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Abstract

:

Spatially explicit records of fishing activities’ distribution are fundamental for effective marine spatial planning (MSP) because they can help to identify principal fishing areas. However, in numerous case studies, MSP has ignored fishing activities due to data scarcity. The vessel monitoring system (VMS) and the automatic identification system (AIS) are two commonly known technologies used to observe fishing activities. However, both technologies generate data that have several limitations, making them ineffective when used in isolation. Here, we evaluate both datasets’ limitations and strengths, measure the drawbacks of using any single dataset and propose a method for combining both technologies for a more precise estimation of the distribution of fishing activities. Using the Baltic Sea and the North Sea–Celtic Sea regions as case studies, we compare the spatial distribution of fishing effort from International Council for the Exploration of the Seas (ICES) VMS data and global fishing watch AIS data. We show that using either dataset in isolation can lead to a significant underestimation of fishing effort. We also demonstrate that integrating both datasets in an ensemble approach can provide more accurate fisheries information for MSP. Given the rapid expansion of MSP activities globally, our approach can be utilised in data-limited regions to improve cross border spatial planning.
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1. Introduction


Increasing demand for marine ecosystem services globally has led to increased pressure on marine ecosystems and competition for space among various marine uses [1,2]. To address the effects of pressures on marine areas, managers are considering more holistic management approaches to managing maritime spaces [3]. Marine spatial planning (MSP) is one of the main tools for a holistic management of marine resources. MSP involves allocating marine space for different uses considering the areas’ suitability, impacts on the environment and possible conflicts between activities [4]. MSP is a data-intensive process, for which outcomes are susceptible to the inherent data uncertainties. Among the steps for implementing MSP [4], defining and analysing the existing and future conditions requires high-resolution spatio-temporal data on the various marine uses [5].



Fisheries are among the marine uses with the most spatially extensive and temporally heterogeneous pattern. However, there has been some deficiency in the coverage of fisheries issues in MSP partly due to the unavailability of fisheries spatial data [6]. In regions where MSP is being developed or implemented, spatial planners have mostly relied on the vessel monitoring system (VMS), logbook data [7,8] or used qualitative methods such as interviews and participatory mapping to identify principal fishing areas [9]. The advantages of using VMS over other methods is that it is often mandatory for fishing vessels operating in national waters to have VMS. As a result, VMS data are usually very consistent. When combined with logbook data, VMS provides a reliable estimate of the spatio-temporal distribution of fishing activities [10,11,12]. However, VMS has several challenges such as high installation costs, and encryption of the VMS signals, which means that only the government agencies can access the data. Additionally, the low VMS data broadcasting frequency makes it challenging to identify fishing activities at a finer spatio-temporal scale [11,13,14]. Overall, these challenges have made it difficult to deploy VMS as a tool for measuring fishing effort data in many parts of the world [15].



The recent advent of the automatic identification system (AIS) for mapping fishing effort distributions has provided an opportunity to fill the existing gaps in spatial fisheries data for MSP. AIS was initially introduced by the International Maritime Organization (IMO) to support marine safety, i.e., avoiding ship collisions by broadcasting vessel position and other information to nearby vessels. AIS provides information on vessel positioning, which can be used to map fishing activity independently [16,17] or together with VMS/logbook data [13]. Recent analysis indicates that there is high potential for AIS to be a primary source of mapping fishing effort globally. Its main advantages are low costs and ease of accessibility compared to VMS data [15,17].



VMS and AIS differ in several ways: the mode and frequency of satellite signal transmission, the coverage of the fishing vessels and the accessibility of data. VMS signals are transmitted from the vessels to ground stations only. In contrast, AIS signals can be received by other ships nearby, by ground stations and by satellites [15]. Additionally, AIS has a high-frequency vessel position transmission with a current average of about 30 s in some regions [14,15]. Consequently, the data is highly temporally resolved and better suited for mapping fishing effort compared to VMS. The main shortcoming of AIS is that it is not mandatory for smaller vessels <300 GT. IMO only requires a mandatory AIS installation for vessels exceeding 300 GT. Additionally, larger vessels sometimes intentionally switch off the AIS for safety purposes, such as preventing piracy, and some areas do not have good AIS receptions, especially far from harbours [13,15]. Some countries have also adopted the use of AIS for vessels operating in their national jurisdiction. For example, since 2014, the EU has required vessels with a length of >15 m to be equipped with AIS. For VMS, the rules also depend on national laws. For example, in the EU, it is a requirement for fishing vessels with a length of >12 m to be equipped with VMS [18].



