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Abstract— A continued expansion of the marine renewable 

energy sector will result in an increased demand in monitoring 

the natural marine environment. This may be due to a basic 

scientific interest but is foremost linked to the requirement of 

pre- and post-construction studies in relation to environmental 

impact assessments and consenting processes for marine 

renewable energy projects. With focus on wave and tidal power, 

but without attempting to provide a comprehensive list, we 

review methods, technologies and other scientific tools used for 

monitoring and predicting possible impacts from marine energy 

installations, on both population and behavioural levels. This 

includes traditional methods such as fishing gear, like nets and 

cages, modern technologies such as platforms with multi 

parameter equipment and the use of deterministic models. This 

paper is intended to serve as an overview for technology 

developers as well as authorities, regulators and decision makers 

with interests in general techniques, and naturally for scientists 

and consultants commonly being executors of studies and 

monitoring programs. By giving relevant and up to date 

references this paper may also be useful for finding more 

detailed information on study methods and variants. Finally, we 

give recommendations on where development of technologies is 

needed in order to face future requirements. 

 

Keywords— Environmental monitoring, Monitoring techniques 

and platforms, Models, Impact assessment, Wave power, Tidal 

power, Offshore windpower, Marine renewable energy 

I. INTRODUCTION 

The world energy demand is continuously increasing due to 

new industries, growing human population and transition from 

fossil fuel to renewable energy. The expansion of the marine 

renewable energy sector, aiming to deliver clean and 

sustainable sources, leads to an increasing demand in 

environmental monitoring. Marine habitats are already under 

severe pressure from other human activities such as fishing, 

boat traffic, mining and others [1]. Tidal and wave power are 

rising technologies which are on the way of becoming 

established energy resources such as offshore wind power. 

However, technical and non-technical barriers still need to be 

overcome for a full commercial use of marine renewable 

energy (MRE). One of the barriers is the uncertainty of 

possible environmental impacts of these new technologies. 

There is a need for adequate research to underpin decisions on 

site selection and the design of future projects to maximise 

potential ecosystem benefits and minimise potential 

ecosystem degradations [2] and [3]. 

Environmental monitoring procedures should be a naturally 

accepted part of all renewable energy projects and consenting 

procedures, and in most cases they are. One important issue is 

to detect possible impacts early and thus provide the chance 

for mitigation during all phases from pre to post installation. 

With the complex spatial and temporal aspect in mind it is 

even more important to have a common reliable basis of 

monitoring methods, procedures and standardisations. 

Methodology determination is depending on various factors 

such as present stressors, the used technology and the MRE 

device characteristics, as well as the receptors such as 

keystone species, organism groups or habitats. Not at least, 

economical capacities of the project influence the choice of 

monitoring methods. In the case of tidal power installations, 

moving parts are of special attention for marine mammals, 

birds and other migrating species but also wave power devices 

can contain threats for species or habitats [2]–[4]. The 

receptor such as species of concern or red listed species, 

populations or habitats are often the key aspect when it comes 

to site selection. The complexity of selecting suitable methods 

becomes clear when merging aspects of different stressors, 

receptors and the variety of modern and traditional monitoring 

methods including models. Additional to the temporal scale, 

the phase of the project affects the choice of monitoring 

methods. The construction phases can be distinguished 

between pre- to post-construction phase in which each phase 

displays different characteristic disturbances. 

With focus on wave and tidal power, but without 

attempting to provide a comprehensive list, we review 

methods, technologies and other scientific tools used for 

monitoring and predicting possible impacts from marine 

energy installations, on both population and behavioural levels. 

II. TRADITIONAL MONITORING METHODS 

Traditional monitoring methods of marine fauna can be 

divided into active and passive applied gear, grab and core 

samplers and survey methods by boat, plane or diving. 

Actively towed nets such as trawl or dredges are assigned to 

active capture techniques and often have destructive impact to 

the habitat or species. See also Table III for further listings of 

methods. Passive capture techniques such as fyke nets, gill 

nets or cage fishing gear are dependent on the movement of 

the animals itself. Many classical monitoring methods 

emerged from commercially used fishing methods. The 

following section presents commonly used traditional methods 
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for environmental monitoring. Application for monitoring of 

the physical environment are partly common as well, but are 

here not further mentioned. The cited references provide 

additional illustrations and schemes of the respective tools. 

