problem is also briefly presented in [24,25].



Vulnerability coefficients for IBSs (Vbg) should be calculated, and coefficients of priority protection for ESOs (Vce) and PAs (Vdf) expertly evaluated. All values are given in the metric scale (the use of points and ranks is excluded).



For IBCs, the coefficients of Vbg are estimated by three parameters (Equation (2)):


Vbg=Rg×Eg/Sg,



(2)




where Rg is expressed in years, Eg is in percent, and Sg is in units of values of oil concentrations in the water, or the thickness of an oil film on the water, that are maximum permissible for biota of the components that are taken into account; subscript b denotes the ratio of these parameters to the biota.



Initially, LC50 (the lethal concentration of oil in the water) or LL50 (the lethal load of oil) is taken as the sensitivity of the biota (parameter Sng) inhabiting the water column [27,28,29,30,31,32]; Sng is normalized to the maximum permissible concentration of oil in the water, MPC: Sg = Sng/MPC.



The thickness of an oil film that causes 50% death of biota (conventionally Sng = LT50) is taken as the sensitivity of biota that mostly contacts the water surface, i.e., an oil film. Then LT50 is normalized to the maximum permissible thickness (MPT) of an oil film that does not produce a considerable effect on these biotic groups: Sg = Sng/MPT.



The values of coefficients of priority protection are expertly selected with respect to the ecological, economical, and/or other importance of objects for humans or the ecosystem of the region. In this case, the ratios between coefficients Vcei/Vcej and Vdfi/Vdfj (ei, ej, and fi, fj are the indices of ESO and PA objects) should reflect the ratio of importance between the corresponding objects that is the closest to reality, rather than the “ratios” of rank (ordinal) values.



The normalization of the values of Sng to the maximum permissible concentrations, or the maximum permissible thickness, removes the dependence of this parameter (sensitivity) from that it is related to the water column or to its surface; Sg is expressed in identical units of measurement for all biotic groups/subgroups/species.



This approach also requires more detailed separate consideration, and more precise determination of LC50 (LL50) and LT50 values, including the issues of littoral and benthic communities.




3.6. Summation of Vulnerability for Objects of Different Nature


In constructing vulnerability maps, it is necessary to take into account not only the vulnerability of biota, but also the vulnerability (significance) of abiotic components. Their summation is inevitable, regardless of possible overlapping of biota distribution areas and socio-economic zones/nature conservation areas. We propose the following as a solution to this problem.



Maps of vulnerability for IBCs and maps of priority protection for ESOs and PAs (in fact, maps of ESO and PA vulnerability) based on the data obtained for each season and each scale adopted are constructed as follows.

	
For IBCs: Ybs = ∑gBsg(y)×Vbg and normalize the values obtained for each season:

	
—to max Ybs per season for maps of relative vulnerability Yb[s]s = Ybs/(maxYbsper season);



	
—to max Ybs per year for maps of absolute vulnerability Yb[y]s = Ybs/(maxYbsper year).








	
For ESOs: Ycs = ∑eCes×Vce and normalize the values obtained for each season:

	
—to max Ycs per season for maps of relative vulnerability Yc[s]s = Ycs/(maxYcsper season);



	
—to max Ycs per year for maps of absolute vulnerability Yc[y]s = Ycs/(maxYcsper year).








	
For PAs, perform the same procedure as for ESOs.



	
Make seasonal maps of integral vulnerability of the region:

	
—for maps of relative vulnerability YΣ[s]s=Kb×Yb[s]s+Kc×Yc[s]s+Kd×Yd[s]s;



	
—for maps of absolute vulnerability YΣ[y]s=Kb×Yb[y]s+Kc×Yс[y]s+Kd×Yd[y]s,










where Kb,c,d are coefficients (estimated expertly) that determine the contribution of IBCs, ESOs, and PAs to the integral vulnerability.



The range of values of vulnerability YΣ[s]s is divided into three subranges for each season (they are given ranks (1, 2, 3): each season has its own range of values of min ÷ max YΣ[s]s. Here, ranks can be used, since this is the final stage of mapping and no further mathematical operations are performed with the data, except for comparisons of the obtained values shown in the maps.



The range of values of vulnerability YΣ[y]s is also divided into three subranges (they are given ranks (1, 2, 3): each season has a common range of values of min ÷ max YΣ[y]s.



The segments with different ranks are shown in different colors: green (rank 1 is the minimum values of YΣ), yellow (rank 2), and red (rank 3 is the maximum values of YΣ).



