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Scientific monitoring is a fundamental basis of scientific advice. Among others, monitoring aims at contributing towards understanding the influence of anthropogenic use (e.g. fisheries), the health of a stock and individuum and effectiveness of management and conservation measures (e.g. MPAs). Monitoring of demersal and benthic fish communities is often based on invasive methods like bottom trawling, however in some cases less invasive methods might be available. The need for developing alternative and less invasive monitoring methods is supported by an increasing number of Marine Protected Areas and Windfarms where traditional methods such as trawls cannot be deployed due to conservational or technical and safety reasons. To support the development of new monitoring concepts, we conducted a literature review to identify limits and opportunities of methods that are already available. Furthermore, we present a fit-for purpose guide that can help identifying the appropriate method for individual purposes. We defined eight different methods which were analyzed using four different criteria and listed their advantages and disadvantages. We further apply this guide to monitoring in Marine Protected Areas in the Baltic Sea as a case study, indicating that besides traditional bottom trawling, alternative and less invasive methods could be sufficient for specific research purposes. We therefore, encourage scientists and managers to consider alternative data collection methods to minimize environmental impact of scientific sampling. However, our results also indicate that most of the methods still need further refinement especially regarding sampling design, standardization of methods and comparability with established survey methods.
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1 Introduction

Monitoring is often understood as a part or form of resource assessment, research or baseline surveys (Day, 2008). It can provide a context for marine science and has enabled the development of a science based understanding of marine ecosystems and human impacts affecting it (Bean et al., 2017). Monitoring hence serves a strategic purpose in the decision-making process and supports to establish and compare the baseline status of an ecosystem component in relation to a management target as well as to improve the relevance, efficiency and effectiveness of policy decisions (Bean et al., 2017). Further, it is an integral tool of marine environmental management and e.g. plays a fundamental part in sustainable fisheries and ecosystem based management (Trenkel et al., 2019) as well as impact assessment. Therefore, monitoring is not only question or target driven by the interests of scientists, it furthermore becomes mandatory by the legislation to review environmental directives. Beside the provision of information about ‘target species’ (dedicated monitoring) it can provide additional information about non-target species (non-dedicated monitoring), although the design for the latter is often not optimal. However, an example for a legislate monitoring is the monitoring within the framework of the Marine Strategy Framework Directive (MSFD), which was introduced to protect the marine ecosystem and biodiversity and to achieve good environmental status (MSFD, 2008/56/EC).

However, current monitoring approaches are strongly impacted by an increased interest in protecting and reserving nature, biodiversity and ecosystems, which will result in the establishment of more protected areas (EU, 2021), and by the increasing anthropogenic use of our seas. Besides recreational use, the seas e.g. become more important for the production of emission-free energy, which results in the expansion of offshore wind farms (OWFs) (Stelzenmüller et al., 2022). On the one side, monitoring becomes necessary in this context to i) review the achievements towards the goal of a good environmental status and the effectiveness of marine protected areas and ii) to understand the impacts of OWFs on the ecosystem. On the other side, especially in the context of monitoring in fisheries research the establishment of OWFs and MPAs can become challenging, since monitoring targeting demersal and benthic species is often conducted by scientific bottom trawling. While, scientific bottom trawl surveys are primary conducted to provide fishery-independent data to support fish stock assessment, scientific bottom trawling is more recently also used for multidisciplinary monitoring of ecosystems (Maureaud et al., 2021).

However, in the above-mentioned areas it is i) questionable whether the use of invasive monitoring methods such as bottom trawling are still in line with the conservation objectives (e.g. in MPAs with a benthic conservation target), and ii) will be prohibited in some parts (e.g. MPAs) or will be impossible due to technical and/or safety circumstances (e.g. in OWF). These potential `no fishing areas’ may become a blind spot for fisheries research if no other alternative monitoring method is available to collect necessary information (Haase et al., 2023). On the other hand, MPAs are conservation measures and may help in sustaining fisheries (Kriegl et al., 2021) and hence their efficacy needs to be monitored and understood, as well as the impacts of OWFs on the marine ecosystem and associated fish communities that are not yet fully understood (Lindeboom et al., 2011; Abramic et al., 2022). In consequence, there is a need for reconsidering fisheries monitoring and the consideration of alternative and less invasive monitoring approaches. Towards this goal, we here present a literature review that allowed us to design a fit-for-purpose guide to support the decision-making process in identifying ways for a less invasive monitoring in fisheries research and impact assessment. The developed guide can serve as a starting point for further investigations and analysis of additional methods not covered in this review. We further, demonstrate the application of the guide to the case of Baltic Sea MPAs because solutions are currently needed for MPAs where bottom-towed fishing will most likely be excluded in the near future.