A. Core and grab samplers 

Core and grab samplers are benthic sampling devices of 

different sizes and mechanisms with the application in biology 

and geology. Beside application for sediment analyses and 

geological matters, essential target species resemble benthic 

invertebrate species.  

Whilst various types of grab and core samplers for seabed 

substrata and benthic infauna exist, the choice of sampling 

devices is mainly determined by the hardness and 

compactness of the sediment. Many benthic sampling devices 

are unsuitable for coarse sediments such as the Day grab or 

the Van Veen grab samplers [5]. Coarse sediments will hinder 

the penetration of the sampling device and prevent proper 

sealing of the core barrel or grab sampler [6]. However, both 

the Day grab sampler (standard sampler for most UK infauna 

sampling) and the Van Veen grab sampler (mainly used in 

continental Europe) are widely used due to their easy 

deployment. Samplers like the Vibrocorer are appropriate for 

sampling in coarse sediments. The method is widely used in 

geoscience and the deployment requires large boats and 

winches due to the weight of the corer. Generally, grab 

samples allow quantitative and qualitative evaluation of the 

benthic infauna community and are possible to apply during 

all phases from pre- to post- deployment. The sampled surface 

area for the small Van Veen grab sampler and Day grab 

sampler is about 0,1m2, and smaller for the Vibrocorer with 

about 0,01m2 – 0,007m2 [7] and [8]. This small surface area 

makes it unsuitable for macro faunal investigations [6]. One 

drawback is that larger benthic epifaunal species and motile 

species with fast avoidance reaction might not be covered by 

these methods [5]. For this purpose, other sampling 

techniques, such as semi-qualitative towed devices for 

example dredges or trawls but also cage fishing are more 

applicable. In this regards, alternative techniques for in-situ 

surveys might be high definition video and photography, 

diving surveys or an appropriate active or passive acoustic 

method. It is important to choose a suitable combination of 

methodologies in order to obtain a meaningful synthesis of the 

different biota and animal populations. 

 

Key parameters 

-Infauna community and benthos 

-Quantitative and qualitative data 

-Special equipment and personnel might be needed depending 

on the dimension of the sampler  

-Applicable during all phases, pre- to post-deployment 

 

 

 

 

 

TABLE I 
OVERVIEW OF TRADITIONAL CORE AND GARB SAMPLERS, MODIFIED AFTER [5] 

Sampling 

device 

Sampled 

surface 

area 

Weight of gear 

without sample 

Suitable for 

coarse 

sediment 

Mini-Hamon 

Graber 

0,1m2 300kg + 

additional weight 

up to 300kg 

Yes 

Day Graber 0,1m2 80kg + additional 

weight up to 

80kg 

No 

Van Veen 

Graber 

0,1m2-

0 ,2m2 

80-100kg No 

Costerus 

Graber 

2x0,1m2 400-480kg Yes 

Shipek 

Graber 

0,4m2 80kg Yes 

Hapscore 

Graber 

0,015m2 108-168kg Yes 

Vibrocorer 0,007-

0,01m2 

1450-3500kg Yes 

 

B. Actively towed nets - trawls and dredges 

These nets are designed to be actively towed over the 

seabed. Trawls and dredges exist in various types. These 

devices are made to sample epifaunal assemblages and can be 

used almost over any type of seabed even over rocks. 

Epifaunal organisms such as fish, crustacean and other 

invertebrate species have a wider size-range compared to the 

infauna community. They are better covered with actively 

towed trawls or dredges, compared to core and grab sampling 

devices. Trawl and dredges are designed to sample over the 

seabed. However, trawling devices also exist in pelagic 

variants, such as midwater trawls, in order to target pelagic 

species. Similar to the core and grab samplers, the use is also 

dependent on the type of seabed. It is to notice that samples 

can be partly destroyed by stones when the net is applied on 

boulder areas.  