Evidently, both VMS and AIS have strengths and weaknesses. Combining both data sources to leverage their strength and reduce uncertainties inherent in either system would strongly benefit a more precise analysis of fisheries patterns as a basis for MSP. The integration of the VMS and AIS data can be achieved in several ways. For example, AIS datasets could provide spatial data where VMS data are not available due to proprietary issues. Additionally, VMS data can be used to fill the gaps of AIS data in areas where there is low AIS satellite coverage, e.g., in areas further offshore, while AIS could be used to improve the temporal coverage of the fishing positions [13,14,19]. However, these integration mechanisms have not been implemented at large spatial scales to facilitate regional studies.



In this study, first, we investigate the possible discrepancies between VMS data provided by the International Council for the Exploration of the Seas (ICES) and the AIS data provided by Global Fishing Watch (GFW) for mapping the distribution of fishing effort at a regional level, with the Baltic Sea and North Sea–Celtic Sea regions as case studies. We test for differences in spatio-temporal patterns of the ICES VMS and GFW AIS and compare the results from the two regions. Second, based on the identified discrepancies, we suggest a method for correcting potential errors in the estimates of fishing effort. Lastly, we quantify the discrepancies when ICES VMS and GFW AIS are used in isolation compared to a combination of the two datasets.




2. Material and Methods


2.1. Data


Our study focuses on the Baltic Sea and the greater North Sea–Celtic Seas regions (Figure 1), where we were able to access long term VMS and AIS datasets. These datasets have been crucial for the development of MSP, as countries are required to produce marine spatial plans by 2021 [20].



2.1.1. ICES VMS Data


VMS is a satellite-based monitoring system that consists of a GPS receiver coupled with a communication device. Logbooks are records of catch and effort. Usually, VMS and logbook data are combined to estimate fishing effort, but they are independent. The system is usually established by national governmental authorities or Regional Fisheries Management Organizations (RFMOs) for control and surveillance purposes. The system uses GPS technology to broadcast vessel positions to encrypted databases at authorities’ monitoring them. In the Baltic Sea and the North Sea regions, VMS data are archived and analysed by ICES [21].



We obtained processed VMS data for the period 2012–2017 from the ICES website (http://www.ices.dk, accessed 15 May 2019). For the Baltic Sea, we used data from the Baltic Marine Environment Protection Commission (HELCOM) regions (ver.2, 22 January 2019); ICES data product release, http://doi.org/10.17895/ices.data.4684, accessed 15 May 2019. For the North Sea–Celtic Seas region, we used data from the Convention for the Protection of the Marine Environment of the North-East Atlantic (OSPAR commission) regions II and III (ver. 2, 22 January 2019) http://doi.org/10.17895/ices.data.4686, accessed 15 May 2019. The spatial data layers represent estimated fishing intensities/pressures by fishing métier, at a resolution of c-squares (0.05 × 0.05 degrees). For uniformity with the AIS data, the VMS fishing effort was converted to a resolution of 10 km degrees by summing up the original 0.05° × 0.05° grids within each of the 10km grids. We combined the fishing effort data for all available métiers.




2.1.2. GFW AIS Data


AIS data for the period 2012–2017 was obtained from the GFW website (https://globalfishingwatch.org, accessed 15 May 2019). The spatial dataset contains estimated fishing intensities (hrs) at a resolution of 10 km grid cells. We combined the fishing effort data for all available métiers. The analysis included merging CSV files, mapping the global data set, clipping it to the study area, and gridding the data to 10 km grids in ArcGIS 10.5.



Unlike previous studies [13,14], we did not analyse raw VMS and AIS datasets but already processed and publicly accessible datasets that are easy to acquire and often utilised in MSP processes.