2 Literature search

We conducted a literature review evaluating both traditional and modern methods used for monitoring fish stocks and communities. We distinguished traditional methods such as active and passive fishing gears from “modern” approaches such as hydroacoustics, underwater video footage and molecular methods. We conducted the literature search using the database Google Scholar (https://scholar.google.de/) applying terms related to monitoring and sampling of fish communities/assemblages in the marine environment (see Supplementary Table 1). Based on an initial selection of publications, further publications were added to the analysis applying a snowball system. We incorporated eight distinct methods in the analysis: trawling, passive fishing gear, stationary video, towed video, split-beam echosounder, acoustic camera, acoustic tagging and eDNA. All methods were analyzed according to four criteria: the sampling strategy used, the type of information provided, the target species and the target habitat along with an evaluation of their respective advantages and disadvantages (see Tables 1, 2). In total we initially skimmed 179 articles for information about different monitoring methods of which 86 were considered relevant for this review. An article was considered relevant if it provided a review of different methods or one method, mainly focused on the marine environment and/or contained comparisons of different methods or addressed the context of Marine protected areas and fisheries closures.


Table 1 | Summary of traditional techniques used for monitoring fish communities.




Table 2 | Summary of modern techniques used for monitoring fish communities.






3 Traditional methods



3.1 Active gears

Active fishing gear includes among others pelagic- or bottom trawls, seine nets and dredges. We focus here on bottom towed gear, especially bottom trawling since we mainly target monitoring of benthic and demersal fish communities. Bottom towed gears include beam trawls, otter trawls and dredges but also other more specific gears. The tradition of scientific bottom trawling dates back to the 1900s and is still probably the most commonly used method for monitoring demersal fish species on continental shelfs and slopes (Garces et al., 2006; Trenkel et al., 2019; Maureaud et al., 2021). Considering only standardized surveys with otter trawls, there are about 95 surveys investigating the demersal marine fauna of continental shelves and slopes worldwide (Maureaud et al., 2021). In Europe, multiple surveys are conducted with bottom trawls, for example the ICES (International Council for the Exploration of the Sea) coordinated Beam Trawl Survey (BTS), the International Bottom Trawl Survey (IBTS) or the Baltic International Trawl Survey (BITS) (for more details regarding the surveys see ICES.dk). Many of these surveys have been performed continuously over years and produce long time series and therefore provide a unique opportunity to track species range shifts and improve the assessment of biodiversity under global change (Maureaud et al., 2021). Standard large-scale scientific bottom trawl surveys support both fish stock assessments and the identification of spatio-temporal changes of fish species and communities in the shelf areas worldwide (Trenkel et al., 2019). Regular bottom trawl surveys mainly vary with respect to the width, height and mesh sizes of the gears used depending on the target species and driven by the scientific objective.

The main advantages of scientific bottom trawling are that due to their extractive nature they are more precise and simpler in identifying species compared to some non-extractive methods. Furthermore, the extrapolation to abundance per area is easier because the area sampled is approximately known by towing time and speed as well as the dimension of the fishing gear. Another advantage is the wide variety of important and necessary information that is provided by individual fish like weight, length, sex, maturity, age and other condition parameters that are essential for fisheries management. The major disadvantage of bottom trawling are potential unwanted effects on the ecosystem especially on habitats and organisms associated with the seafloor (Johnson et al., 2015; Oberle et al., 2016). Even though the impact of scientific bottom trawling is negligible compared to commercial fishing with bottom-towed fishing gears, it might still be desirable to minimize these potential impacts (Trenkel et al., 2019), especially in ecosystems with very sensitive benthic components and a risk of bycatch of e.g. threatened species. Moreover, large-scale fisheries independent monitoring programmes are time-consuming and involve expensive surveys on research vessels (Biber, 2011; Maureaud et al., 2021). Another drawback is that trawls also have a certain selectivity (e.g. mesh size, towing speed, ground gear) and can be more sensitive towards smaller and slow-moving fish (Côté and Perrow, 2006; Murphy and Jenkins, 2010). Furthermore, bottom trawling is not possible everywhere. Many habitats, especially highly structured habitats, pose too high risk for trawling, as nets could be damaged or even lost. A relatively recent problem arises from the exclusion of bottom trawling in additional areas, such as wind parks and MPAs. This can lead to a non-representative survey of the respective target species and impact assessments are not possible with this traditional fishing methods due to conservational (in MPAs) or technical and safety (bottom constructions) reasons.