Assessing semi-quantitative estimates of population 

densities for comparative purposes requires the 

standardization of conditions and duration of towing. It is 

necessary to record start and end positions to calculate 

appropriate towed distances. However, this is not easy, 

especially in deeper waters. To facilitate this process, various 

tools such as towed cameras, measuring wheels, trawls with a 

mechanically activated device for opening and closing the 

sampler or real-time video systems are applied [9]. 

Local variations and heterogeneity of seabed conditions can 

limit the towing speed. A general guideline implies an even 

towing speed, with a maximum of 1,5kn [5]. Dredges should 

be avoided when trawls are possible to be used, due to their 

damages on the seabed.  

Actively towed nets can be useful during pre- and post-

construction phases of wave and tidal power devices. Spatial 

problems caused by deployed devices favor the use of other 

monitoring methods.  
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Key parameters 

-Epibenthos (fish, crustacean and other invertebrate species) 

-Semi-quantitative or qualitative data 

-Special equipment and personnel might be needed depending 

on the dimension of the gear  

-Possible spatial problems caused by deployed devices 
 

C. Passive capture techniques for fish and macro crustacean 

(nets, cages and traps) 

Passive techniques involve capturing the animal by their 

behaviour and movement [10]. Passive devices are generally 

simple in design and use. Typically there is no need for 

specialized personnel neither large vessels [10], but 

involvement and support of experienced fisherman can be 

useful. Samples from passive nets and cages are taken 

continuously over a period of time e.g. 12h / 24h, which has 

the advantage of dampening the effect of diurnal variations in 

fish or macro crustacean behaviour [11]. However, all passive 

sampling devices have certain selectivity for sizes, species or 

gender of animals that must be considered for data analyses. 

The following section presents three different methods: 1. Gill 

nets, 2. Cages, creels, pots and 3. Fyke nets. For each method, 

there are various sub techniques that can be used for 

monitoring purposes (see Table II). 

 

1) Gill nets:  Gill nets are commonly used in commercial 

fishing in both fresh and saltwater, and are a common tool for 

sampling of fish communities for monitoring purposes [12]. 

The plane net panel can be up to 100 m long and gill nets 

exists for both benthic and pelagic conditions. Gill nets are 

known to have a high degree of size selectivity towards 

underestimation of small individuals [12].  

From an ethical point of view an obvious drawback of this 

method, as with other methods such as trawling or dredging, is 

animal mortality. For long-term observations involving 

capture and recapture of individuals, this is undesirable and 

other methods such as cages or fyke nets should be applied.  

 

Key parameters  
-Demersal and benthic fish and macro crustacean 

-Qualitative data 

-No special equipment or personnel necessary 

-Possible spatial problems caused by deployed devices  

 

2) Cages, creels and pots:  The use of cages for 

experimental studies has a long history and can be useful for 

monitoring purposes and experimental field studies around 

renewable energy installations. Capture recapture, telemetry 

and other marking techniques are complementary approaches 

in monitoring practices and require vital individuals with good 

health conditions. Fishing cages and fyke nets provide such 

techniques [13].  

The enclosure of individuals into cages was used by [14] to 

detect behavioral abnormalities of rock crabs, exposed to 

electromagnetic fields from subsea cables. Nedwell et al. 2003 

[15] used cages to investigate potential behavioral changes of 

caged brown trout while exposed to noise from pile driving 

during the installation of renewable energy devices. 

Using fishing cages for assessing the community of fish or 

macro crustacean species is a method applicable in different 

scales. Cages are easy to handle and implementable on any 

kind of seabed [10]. Furthermore, as a non-destructive method 

neither for the habitat nor the caught species, it is suitable to 

combine with tagging techniques as well as capture and 

recapture experiments to investigate population dynamics. 

Size and type of cages can limit the diversity in sizes and 

species of the capture. Most cages are designed for 

commercial fishing and are therefore selective for rather large 

sized individuals. This makes it difficult to cover a veritable 

reflectance of the community composition. Still, commercial 

species are often of especial interest in impact assessments.  