In addition, here vulnerability maps for each season are developed for two different ranges. Relative vulnerability maps: for each season there is a unique range of vulnerability (min ÷ max for specific season). Absolute vulnerability maps—for all seasons of the year, there is one, common range of vulnerability (min ÷ max for the year).




3.7. Representation of Water Area Total Vulnerability (the Problem of Classification)


The maps should contain the areas of the highest and lowest vulnerability for planning operations of OSR or for the waters and shores cleaning. Representation of these zones on maps is a result of vulnerability calculations (performed with the use of GIS programs). It partly depends on the choice of the method for classifying the final range of integrated vulnerability to subranges (the methods of equal intervals, natural breaks, etc.). This choice also affects the overall picture of site vulnerabilities. The classification of subranges may possibly be such that the maps of sea-coastal zones would reflect, along the shoreline, areas with a low, medium, and high vulnerability in an approximately equal manner (proportions). This direction also requires further research.



There are other problems of mapping the vulnerability of sea-coastal areas to oil: whether it is necessary to create separate vulnerability maps for oil with various densities, how to take into account the hydrological situation in the area (for example, the density jump layer), the ice conditions, etc.





4. Conclusions


Vulnerability maps of sea-coastal zones are important elements of oil spill response plans, environmental support for offshore projects, preparation of the Environmental Impact Assessment, and integrated marine environmental management. The compilation of such maps is a complex scientific problem. When developing them, it is necessary to take into account the presence of different biotic and abiotic components in the cartographic area’s ecosystem, differences in their specific vulnerability, seasonal variability of components, spills of different types of oil, and other factors.



Coastal sensitivity maps and water vulnerability maps have been developed and are being used in many countries. The brief analysis of several existing international and Russian methods for the mapping of sea-coastal vulnerability to oil allows us to draw the following conclusions. The majority of the reviewed methods are based on arithmetic operations with rank values. For all the simplicity of the approach, it is not acceptable, and leads to incorrect vulnerability maps. Using such maps, in turn, results in erroneous spill liquidators’ actions in terms of the minimization of damage to the environment from both oil spills and the operations aimed to eliminate them. It is necessary to reject the use of rank estimates of parameters if the latter are used in arithmetic operations during calculation of vulnerability maps.



The article also briefly describes the main problems of constructing the maps of sea-coastal vulnerability to oil. For some problems, the main solutions are outlined. We suppose that, despite the complexity of these problems, acceptable and rational solutions exist. The necessary conditions are initial rigor of the approach to development of mapping algorithm. There is a need to consider existing mathematical rules and restrictions, processes of oil spreading in water, regularities of biota distribution and behavior, and oil impact on it. Simplifications and assumptions should be done on the later stages of calculations considering the complexity of all processes and the necessity of clearly showing the vulnerable zones on the maps. Only this will allow us to create correct and comprehensible maps of sea coast vulnerabilities to oil for OSR plans. This direction requires further investigation and the joint efforts of researchers, experts, and liquidators of spills from different countries.
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Appendix A


Appendix A.1. Rank Values in Arithmetic Operations


In the development of vulnerability maps, many algorithms for their calculation assume execution of arithmetic operations. Then there is a question: is it feasible to use the variables presented on ordinal (rank) scales in such calculations? This question is discussed in detail in several publications [19,20,21,22]. The sequence of numerical characteristics of a value can be denoted by any method as they increase, for example, by a series of natural numbers. These are ranks. But they are not numerical (metric) values. They are mere markers that reflect the order of objects. They do not reflect the correlation of values. Using ranks (points) is permitted if they are arithmetized. Then all the resulting dimensions on the linear ordinary scale, which have no numeric character, take the form of numerical information [21]. But this operation is usually not performed in constructing vulnerability maps.



Let us give an example of arithmetic operations when the values X and Y are represented on the metric scale with a rational zero (ratio scale) and on the rank (order) scale. Let us normalize the metric values Xm and Ym and represent them as ranks (Xr and Yr)—please, see the left part of the example table. The obtained products of the ranks Xr × Yr do not reflect the sequence of products of these values Xm × Ym on the metric scale (the right part of the example Table A1).
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Table A1. Example of arithmetic operations—on the metric and on the rank (order) scales.






Table A1. Example of arithmetic operations—on the metric and on the rank (order) scales.