3.2 Passive gears

Passive gears for monitoring fish stocks such as traps, gillnets as well as hook and line rely on an active encounter by the fish (Côté and Perrow, 2006). As a consequence, passive gears can only provide relative abundance data and surveys require high level of standardization. Similar to bottom trawling, passive gears are extractive methods, which allows for more precise identification of fish species compared to other, non-extractive methods. Fish traps are commonly applied to determine the abundance of a number of fish and invertebrate species (Recksiek et al., 1991; Jones et al., 2003; Wells et al., 2008; Rudershausen et al., 2010). In the south-eastern United States, for example, the assessment and management of black sea bass (Centropristis striata) relies partly on fishery-independent trap data (SEFIS-Survey) (Southeast Data Assessment and Review, 2011; Bacheler et al., 2013b). Trapping is considered to catch most species largely independent of environmental conditions. Traps can be further distinguished into pot gears, fyke nets and trapping barriers (Côté and Perrow, 2006). Traps can also be used for estimating fish densities and movement patterns (Murphy and Jenkins, 2010) and usually provide reliable CPUE data if design and size are standardized (Côté and Perrow, 2006). They are applicable in various habitats and depths (Thrush et al., 2002; Harvey et al., 2012; Bacheler et al., 2013b; Wakefield et al., 2013; Beentjes, 2019) and are therefore, useful for the detection of fish inhabiting structural complex habitats (Wells et al., 2008). Traps can also be placed along transects at a set distance (McClanahan and Mangi, 2000; Kaunda-Arara and Rose, 2004) and can fish unattended (Bacheler et al., 2013b). A great advantage of trap fishing is that fish remain in their natural habitat and can often be released alive (Miller, 1990), if information on age, maturity and sex is not required. However, a determination of the sampled area is often impossible and the influence of environmental parameters (e.g. currents) and bait plume on gear performance are hardly quantifiable (Stoner, 2004).

Hook- and line fishing is a kind of remote surface sampling and used to offset the behavior of fish to divers (Willis et al., 2000) and to catch large predatory fish that occur in low densities (Côté and Perrow, 2006). Hooks are generally baited appropriately for the target species (Murphy and Jenkins, 2010), making hook- and line fishing highly selective and therefore unsuitable for monitoring entire fish communities (Côté and Perrow, 2006). However, the method can generate CPUE statistics and has been used e.g. to produce area estimates of relative densities of snapper and blue cod (Willis et al., 2000; Côté and Perrow, 2006). Hook- and line fishing is furthermore relatively cheap but may present a significant risk to marine birds or other groups (Côté and Perrow, 2006). Additionally, a major drawback of hook-and line fishing is the significant damage and stress to which the fish are exposed which often results in the mortality of the individuals (Côté and Perrow, 2006; Murphy and Jenkins, 2010).

Gillnets are mostly used to catch mobile fish species and are considered to be the most selective nets (Côté and Perrow, 2006). Mesh size can be adjusted to the target species, so that non-target species bycatch can be reduced effectively. In the case of multi-species surveys, different mesh sizes can be deployed across the net or less selective nets like trammel nets can be used. Gillnets are relatively cheap and long lasting and catches can be reliably expressed as CPUE (Côté and Perrow, 2006). However, estimating the sampled area is not possible and removing caught fish and other organic or inorganic material out of nets can be time consuming. Furthermore, gillnets pose a risk of catching marine mammals and birds in some areas (Côté and Perrow, 2006). Additionally, gillnets can cause high mortality of the fish caught, especially if nets are set over a long period of time (Côté and Perrow, 2006).