 

Key parameters 

-Demersal and benthic fish and macro crustacean 

-Qualitative data  

-No special equipment or personnel necessary 

-Applicable during all phases; pre- to post-deployment 

 

3) Fyke nets:  Fyke nets are a type of passive sampling 

devices which rely on the willingness of fish and crustacean to 

enter the net; therefore, biased towards more active species 

[10]. Bait is often used to attract individuals and obtain high 

catch rates. It is common to use alongside cages, but it may 

influence species composition of a catch towards predator 

dominated species [11].  

Fyke nets mainly target demersal and benthic fish species 

as well as macro crustaceans [11]. This method is usually 

applied in costal zones, freshwater or general shallow waters 

[10]. Applications are suitable for complex habitats with for 

example vegetation. Unlike gill nets or actively towed gears 

for fishing such as trawl, individuals can be released after 

being captured. In this respect it is comparable with the use of 

cages. With the help of leaders and wings, fyke nets cover 

larger areas compared to cages. Applying fyke nets in strong 

currents or deep water can be problematic and predation 

inside the net can also occur and must be considered [11]. 

 

Key parameters 

-Demersal and benthic fish and macro crustacean 

-Qualitative data 

-No special equipment or personnel necessary 

-Applicable during all phases; pre- to post-deployment 
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TABLE II 
OVERVIEW OF TRADITIONAL PASSIVE SAMPLING DEVICES SUBDIVIDED FOR 

DIFFERENT DEPTH RANGES, MODIFIED AFTER [10] 

Bottom (benthic)  Midwater (pelagic) Near shore 

Gillnet; sinking Gillnet; suspended Gillnet; sinking 

Trammel net; 

sinking 

Gillnet; drifted Trammel net; 

sinking 

Pot/Cage gear Trammel net; drifted Fyke net 

Angling gear; 

sinking 

Angling gear; 

suspended 

Trap gear 

  Pot/cage gear 

  Angling gear; 

sinking 

 

D. Survey methods  

Visual surveys conducted from boats or planes to monitor 

birds, marine mammals and turtles for monitoring purposes 

can also be suitable for the collection around renewable 

energy sites [16]–[18]. A combination of aerial survey and the 

use of high resolution digital photo or video material to 

estimate and determine individuals can be useful [19]. The 

right timing and experienced personnel are key aspects when 

it comes to visual sightings.  

When focusing on birds, marine mammals, turtles and 

sharks, active acoustic and passive acoustic methods and the 

use of radar and telemetry tagging can be complementary and 

indispensable methods [20] and [21].  

Scientific SCUBA Diving is assigned as traditional multi-

purpose survey technique. Diving is a non-destructive visual 

survey technique, providing an image of species composition 

at locations even very close to renewable energy devices, 

where other monitoring methods such as nets or cages cannot 

reach [22]. It also covers small and cryptic species which 

cannot be observed by active or passive acoustic instruments 

[23] and [22]. However, the presence of divers can scare 

species and rapidly moving animals can hinder exact 

recordings of numbers of individuals and species [9]. 

Additionally, diving can support taking quantitative samples 

such as sediment cores [24], [25], suction samples [9], 

applying cameras [24], sampling along transects [25], [26] or 

can conduct experimental studies. Still, as handy the method 

of diving might be, there are limitations and the use of it as an 

initial survey method is unsuitable. Restriction to certain 

maximum depths, limitation in exposure time, life risks, high 

costs and the need of calm weather and visibility conditions 

cannot always be meet and fulfilled at MRE harvesting sites.  