	
Initial Values X and Y on the Metric (m) and Rank (r) Scales

	
The Product X × Y of Metric (Xm × Ym) and Rank (Xr × Yr) Values






	
X

	
Xm

	
Xr

	
Y

	
Ym

	
Yr

	
X × Y

	
Xm × Ym

	
Xr × Yr




	
A

	
50

	
1

	
P

	
60

	
5

	
A × P

	
50 × 60 = 3000

	
1 × 5 = 5




	
B

	
60

	
2

	
Q

	
40

	
4

	
C × Q

	
70 × 40 = 2800

	
3 × 4 = 12




	
C

	
70

	
3

	
R

	
30

	
3

	
A × Q

	
50 × 40 = 2000

	
1 × 4 = 4




	
D

	
110

	
4

	
S

	
10

	
2

	
E × S

	
120 × 10 = 1200

	
5 × 2 = 10




	
E

	
120

	
5

	
T

	
4

	
1

	
B × S

	
60 × 10 = 600

	
2 × 2 = 4









If actual quantities are not known and replaced with ranks, performing operations with them as operations with metric numbers leads to incorrect results. In arithmetic operations, including calculation of sea-coastal vulnerability maps to oil, it is unacceptable to use any values if all or even some of them (biota density distribution, biota vulnerability, etc.) are ranks or points (in case points are not presented on the metric ratio scale). This approach may lead to incorrect results (to incorrect vulnerability maps). The latter means that in reality the most vulnerable areas can be marked as areas having an average or even low vulnerability and vice versa. The use of such vulnerability maps in OSR will not minimize the damage from oil spills and reduce the OSR operations efficacy.
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Figure 1. The matrix for ranking the sensitivity of a site with a wide range of biological species and other objects [2]. This simple matrix can be used to establish a sensitivity ranking for an area where a diverse range of sensitive species is present, by comparing the sensitivity of the species/protected area with the diversity of species in that area [2] (reproduced with permission from IPIECA, 2018). 
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Table 1. Estimation of the factor in the MOB model [6] (reproduced with permission from Miljødirektoratet, Norway, 2018).
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Evaluation

	
Factor Value (VX)




	
3

	
2

	
1

	
0






	
Natural occurrence?

	
I

	
-

	
Yes

	
No

	
-




	
Able to be compensated economically?

	
II

	
-

	
No

	
Yes

	
-




	
Conservational value

	
III

	
National/International

	
Regional

	
Local

	
Insignificant




	
General oil vulnerability

	
IV

	
High

	
Medium

	
Low

	
Insignificant
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Table 2. Main elements comparison of vulnerability mapping method of sea-coastal zones to oil.
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Method Element

	
IPIECA, IMO, OGP [2]

	
Norway [6]

	
Netherlands [15]

	
BRISK Project [16]

	
WWF, Russia [8]

	
MMBI, Russia [17]






	
Map scale

	
Three different scales

	
One scale

	
One scale

	
One scale

	
Three different scales

	
One scale




	
Operational:

1:10,000–1:25,000;

tactical:

1:25,000–1:100,000;

strategic:

1:200,000–1:1,000,000

	
Less than 1:200,000,

preferably 1:100,000

(separately for coast regions of each province)

	
1:100,000

(economic zone of the Netherlands is shown)

	
Not indicated; probably 1:500,000 (assessment on drawing scale of maps)

	
Plans: 1:10,000–1:25,000;

large-scale:

1:25,000–1:100,000

small- and medium-scale: 1:100,000–1:1,000,000

	
Maps of one scale without exact indication (mapped on 1: 1,000,000 basis)




	
Form of initial data presentation (polygons or cells)

	
Polygons

	
Not indicated

	
Cells of 5 × 5 km size

	
Polygons

	
Polygons

	
Polygons




	
Objects considered in vulnerability calculation (biota, biota habitats, social-economic objects, protected areas)

	
Biota, biota habitats, social-economic objects, protected areas

	
Biota, biota habitats, social-economic objects, protected areas

	
Biota, social-economic objects, protected areas

	
Biota habitats, social-economic objects, protected areas

	
Biota, social-economic objects, protected areas

	
Biota




	
Large list of significant ecological groups, subgroups, species of biota (except phyto- and zooplankton) and their habitats; abundance is not shown. Detailed list of social-economic objects, protected areas

	
Specific species and groups of biota (shoals of fish, ichthyoplankton, benthos), habitats of sea birds and marine mammals, protected areas, recreation areas, objects of nature management

	
Large number of main species of all biota groups (benthic and pelagic invertebrates, fish, birds, mammals) except unexpected species. Habitats of biota may be included