4 Modern methods



4.1 Hydroacoustics

Hydroacoustic methods are based on the sound transmission properties in water (Tessier et al., 2016). Thereby, sound is generated by the conversion of a pulse of electricity produced by a transmitter. The sound then travels through the water column until it encounters an object and the echo is returned to the boat, where it is picked up by a transducer (Côté and Perrow, 2006). By that, echoes can provide information on the size and number of fishes and their distribution (Côté and Perrow, 2006; Johnston et al., 2006; Boswell et al., 2007). The areas of application are diverse and range from characterizing habitats to surveying the spatial and temporal movements of large mobile fish species (Murphy and Jenkins, 2010). Depending on the objective target different methodologies can be applied. In terms of detection of fish the common methodology is a split-beam echosounder, but also acoustic cameras, acoustic tagging and passive acoustics can be used to monitor fish assemblages (Murphy and Jenkins, 2010). Passive acoustics differs from other methods since the sound is not actively generated by a transmitter. Instead, underwater sounds are recorded using underwater microphones. In this way, ambient sounds, like sound coming from animals can be recorded. In the following, we focus on split-beam echosounder, acoustic cameras and acoustic tagging and will not discuss passive acoustics.



4.1.1 Split-beam echosounder

Split-beam echosounders are probably the most common method of hydroacoustic monitoring of fisheries resources and are used in a variety of traditional surveys. They are commonly used in monitoring pelagic fish stocks, like the Baltic International Acoustic Survey (BIAS) or the Baltic Acoustic Spring Survey (BASS). Other application areas include deep waters off the continental shelf (Johnston et al., 2006), shallow estuaries (Boswell et al., 2007) and mangroves (Krumme and Saint-Paul, 2003; Murphy and Jenkins, 2010). They commonly use horizontal and vertical beams to record the movement of fish and post-processing echo integration software to measure recorded biomasses. Advantages of this method are the ability of estimating absolute population estimates, the ability to map large areas quickly in a non-destructive way (Johnston et al., 2006) and immediately retrieve results. However, the exact taxonomic identification and individual fish length has to be proved by ground-truthing, which requires additional fishing hauls. Also split-beam echosounders are unable to detect species closer than 2m off the seafloor (Johnston et al., 2006), and therefore, are not appropriate for most demersal fish species.




4.1.2 Acoustic camera

The dual frequency identification sonar (DIDSON) produces near video-quality images of fishes by using sound (Holmes et al., 2006; Murphy and Jenkins, 2010). DIDSON can detect fish at ranges up to 15m from the camera at high frequency setting and 40 m distance at low frequency settings (Holmes et al., 2006; Murphy and Jenkins, 2010). Types of data include abundance estimates, length data and fish behavior (Moursund et al., 2003; Rose et al., 2005). The acoustic camera can be used in turbid and low light waters, and thereby, provide a great alternative to underwater visual census (UVC) or underwater video. It has already been proven to be an effective tool for fisheries stock assessments (Moursund et al., 2003). However, the application of DIDSON is limited to small-scale studies, and habitat structure can block the beams (Holmes et al., 2006; Murphy and Jenkins, 2010). Further, it only provides low taxonomic resolution, is expensive, and image analysis is relatively time-consuming (Holmes et al., 2006; Murphy and Jenkins, 2010).




4.1.3 Acoustic tagging

Acoustic tagging, besides other form of tagging such as radio frequency (RFID) tagging or satellite tagging is mostly used for studies on larger, mobile species and in association with MPA monitoring. Areas of research include homing behavior, movement and activity patterns, migration and use of space (Lowe et al., 2003; Egli and Babcock, 2004; Meyer et al., 2007). The type of acoustic tag used depends on the exact research objective. For short-term but fine scale movement data, active tracking of the acoustically marked animal is carried out with the help of directional hydrophones and acoustic receivers (Zeller, 1998; Afonso et al., 2008; Murphy and Jenkins, 2010). Residency and movement pattern data can be provided by a passive monitoring system using radio acoustic positioning telemetry (RAPT) buoy systems. Acoustically tagged fish within the RAPT system range are detected by acoustic receivers on buoys which communicate with a base station by radio signals or cable (Jorgensen et al., 2006). Long-term and large-scale studies use independent acoustic receivers to record movement patterns of acoustically tagged fish (Starr et al., 2005; Murphy and Jenkins, 2010). Thereby, acoustic receivers record time, date and identity of the tagged fish. Acoustic tagging techniques provide a great method to investigate spatial and temporal movement patterns of various species without recapture, which is required for standard tagging. However, due to high costs associated with tags, sample sizes are usually small, reducing statistical power (Zeller, 1999; Jorgensen et al., 2006). Additionally, the lifespan of tags is limited. Furthermore, fish need to have reached a certain size in order to be tagged. Further, fish must be extracted prior to tagging using conventional methods and therefore cannot be considered isolated from other methods. Tagging, consequently, always involves the use of any of the passive or active fishing methods, which is the focus of our manuscript, which needs to be considered when selecting a tagging method.