 

Key parameters 

-Survey method is selected depending on target species 

-Qualitative and semi-quantitative data 

-Special equipment and skilled personnel necessary (camera, 

boat, plane, diving equipment) 

-Applicable during all phases; pre- to post-deployment 

 

 

 

III. UNMANNED MONITORING TOOLS  

In MRE projects, environmental concerns are often related 

to potential collision risks between marine animals and 

underwater structures, potential occurrence of reef effect, 

amongst others. Apart from high operational costs, traditional 

monitoring techniques, e.g. visual observations or biological 

sampling, are greatly limited by weather conditions, safety 

issues and survivability in high-energetic sea conditions [27] 

and [28]. Therefore the use of other methods such unmanned 

platforms, have been increasing over the years. Unmanned 

environmental monitoring platforms can be either fixed or 

moving vessels. The class of moving platforms can be 

remotely operated vehicles (ROV) or fully autonomous 

vehicles (AUV) that operate on the surface or can be 

submersible. The vehicles can be used for a variety of 

missions and can take several monitoring instruments on-

board. Some examples of moving platforms are, Autonomous 

Underwater Vehicles (AUVs), underwater buoys and gliders, 

remote operated vehicles (ROV), drifting buoys, towed 

underwater vehicles, satellites, airplanes [29] and [30]. Drones 

could emerge as a new monitoring tool and seem to have a 

promising future in the field.  

Fixed platforms can be fitted with echo sounders, sonar 

systems, acoustic water column profilers, hydrophones, C&T-

PODs, cameras among other instruments (see Table III). Table 

III lists commonly used and well known instruments, however, 

others exist. For biomass estimation and fish behaviour, the 

use of surface buoys or fixed structures located at target points 

is the most common approach [31]–[34]. Fixed platforms are 

also, if not mostly, used to house resource assessment 

instruments that measure physical variables such as wave, 

wind and currents. Fixed platforms are commonly 

(commercially) named as data buoys. They can be found in 

several sizes and types, as an example are the buoys of the 

National Data Buoy Center (NDBC) [35]. More information 

about the development of data buoys can be found in [36]. 

Fixed platforms also integrate sensors for physical 

(temperature, salinity, turbidity, pressure, tide), optical and 

chemical observations (dissolved oxygen, chlorophyll-a, 

nitrate, oil spill) [37]. When the interest is to observe sea bird 

behaviour in MRE farms, X-band marine RADAR (radio 

detection and ranging) can be used [38]–[41].  

ROVs provide the possibilities to accomplish most of the 

tasks that divers can perform at lower risk and cost. Moreover, 

the use of techniques for quantitative sampling that could only 

be done by a direct human supervision can now easily be done 

by ROVs. An example is the development of ROVs that can 

monitor and control the invasive population of lionfish in the 

Atlantic Ocean by capturing individuals in a certain quota per 

dive [42]. 

Unmanned monitoring platforms such as submersible 

equipped with cameras, sonars and sediment traps can be used 

to perform extensive monitoring of biomass that could only be 

done by divers at limited time and space resolution.  
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TABLE III  

OVERVIEW OF MONITORING INSTRUMENTS PARTIONED FOR DIFFERENT FUNCTIONS AND APPLICATIONS 

 Instruments                              Applications Functions Explanations 

Active Acoustic 

ABS 
 

Measurement of particle size within the water 

column  
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 

 

 
 
 

ABS: acoustic backscatter sensor 

ADCP: acoustic Doppler current profiler  

AUV: autonomous underwater vehicle 

AWCP: acoustic water column profiler 

CTD: conductivity temperature depth  

LIDAR: Light detection and ranging 

ROV: remote operated vehicle 

ROSV remote operated surface vehicle 

T/C-POD: porpoise detectors 

 

Resource assessment & monitoring  

Biomass estimation  

Fish behaviour  

Marine mammal behaviour  

Benthic monitoring  

Biofouling  

Reef effect  

Collision risk monitoring  

Seabed inspection  

Structural inspection & monitoring  

Erosion monitoring  

Wake & turbulence monitoring  

Water quality monitoring  

Sediment transport monitoring  

Sea states & weather monitoring  

Bathymetry  

Oil spill & other leaks  

Navigation & positioning  

ADCP  Water column profiler of current velocity, plankton 

Altimeter  Depth estimation   

AWCP  Water column profiler of plankton, nekton & fish 

Echo sounder 
 

Tracking of fish, plankton, marine mammals, marine 

organisms, aquatic vegetation, gas bubbles, oil 

droplets, depth, substrate classification, water masse 

Imaging sonar 
 

Acoustic images of underwater objects, and bottom 

features, fish, marine mammals 

Multibeam sonar 
 

Bottom topography, leak detection, tracking of fish,  

marine organisms & mammals, underwater object 

detection 

Scour monitor  Detection & monitoring of erosion near foundations 

Sonar 
 

Tracking of marine organisms, fish, marine 

mammals, underwater objects 

Subbottom profiler 
 

Identification & characterization of layers of 

sediment or rock under the seafloor 

Acoustic 
anemometers 

 Measurement of wind velocity 

    