2.2. Spatio-Temporal Variation in VMS and AIS Data


To evaluate the degree of discrepancy between ICES VMS and GFW AIS data for mapping fishing effort in the Baltic Sea and the North Sea–Celtic Sea regions, we used the SPAtial EFficiency metric (SPAEF) introduced by [22]. SPAEF is a multi-composite and statistical metric that considers the differences in co-location, variation and distribution patterns. It robustly evaluates similarities in spatial patterns [22,23]. SPAEF values range from 0–1, with 1 being the highest spatial similarity between the spatial distributions.



SPAEF is calculated as


  S P A E F = 1 −     ( α − 1 )  2  +     β − 1    2  +     γ − 1    2     



(1)




where




	
α—is the correlation coefficient between the ICES VMS grid values and GFW AIS grid values



	
β—is the coefficient of variation for ICES VMS grid values divided by the coefficient of variation for GFW AIS grid values, and



	
γ—is the match of the histograms of the ICES VMS and GFW AIS grid values.









2.3. ICES VMS—GFW AIS Ensemble


Our approach to developing an AIS—VMS ensemble focused on the availability of AIS and VMS data. VMS and AIS have different limitations and strengths (Table 1). An ensemble of these datasets is expected to enhance spatial fisheries data accuracy and coverage [13,14,15]. Low availability of AIS data is mostly caused by inadequate AIS satellite coverage and deactivation of the AIS transmitter by the fishing vessels in areas where AIS use is not required by law. VMS data availability is low in areas where the system has not been installed or where data is not available due to proprietary issues. Hence, in areas where either VMS or AIS is lacking, the datasets’ combination can help improve the overall spatial data coverage.



It is important to note that the GFW AIS and ICES VMS fishing intensities are estimated with different methodologies [17,24]. We argue that, although the ICES VMS and GFW AIS data are computed differently, the ratio of the two datasets should be the same in the grid cells where both ICES VMS and GFW AIS were recorded as they represent fishing effort for the same vessels. We use the relationship to compute the fishing effort in the cells where either ICES VMS or GFW AIS was missing, similar to the geographic ratio analysis suggested by [25].



We calculated the ratio of VMS and AIS for each grid cell and averaged the ratios to obtain the overall VMS to AIS ratio for each year, as shown in Equation (2), where    E    r a t i o       is the overall ratio for the year, EVMS is the VMS fishing effort (hrs) for the grid cell, E(AIS) is the AIS fishing effort for the grid cell, and N is the number of grid cells that had both AIS and VMS data for that year.


   E    r a t i o     =     ∑   i = 1  N       E    V M S        E    A I S         i  N  .    



(2)







In areas where there was either ICES VMS or GFW AIS only, we used the    E    r a t i o       to derive ICES VMS or GFW AIS, as shown in Equation (3) where D(VMS) denotes the derived VMS values. The final ensemble layer was created by merging the original VMS layer with derived VMS values.


    D  ( V M S )      =    E    A I S       ∗    E    r a t i o      



(3)









3. Results


3.1. Spatio-Temporal Variations in ICES VMS and GFW AIS Data


We identified discrepancies in the spatial-temporal coverage of fishing activities by the VMS and AIS datasets. In the Baltic Sea, in the early years (2012 and 2013), VMS data displayed high spatial coverage of fishing areas with fishing effort covering about 96% of the study area and decreasing to about 48% of the study area between 2014 and 2016 (Figure 2).



In contrast, AIS data had a low spatial coverage in 2012, covering approximately 43% of the study area, but steadily gained coverage of fishing areas, covering 95% of the study area in 2016. The ensemble data filled the VMS data gaps between 2014–2016 and restored the distribution similar to values in 2012. The ensemble fishing effort data suggests fishing activities over the entire Baltic Sea with fishing hotspots in the Kattegat and Western Baltic. The most apparent discrepancies are in the northern Baltic, which has only VMS data in 2012 and only AIS data in 2016 (Figure 2).



For the North Sea–Celtic Seas region, the VMS and AIS datasets mainly show discrepancies in 2012 and 2013, where AIS shows lower coverage than VMS (Figure 3). The ensemble datasets also show fishing activities distributed in the whole study area. Fishing hotspots were evident near the coasts of France, Belgium and the Netherlands, as well as the United Kingdom and the English Channel (Figures 3 and 5).