4.2 Underwater video

The development of underwater video technology can be traced back to the middle of the 20th century (Barnes, 1952). Technological developments since then have led to an enormous improvement in these methods and thus also to an increasing use of camera techniques in marine research (Mallet and Pelletier, 2014). The fields of application, as well as the technical details of the different methods vary greatly and offer a large pool of possibilities for non-destructive sampling methods. Video methods in general offer several advantages but also disadvantages compared to conventional methods like trawling. Video methods are by their design non-invasive and non-extractive and therefore have very little impact on the marine environment and can be applied in almost every habitat. They generate large datasets with extensive spatial coverage over a wide depth range (Letessier et al., 2015). In addition, video techniques can be applied in habitats where the use of other methods is not possible or prohibited. Thus, video techniques are more suitable for highly structured habitats (Starr et al., 2016) and possibly provide an option for use in offshore wind farms (OWFs) or wave farms (Sheehan et al., 2010). Video techniques require less scientific staff and can also be used from smaller vessels (Sheehan et al., 2010). Further, species selectivity is considered lower for video techniques (Harvey et al., 2012; Bacheler et al., 2013a; Christiansen et al., 2020), and the probability of detecting rare species is considered to be higher (Goetze et al., 2019; Langlois et al., 2020). However, systematic selectivity studies for video-techniques are still seldom as well as studies focusing on effective sampling design. Furthermore, analysis of video-material can be rather time-consuming, which might be the biggest challenge for future research. Another major limitation is the dependency of video-recording on relatively good visibility in the water.



4.2.1 Stationary video

A stationary unit can be anything, and hardware configuration can range from small tripods to large and heavy metal slides. They are categorized as remote underwater video (RUV) and baited remote underwater video (BRUV). Within these categories, there are wide variations in hardware and technical details, most of which are applicable to both categories (Table 3). First of all, a distinction can be made between the camera orientation, which can be either horizontally (H-RUV, H-BRUV) or vertically (V-RUV, V-BRUV) aligned (Fedra and Machan, 1979; Ellis and DeMartini, 1995; Priede and Merrett, 1996; Willis and Babcock, 2000; Willis et al., 2000; Jan et al., 2007). A horizontal orientation of the cameras is the most common, providing a greater field of view and reducing the risk of the system affecting behavior. Vertical alignment, on the other hand, offers the advantage of a simple calculation of the field of view as well as the possibility to easily perform length measurements. However, to our knowledge no studies focusing on fish using V-RUV have been conducted. Some studies also focus on a 360° view, which can be achieved either by using multiple cameras in an array, 360° cameras or rotating systems (Wells et al., 2008; Aguzzi et al., 2011; Pelletier et al., 2012; Schobernd et al., 2014; Starr et al., 2016; Mallet et al., 2021; Pelletier et al., 2021a; Pelletier et al., 2021b). Many of these techniques can be used not only with a single camera but also with a stereo camera, allowing more accurate length and field of view calculations (Harvey et al., 2002). This variety of technical setups can be applied to both RUVS and BRUVS. The precision of the monitoring differs from individual setups and purposes of the programme. Generally, studies using stationary systems assess species richness, relative abundance and length. Most studies use the relative abundance measure of MaxN (Priede and Merrett, 1996), which describes the maximum number of individuals of one species in a single frame. Video based methods, especially BRUV-systems have become very popular (De Vos et al., 2014; Whitmarsh et al., 2017). Besides the general advantages video-based methods offer, stationary systems have the advantage over towed video systems that fish are not scared by noise or movement of the system. They also have the potential to be used by non-scientific staff (Mallet et al., 2014) offering the integration into citizen science programs. Additionally, they can be deployed over long time periods offering the possibility to observe different activity patterns influenced by diurnal variation. Since stationary systems similar to passive gears are dependent on the activity of the fish, calculation of total abundances is not possible, observation duration is rather long and zero counts are common. Though the use of bait can attract a larger number of animals, it can introduce bias towards predatory and scavenger fish whose presence may deter other species. Further, the effect of bait and bait plume remains rather unknown (Mallet and Pelletier 2014). In addition to the general disadvantages of video-based systems, the above-mentioned limitations and the typically poor visibility in temperate waters result in a seldom use of stationary systems in temperate regions.