	
17 objects (areas): coast habitats; areas of seagrass beds; habitats of fish, birds, marine mammals; protected areas; aquaculture objects

	
Detailed list of significant ecological groups, subgroups, species of biota (including phyto- and zooplankton). Detailed list of priority protection areas (according to IMO, IPIECA, [26]): social-economic objects, protected areas

	
Phyto-, zoo-, ichthyoplankton, benthos, fish (pelagic, bottom, migratory), birds, marine mammals




	
Mapping for various year periods (seasons): calendar seasons, months, other periods

	
Seasonal maps are not developed

	
Seasonal maps are not developed

	
Maps are developed for specific periods

	
Maps are developed for calendar seasons:

	
Maps are developed for calendar seasons:

	
Maps are developed for 4 seasons:




	
It’s recommended to show the initial information about seasons and to indicate seasonal features on maps

	
Period of object presence in the area shown on the map is given in a table; it may match or not to calendar seasons

	
Number of periods for which maps are developed could be different

	
winter—XII-II;

spring—III-V;

summer—VI-VIII;

autumn—IX-XI

	
winter—XII-II;

spring—III-V;

summer—VI-VIII; autumn—IX-XI

	
winter—I-III;

spring—IV-VI;

summer—VII-IX;

autumn—X-XII




	
Units of biota abundance—ranks or natural measures (kg/m2, sp/km2) and their using for vulnerability calculation

	
Ranks—not used in assessment (sensitivity assessment according to matrix on Figure 1)

	
Ranks—not used in calculations

	
Natural measures—used in calculations after normalization

	
Absence—not used in calculations

	
Ranks—used in calculations

	
Ranks—used in calculations




	
It’s recommended to show on the map in the form: presence/absence or ranks from 1 to 5. Not used in sensitivity (vulnerability) mapping

	
Biota abundance is not considered. Category of priority is calculated on the ranks basis

	
Distribution of biota density is given in different units (kg/m2, sp/km2), after normalization—non dimensional units

	
Distribution of biota density is not considered. Only habitats of biota are taken into account (see above)

	
Initial abundance distribution of significant ecological components—in natural measures (kg/m2, sp/km2). They are ranked for calculations

	
Biota abundance on initial maps—ordinal values (ranks): 0, 1–3




	
Vulnerability coefficients assessment of considered objects (biota, biota habitats, social-economic objects, protected areas)

	
Vulnerability coefficients are absence

	
Expert assessment

	
Calculated

	
Expert assessment

	
Calculated

	
Calculated




	
Objects sensitivity is assessed as ordinal value according to matrix on Figure 1—five grades (from very low to very high)

	
Resource sensitivity (ordinal value) is assessed according to tables

	
Potential effect of pollutant, species sensitivity and its recoverability are considered for biota

	
Assigned by ordinal values (0, 1–4). Expert table of ecological seasonal vulnerability of each resource is used

	
Vulnerability of significant ecological components: multiplication of abundance (ranks) on vulnerability coefficients (ranks). Vulnerability of priority protection areas—priority protection (ranks). All ordinal values are expertly assessed on table basis. Range of ranks—0, 1–5

	
Vulnerability coefficients are calculated based on lethal concentration of oil for considered ecological groups




	
Summation of vulnerability for objects of different nature (biotic and abiotic components)

	
Not carried out

	
Not carried out

	
Carried out

	
Carried out

	
Carried out

	
Not carried out




	
Category of objects priority is not changed when their areas overlapping on the maps




	
Total classification of separate areas (polygons or cells) with different sensitivity/vulnerability

	
Carried out

	
Not carried out

	
Carried out

	
Carried out

	
Carried out

	
Carried out




	
Sensitivity classification is carried out by matrix on Figure 1 with ordinal scales

	
Area importance is defined by value of priority category

	
Values of total vulnerability are represented in grid cells on resulting maps using gradations of single color from light to dark

	
Division of range into 5 classes (sizes of classes are not given)

	
Size of subranges is expertly defined

	
Method of equal intervals is used




	
Using of ranks (ordinal values) for calculations

	
Used for assessments of area sensitivity and biodiversity

	
Used for calculations of priority categories

	
Used for assessments of vulnerability coefficients

	
Used for assessments of seasonal vulnerability coefficients of each resource

	
Used for presentation of initial maps of significant ecological components and for vulnerability coefficients of significant ecological components and priority protection areas

	
Used for assessments of biota abundance
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