We found some variation in the SPAEF coefficient between annual VMS and AIS datasets between the Baltic Sea and the North Sea–Celtic Sea. Higher SPAEF coefficient was found for the North Sea–Celtic Sea (mean value 0.64), compared to the Baltic Sea (mean value 0.43) over the study period. Higher SPAEF coefficients indicate that the VMS and AIS were more similar in the North Sea–Celtic Sea region than in the Baltic Sea. Additionally, the SPAEF coefficient varied between the years. For the Baltic Sea, the lowest SPAEF value was found for 2012 and the highest for 2013. For the North Sea–Celtic Sea region, we derived the lowest SPAEF value for 2012 and the highest in 2015 (Figure 4).




3.2. Underestimation of ICES VMS and GFW AIS Data


Our results indicate that when either VMS or AIS is used in isolation, there is an underestimation of fishing effort levels in the Baltic Sea and the North Sea–Celtic Sea regions. The levels of underestimation of fishing effort vary across the years and between the regions. For the Baltic Sea, there is a decreasing trend of underestimation of fishing activities by the AIS data over the years, while underestimation by VMS data is increasing. Similarly, there is a decreasing trend of underestimating fishing activities by the AIS data for the North Sea–Celtic Sea region over the years. However, the precision of VMS data is almost constant (Figure 5).



Additionally, Figure 5 depicts the total fishing effort’s temporal trends when both the ICES VMS Data and GFW AIS data are combined to create an ensemble. Despite variations in both VMS and AIS datasets between 2012 and 2017, the computed ensemble data shows that the total fishing effort remained relatively constant during the same study period in the North Sea–Celtic Sea region, while the Baltic Sea region shows a decreasing trend over the years (Figure 5).





4. Discussion


We investigate the discrepancies in spatio-temporal patterns of the ICES VMS and GFW AIS datasets and the potential underestimation of fishing activities when either VMS or AIS datasets are used alone to map fishing effort. The study’s overall goal is to present a dataset that will show the accurate picture of the fishing effort distribution to provide more reliable data for the MSP process, especially at a regional level. We achieved our goal by inspecting the relationship between the VMS data and AIS data, interpolating this relationship for grid cells where one of the datasets was missing and creating an ensemble dataset. Such an approach is beneficial in MSP processes as it provides better evidence of fishing effort distribution.



Our findings show spatial similarities and differences between the VMS and AIS datasets in the Baltic Sea and North Sea–Celtic Sea regions. Although the VMS data and AIS datasets are computed differently, their remarkable similarity, especially in the North Sea–Celtic Sea region, indicates that the two datasets represent similar fishing effort. However, the ensemble data generally indicate an underestimation for both VMS data and AIS data. Our results confirmed that the ensemble data improve the spatial representation of fishing effort by VMS and AIS. Thus, the suggested ensemble method offers a solution for improving spatial fisheries datasets compared to a single use of either VMS or AIS data.



There are several possible explanations for the spatial-temporal discrepancies and underestimation of the VMS and AIS datasets. The large increase in AIS data in both the Baltic Sea and the North Sea areas between 2012 and 2014 may result from the improved adoption of AIS after the EU passed the law for the mandatory AIS installation for vessels of >15 m. Additionally, AIS data may suffer from poor signal receptions, especially in the area further offshore. On the other hand, the displayed low VMS data coverage observed between 2015 and 2017 in the Baltic Sea could have resulted from the non-submission of VMS data to ICES by countries in the regions [13,14,15,26]. Our finding of a close resemblance of annual patterns of fishing activities presented by VMS and AIS data in the North Sea–Celtic Sea area as indicated by the SPAEF values is similar to recent studies in nearby regions that found a close relationship between VMS and AIS datasets in the neighbouring regions of the Bay of Biscay and Northeast Atlantic [27,28]. The close relationship between the VMS and AIS in the studies mentioned above was attributed to VMS’s mandatory requirement for fishing vessels and high coverage of AIS in vessels of >15 m in this region.