Table 3 | Overview of different stationary video observation categories, subcategories and references.






4.2.2 Towed video

Towed camera systems can be either sledges that lightly touch the bottom or towed bodies that hover just above the seabed. Most of the above-named technical details for stationary systems (section 4.2.1) are simultaneously applicable to towed systems. They can be either oriented vertically or horizontally, or use a combination of both (Trobbiani et al., 2018). Towed systems can also be equipped with either a single or a stereo camera, but to our best knowledge there has not been a device using 360° cameras. Towed systems are used for the detection of benthic invertebrates, habitat classification and/or detection of fish and are e.g. used in standardized surveys for anglerfish (Lophius spp.) (McIntyre et al., 2013). They can be used in various depths and are often not limited by habitat structure. Comparisons of beam trawls, diver transects and towed video for estimating the abundance of juvenile flatfishes have shown equal performance of the different methods (Spencer et al., 2005), making towed video an adequate non-destructive sampling alternative, which is inexpensive and simple to operate (Spencer et al., 2005; McIntyre et al., 2013; McIntyre et al., 2015). These systems are unrestricted to tow duration and efficient to record large areas of the seafloor quickly (Sheehan et al., 2010; McIntyre et al., 2015). However, a main disadvantage of towed systems may be due to the stability of the device, as towed camera systems usually have difficulties maintaining a constant height above the bottom (McIntyre et al., 2015). Consequently, difficulties arise in determining the exact transect size and complex evaluations of inclination and distance from the device are required. Other disadvantages and limitations might be the influence of environmental conditions on towing speed or visibility (McIntyre et al., 2013) or bias caused by fish behavioral responses to the towed video system (Stoner et al., 2008).





4.3 Molecular methods

Environmental DNA (eDNA) is a relatively new and promising non-invasive tool of molecular methods for marine environmental monitoring (Hansen et al., 2018; Garlapati et al., 2019; Salter et al., 2019; Maureaud et al., 2021). It is based on the principle that DNA is continuously released from organisms in the environment (Hansen et al., 2018). It describes the process of collecting DNA from different environmental samples (such as water, sediment, etc.) with the objective of obtaining information about biodiversity (Garlapati et al., 2019). Commonly water samples are first filtrated, followed by the extraction and preservation of DNA. eDNA is then extracted from the filter, sequenced, detected and then analyzed (see Garlapati et al., 2019). eDNA analysis can be based on two different approaches, depending on the aim of the study. The species-specific approach is based on eDNA barcoding, while the multispecies approach is based on eDNA metabarcoding (Hansen et al., 2018; Garlapati et al., 2019). eDNA offers a cost-efficient, quick and sensitive method (Hansen et al., 2018; Garlapati et al., 2019) to detect e.g. invasive species (Gold et al., 2021). Thereby, it can potentially detect the presence of fish in bottom waters and is regarded to be especially promising for studying rare marine species, which are hard to detect by traditional methods (Garlapati et al., 2019; Salter et al., 2019; Russo et al., 2020; Afzali et al., 2021; Maureaud et al., 2021). For instance, studies in the West Antarctic Peninsula revealed signatures of benthic invertebrates, endemic fishes and king crabs (Cowart et al., 2018). Also studies in the Baltic Sea proved eDNA to be a successful tool in detecting fish communities (Thomsen et al., 2012; Sigsgaard et al., 2017). And species-specific analysis indicate that eDNA concentrations correlate with biomass and abundance (Takahara et al., 2012; Maruyama et al., 2014; Doi et al., 2015; Hansen et al., 2018).

However, abundance estimation is usually problematic, as concentrations of eDNA are influenced by many factors. First, organismal production rates, release of DNA, can differ between species, size and metabolic rates. Therefore, studies need to investigate the influence of environmental factors on metabolic rate and release of particles for different species and sizes. Second, degradation rates of eDNA particles can vary between ecosystems and areas most likely related to other environmental processes. Studies on the influence of abiotic and biotic factors on degradation have shown that temperature, solar radiation and pH-concentration cause large variations in the persistence of eDNA particles (Strickler et al., 2015; Hansen et al., 2018). Third, the physical transport in order to determine the exact origin of the eDNA is largely unknown, which is another challenging issue in terms of eDNA analysis (Hansen et al., 2018). Currently fish is the most studied group with the eDNA approach and there is already good concordance between eDNA surveys and traditional survey methods in terms of species detection (Maruyama et al., 2014; O’Donnell et al., 2017; Hansen et al., 2018; Salter et al., 2019). However, eDNA results are still seldomly used in ecosystem management, as the effective use of eDNA tools would require further addressing of the above mentioned uncertainties that exist in data elucidation (Garlapati et al., 2019). A major problem arises with the false positives and false negatives and the reasons for those have to be investigated further (Garlapati et al., 2019).