Passive Acoustic 

Hydrophone 
 

Tracking of underwater sounds of manmade objects, 
marine organisms & mammals, background noise, 

anthropogenic noise incl. leak noise. 

C&T-POD  Tracking sound emitted by marine mammal  

    

Electromagnetic 

RADAR 
 

Monitoring of surface currents & waves, birds, 

marine mammals. 

Tidal gauge 

RADAR 
 Measurement of tidal heights 

CTD 
 

Salinity (conductivity), temperature, depth 

(pressure), dissolved oxygen, chlorophyll. 

Electromagnetic 

current meter 
 Measurements of current velocity 

 EMS - meter  Measurement of electromagnetic field 

    

Optical 

Camera and video 

 

Marine organisms, fish, corals, marine mammals. 

Structural inspection, gas bubbles, leak detection, 

navigation etc. 

Fluorometer  Chlorophyll A, fluorescence, oils spill monitoring 

Laser Doppler 

anemometry 
 Measurement of wind velocity 

Turbidity meter 
 

Measurement of particle size within the water 

column 

Secchi disk  Water transparency 

Radiometer 
 

Monitoring of diffuse attenuation, photosynthesis, 

energy flux, & several other optical water properties. 

Infrared Camera 
 

Structural inspection, gas bubbles, leak detection, 

navigation. Monitoring of marine organisms, fish, 
and corals. 

 LIDAR 
 

Mapping and characterisation of the seabed and 

monitoring of fish and marine mammals  
    

Electro-

mechanic & 

Manual 

Current meter  Measurements of current velocity 

Wave buoy  Sea state estimation, wave measurements 

Flow meter 
 

Measurements of volume of water passing through a 

controlled sector 

Sediment sampler 
 

Various samplers for different forms of sediment 

samples 

Dredge and Trawl  Benthos and Epibenthos collector 

Water sampling 

bottle 
 

Bio-chemical water properties (plankton, nutrients, 

etc.) 

Net  Fish, plankton, suspended marine organisms 

Cage  Fish, crustaceans, other marine organisms 

Diver 
 

Sediment collector, inspection, biomass estimation, 

etc. 

Submersible 
 

Sediment collector, inspection, biomass estimation, 

etc. 

    

Platforms 

Moored buoy  Multi-parameter monitoring 

AUV 
 

Multi-parameter monitoring 

ROV  Multi-parameter monitoring, inspection, navigation 

ROSV 
 

Multi-parameter monitoring, inspection 
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Today, most of the deep sea fish nets are deployed and 

supervised with the aid of towed under water vehicles 

equipped with multibeam and imaging sonar systems, cameras 

and thrusters that can steer the net to precise location where a 

school of fish is located. Although, practically any instrument 

can be on board of such platforms, it is more common to have 

acoustic instruments for biomass monitoring, water property 

measurements, and seabed inspections. 

There are several platforms already developed specifically 

for monitoring MRE devices. The FORCE project in the Bay 

of Fundy integrated acoustic instruments such as multibeam, 

side scan sonar systems, and hydrophones, among other water 

column and seabed profilers in order to monitor the space 

surrounding tidal power turbines [43]. The European Marine 

Energy Centre LTD (EMEC) has developed its own 

monitoring platform which integrates several measurement 

instruments such as a current profiler, hydrophones, a sonar 

and a Conductivity, Temperature and Depth sensor (CTD). 