The ensemble data approach is especially relevant in data-poor regions where MSP and conservation and planning efforts are sometimes forced to use proxies to fill data gaps [29,30]. Although the Baltic Sea area is considered to have adequate coverage of both VMS and AIS, the ICES website’s accessed data had some gaps. Interestingly, VMS data alone in the area suggest reduced fishing activities in the Northern Baltic Sea areas during 2014–2016, a result not supported by AIS data during the same period. The computed ensemble data gives a better representation of the fishing effort activities of the area. The ensemble data have also provided an opportunity to redefine long-term fisheries spatial data estimates for the study area and give a more comprehensive spatial-temporal account of the spatial distribution of fishing effort than what is currently available to the public. The HELCOM map data service http://maps.helcom.fi/website/mapservice/, accessed 15 May 2019, which covers the study area, is one of the main sources of MSP data utilised by MSP stakeholders. This data displays the same fishing effort with the data gaps as described in this paper. Our study indicates a considerable under-estimation of fishing effort activities when this dataset is used, and its inclusion in decision-making processes such MSP could hence be misleading. Additionally, to continue using this dataset for management purposes, our study helped understand its effectiveness in mapping fishing effort and what proportion of the fishing activities may be omitted.



The MSP process presents potential benefits to the fisheries sector, e.g., protecting crucial fisheries areas such as spawning and nursery grounds. However, several limitations to fisheries can also arise from the MSP process, such as reducing fishing space, modifying fishing behaviours and loss of revenue [1]. Proper integration of fisheries in MSP depends on the availability of adequate spatial data on fisheries [31]. In some cases, fisheries data limitation has hindered the MSP processes in two steps: analysing existing conditions and planning for future activities. Ultimately, this has led to fisheries’ omission in the spatial plans [6,30]. Several decision-support tools and algorithms have been developed with a good capacity of informing MSP. The ability of these tools to produce useful results is dependent on good spatial and temporal information [30,32,33]. Lack of spatial fisheries data may be inevitable in some areas due to confidentiality and lack of coverage. Our approach of combining AIS and VMS improves fisheries spatial datasets’ quality and can enhance MSP decision support tools’ performance and ultimately improve MSP processes.



Our study utilised datasets from open sources with several limitations, such as non-submission of data and poor signals. These factors create a scenario of a data-poor area and the possibility of evaluating how the VMS-AIS ensemble could improve VMS datasets in data-poor regions. However, it is important to note that the VMS datasets in national agencies’ custody may have a better quality that could be close to the one achieved by the proposed ensemble.



Eventually, our results show that combining VMS and AIS datasets greatly improved coverage in areas where differences existed and exposed the risk of fishing effort underestimation when VMS and AIS datasets are used singly. The proposed method presents an approach that could be utilised for effective cross border MSP in areas where data limitations exist.
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Figure 1. Map of the study area, indicating the Baltic Sea (A) and the North Sea–Celtic Seas region (B). 
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Figure 2. Spatial distribution of fishing effort (hrs) in the Baltic Sea between 2012 and 2016, using VMS and AIS datasets. 
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Figure 3. Spatial distribution of fishing effort (hrs) in the North Sea–Celtic Seas region between 2012 and 2017 using VMS and AIS datasets. 
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Figure 4. SPAEF values indicating the similarities of spatial patterns of the International Council for the Exploration of the Seas (ICES) VMS and GFW AIS data for the Baltic Sea and North Sea–Celtic Sea regions. 
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Figure 5. Total calculated fishing effort (hrs) in both study regions using the ensemble approach. Estimated data is the data derived in an area where either VMS or AIS data was missing. 
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Table 1. Strength and weaknesses of automatic identification system (AIS) and vessel monitoring system (VMS) datasets (adopted from [13,14,15]).
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	VMS
	AIS





	Strengths
	
	
High vessels coverage as it is mandatory to use for fishing vessels in some jurisdictions with penalties for switching off



	
Good signal reception in most places and hence consistent data availability



	
High confidence for identifying vessels and their fishing activity due to the availability of logbook data





	
	
High temporal frequency of fishing position data



	
Open-source data, easily accessible to the public








	Weaknesses
	
	
Low temporal frequency of fishing position affecting the estimation of fished area



	
Data availability is restricted to specific national agencies





	
	
Low vessels coverage as it is not mandatory for use by fishing vessels



	
Low signal reception in some areas and hence inconsistent data
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