5 Fit-for purpose monitoring – how to choose

Monitoring is a complex issue and several factors need to be considered when deciding on the appropriate monitoring concept. A monitoring concept should be designed based on the questions to be answered and data requirements, on habitat characteristics, target species and resource availability (Henseler and Oesterwind, 2023) as well as conservation management decisions and technical restrictions. This also means that in cases where extractive methods are not absolutely necessary to answer the specific question (e.g. documentation of abundance & biodiversity), the use of alternative less invasive methods can be considered. Based on this review we identified criteria, which we suggest are fundamental in order to choose the appropriate method for monitoring (Figure 1). It should be noted here, that the respective classification of methods is referring to various criteria and is not always appropriate for all subcategories of the individual methods. In this context, it is important to emphasize that none of the described methods can provide true species richness or abundance/biomass information (Hansen et al., 2018). This is due to the specific selectivity and catchability of the individual method, which is why it is crucial to estimate selectivity patterns for each type of method within the development of monitoring programs (Christiansen et al., 2020). Additionally, combining different methods can be effective in reducing method specific bias and can increase the range and detail of data from spatial surveys (Willis et al., 2000; Watson et al., 2005; Murphy and Jenkins, 2010). Another issue that should be considered is the required workload. Despite certain methods might be less expensive and are less labor intensive in the field, post-fieldwork workload can increase compared to traditional methods. This applies in particular to hydroacoustic and video-based methods, as post-processing of data can be very time-consuming. However, with the rapid development of artificial intelligence-based methods, the workload for the processing of these data might soon be reduced.




Figure 1 | Different target criteria and attribution of methods. The first row refers to criteria related to the target parameters, second row refers to criteria related to target species/groups and habitats, third row refers to criteria related to resources needed. In case not all methods belonging to one observational category are appropriate for the respective target, individual methods are listed.






6 Baltic case study

The Baltic sea is a semi-enclosed, low-diversity brackish sea with a long history of anthropogenic use and currently suffers from multiple stressors like eutrophication, deoxygenation, acidification, warming and overfishing (Reusch et al., 2018). There is an increasing demand of Offshore Windfarms with a planned increase in the long term from 31 OWFs with a spatial expansion of around 500 km² to 149 OWFs with an approximate 5-fold expansion (Haase et al., 2023). Currently fishing for commercial use and fisheries research is prohibited (Haase et al., 2023) within OWFs. Besides the drastic expansion of OWFs in the Baltic Sea, marine protected areas (MPAs) will likely be expanded so that 30% of the EEZ are under protection and 10% of those under special protection by 2030 (EU, 2021). A special case of MPAs are the ‘sites of community interest’ (SCI) and ‘special protection areas’ (SPA) which form the Natura2000 network. In the German EEZ of the Baltic Sea six of those MPAs were implemented in 2017 with different management options. At least in parts of the MPAs commercial fishing with mobile bottom contacting gears will be excluded most likely in 2024, to protect reef and sandbank structures. Since it is not finally clarified whether traditional monitoring methods like bottom trawling are still viable in MPAs and are no longer an option in OWFs, the areas where traditional mobile bottom contacting methods have been used decrease while the area of “black boxes” in fisheries science increase. For example, some sampling stations of the ICES coordinated Baltic International Trawl Survey (BITS), which aims to provide data on demersal commercial species, in fact collide with OWFs in the Baltic Sea (Haase et al., 2023) (Figure 2) and become “black boxes” for fisheries management. Therefore, adaptive methods to collect data are required to be able to i) detect changes in fish communities occurring in these areas and ii) provide information for fisheries management (ICES, 2023) if necessary.




Figure 2 | Western Baltic Sea including FFH–areas in- and outside of the German EEZ and coastal waters, Offshore Windfarms (OWFs) of different scenarios (defined according to Stelzenmüller et al., 2022) and affected stations of the Baltic International Trawl Survey (BITS).