The NERC/Defra collaboration FLOw, Water column and 

Benthic Ecology 4-D (FLOWBEC-4D), is basically a set of 

sonar systems designed to monitor marine animals within a 

designated water column. Uppsala University has been 

developing an underwater multipurpose platform that can host 

dual-beam, split-beam and multibeam sonar systems, acoustic 

Doppler profilers (ADCPs), cameras, hydrophones sediment 

traps among other devices [31]. 

As above mentioned, an unmanned monitoring platform 

can house virtually any kind of instruments or sensor for 

environmental monitoring of MRE devices, and Table III 

covers examples of a large number of instruments that could 

be integrated onto platforms. 

Due to its versatility, safety, low-logistics, and cost-

effectiveness, unmanned monitoring platforms can be seen as 

advanced tools that complement the traditional and more 

stablished methods.  

 

 

Fig. 1 Top side of the submerged tripod platform unit, equipped with a 

multibeam sonar, splitbeam sonar and a video camera [44]. 

 

IV. MODELS 

The use of mathematical and numerical models in biology 

dates back to the end of the 18th century when T.R. Malthus 

and P.F. Verhulst developed models explaining the basics for 

population growth rates first implemented in fisheries for 

understanding of possible fish stock yields. In the 1920s, 

when ecology as a science yet was in its cradle, and inspired 

by theories of economics, A. J. Lotka and V. Volterra 

developed the first deterministic population dynamic model 

which became a cornerstone in understanding animal 

population dynamics. Over the years models have been further 

developed and inspired several fields of ecology, from basic 

research to more applied conservation ecology. 

Basically, population size depends on number of births and 

deaths but also migration. All population do vary in number 

over time due to natural causes, depending on factors such as 

climate variability (including catastrophic events), variation in 

food resources etc. Expanded and more in detail factors such 

as individual fitness (relative reproductive success), intra 

(within) and interspecific (between species) competition, 

energetics, predation, and parasitism could be included in 

models as well as anthropogenic components such as habitat 

degeneration, anthropogenic disturbance, hunting and fishing. 

At larger scale the change in numbers of separate but 

connected populations, through migration, form 

metapopulation dynamics. 

As from a nature conservation point of view the purpose is 

to maintain or at least not critically endanger populations or 

species, locally and regionally. Along with an expected large 

expansion of the renewable industry concerns have be risen on 

the effect of a number of species and groups of organisms [2] 

and [3]. Therefore, and along with empirical field studies, 

predictive models have been used as a complement to direct 

observations and field studies. Whereas instrumentation can 

be used for monitoring both, physical and biological 

environment models, they are more specific, and here we 

describe examples of bio- ecological models only. The wind 

power development has resulted in the use of a number of 

different ecological models, and more recently also within 

marine energy, especially within the tidal power development. 

Early attempts of modelling in wave power projects have been 

conducted on biofouling impacts by [45]. From the experience 

of models used in connection with wind energy development 

we here describe models that have or most likely will be used 

within related future marine energy (wave and tidal) 

developments. 

Why use models in conservation ecology and impact 

assessment of renewable energy projects whereas single 

projects or large scale (cumulative) impact? The short answer 

is that the use of models can be a complementary, cost 

effective tool in predicting outcomes of e.g. anthropogenic 

disturbances and when field studies are unrealistic in scale, 

cost or by ethical reasons. However, the use of models are 

unlikely to eliminate the use of traditional field survey 

methods, or the use of more modern technology which enable 

in situ observations. On the contrary, models will need input 

and feedback from traditional and direct methods, in order to 

be verified and refined.  
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A. Collision Risk Models 

Collision Risk Models (CRM) were first developed by 

[46]–[49] for assessing collisions of birds with wind turbines. 

Later a number of additional models has been further 

developed reviewed by e.g. [50] and [51]. Here, models are 

anticipated as an alternative to, or the only way of assessing 

collision risk and their numbers, when other means of direct 

observations of collisions and their numbers are impossible. 

Parameters typically included in bird CRM’s are turbine 
data: height, swept area, rpm, wing tip speed, number of 

blades and chord data of the turbines (area). Some models 

include multiple turbines and some also include the tower 

structure (as many birds collide with that) in the model and 

park layout. Physical factors of importance that may be 

included are wind speed and direction. Ornithological data 

included may be densities, species size and shape, flight 

height and (relative) speed, and in some models angel of 

approach.  