To do so, data is required to evaluate relative changes in fish species diversity, abundance and biomass, as well as in food web, when assuming that the benthic fauna is changing after the exclusion of mobile bottom contacting gears or due to reef effects due to OWPs, in order to address the condition of fishes and fish communities (see Figure 1). However, in order to assess changes in species diversity a multi-species approach might be required. Furthermore, the respective method should be applicable in multiple and structural complex habitats since Baltic Sea MPAs are characterized by gravel and coarse, stony reefs or sandy bottoms. Therefore, a combination of different methods might be the best solution for a future monitoring strategy in MPAs and OWFs.

Common methods for monitoring MPAs include underwater video census (UVC), video-based observations, passive fishing gear or hydroacoustic methods. However, as mentioned above, most of them are often used in tropical reef areas, where conditions differ from those in the Baltic Sea. UVC methods for example require the engagement of divers, which in return results in depth and time limitations. Further, visibility and light conditions are often better in tropical and reef areas compared to temperate deeper areas, which results in problems using underwater video. In the Baltic Sea, for example, increased primary production results in a reduction of light penetration during blooming periods (Hopkins, 2000). However, since video-based methods have successfully been used for studies in Baltic Sea cobble and artificial reef areas and sand habitat (Rhodes et al., 2020; Wilms et al., 2021), they can be considered as a promising alternative. Since MPAs cannot be isolated from many activities and impacts outside their boundaries (Halpern et al., 2010), changes in MPAs are more likely expected to occur in less-mobile or less-migratory species (Pilyugin et al., 2016), especially in the Baltic MPAs which are relatively small. Less-mobile species are often associated with a benthic lifestyle, which further minimizes the pool of appropriate methods. Therefore, most hydroacoustic methods are not applicable here (see 4.1). However, acoustic cameras still provide a good opportunity for collecting abundance data in a relatively large spatial frame. Monitoring MPAs often aims to provide data on species diversity and follows a multi-species approach. Therefore, high taxonomic-resolution is needed, which might require the use of complementary methods like eDNA or extractive methods like potting or gill-netting. Methods used in studies evaluating the effect of OWFs on fish communities include trawling, seine and gill netting, angling, hydroacoustics, underwater video, dredging and UVC (Andersson et al., 2007). Since, the use of mobile bottom contacting gears is prohibited in OWFs in the German EEZ dredging, trawling and seine netting will most likely not be possible. Further, the above-mentioned data requirements and constraints for MPAs will most likely also apply to the case of OWFs. Consequently, methods that might be fit for purpose for monitoring fish communities in MPAs or OWFs include passive fishing (e.g. gill netting, angling), underwater video (towed or stationary), eDNA or hydroacoustic methods (acoustic tagging, acoustic camera). However, none of the above-mentioned methods will be able to show the complete picture. Due to gear specific catchability and selectivity, biases of each method have to be assessed beforehand in order to develop an appropriate monitoring strategy. In a MPA case study in the Baltic, pre-investigation on the use of alternative methods, especially video stations and eDNA, have so far only been able to detect a few species. However, eDNA in particular was able to record species that were not found in the catches of the 2m or 3m beam trawl (Hammerl, unpublished). Overall, the sampling effort for the alternative methods was low and a direct comparison with the beam trawl catches was not always possible. The number of species observed will most likely increase with increased effort. Beside the testing of alternative monitoring methods, monitoring design and optimal effort will be developed.




7 Conclusion

Our study revealed that while new sampling methods are already accessible in certain cases, they often require further refinement and development and provide less information compared to traditional bottom trawling. However, in some cases the less available data can be sufficient to address specific research questions. Since all methods have diverse and perspective-dependent advantages and disadvantages, identification of a suitable method can be challenging. The use of non-or less invasive monitoring methods in our case study is still very limited. Designing such a monitoring can be complex, especially in terms of standardization, sampling design and effort. Information about gear performance, effort quantification, catchability and selectivity of different gears have to be collected to design a cost-efficient and statistically robust monitoring program for marine protected areas and OWFs where mobile bottom trawling will likely be or is excluded. Additionally, integrating the here discussed methods into existing long-time series requires calibration experiments to ensure the quality and the right interpretation of the data. Moreover, the results show that bottom trawling is still needed, because there is currently no alternative sampling method for the data requirements of EU fisheries management for example. Data on age structure and reproductive capacity cannot be generated without extracting the fish and often requires the dissection of the fish. However, it becomes clear, that due to the current and future restrictions in fisheries data collection methods, alternative data collection methods become increasingly important.
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