The recent development and deployment of tidal power 

devices has accentuated the use of CRM in marine energy 

projects, focusing on fish and marine mammals but also 

diving birds in high energy sites e.g. [52]–[57].  

Parameter input into tidal collision models are similar to 

wind power related models including physical variables such 

as velocity, turbine information such as geometry and number 

of blades, rpm and wing tip speed. Biological variable input 

may include e.g. size, body shape, speed and angel of 

approach of organism but also behavioural variables such as 

occurrences (densities) of animals predation behaviour and 

grazing in risk zone areas and their movements, avoidance 

(attraction) behaviour for particular species etc. in order to 

estimate risk of collisions resulting in hits (injury) or deaths. 

Examples of modified variants of CRM are the Encounter 

Rate Models (ERM) are [50], [55], [58] and for the Exposure 

Time Population Model (ETPM) [59]. Similar to CRM, but 

with origin from predator-prey models, ERM has been used in 

order to estimate the risk for marine mammals to collide with 

tidal turbines [57] and [58]. The ERM differ from CRM 

mainly by estimating the risk of encountering a rotating 

turbine, whereas CRM estimates the risk of an individual 

passing through a turbine becoming hit based on total number 

of passages [60]. By performing sensitivity test, i.e. testing 

models by varying parameter input in both ERM and CRM, 

[57] could show that ERM always had lower collision risk 

output than CRM, mainly due to different assumption in 

behaviour (avoidance distance) and dive patterns (U vs V-

shaped dives) in harbour seals. Several later evaluations on the 

use of models [57] recommend alterations in model design in 

order to improve and make results more realistic. The ETPM 

model was developed in order to assess bird collisions with 

tidal turbines where bird behaviour (avoidance) around 

turbines is unknown.  

B. Models for future marine energy project expansion 

As the marine energy industry will grow and become 

industrial sized the employment of models focusing on 

extinction risks and covering larger scales will become more 

important.  

Analysing effects of loss or removal of individuals, 

population viability, in certain species has led to the 

development of a number of demographic models. Minimum 

Viable Population analysis [61] was developed in order to 

understand critical population levels in endangered species, 

usually with aim of avoiding population genetic homogeneity. 

In order to find a tool for marine mammal management [62] 

developed a Potential Biological Removal (PBR) model. PBR 

has been used to analyse and estimate populations scale 

effects of displacement and computed collision mortality in 

birds from large scale (offshore) wind power development 

[63]–[65]. The aim of using PBR is to estimate population 

impact, including cumulative impacts, as if population number 

can be maintained or if a decline could be at hand as a result 

of anthropogenic activities. Process based models, such as 

Individual Based Models (IBM), or Agent Based Models, are 

dynamic models that consider a population as a collection of 

individuals but with different behaviour and morphology. 

IBM are for example used for predicting population responses 

from environmental changes, but also a large variety of other 

ecological sciences. Examples of the use of IBM include [66] 

who estimated the effect of habitat loss and disturbance on 

waders and waterfowl, and their behaviour, in relation to the 

planned Severn Barrage in southwest UK. IBM are commonly 

data hungry and could include data such energetics, budgeting, 

and thus food availability, and population dynamics among 

several parameters. 

At larger scale particular habitats or even landscapes may 

be endangered. Habitat use Models (HuS), Spatial Dynamic 

Models (SDM), Resource Selection Models (RSM), Ecosystem 

Based Models (ESB) and Ecological Network Analysis (ENA) 

such as in [67] are examples. 

HuS could be described as models trying to investigate 

suitable habitats based on known species requirements. 

Reference [68] used a presence-absence model in order to 

predict habitat use by two species of dolphins in the Bay of 

Biscay and the English Channel. Examples of SDM studies 

are [69] and [70] aiming at analysing the cumulative impact 

from land based wind parks on skylarks. Miller et al. 2014 [71] 

used a RSM in order to study the effect on golden eagles from 

large scale wind power development in the north-eastern USA. 

Finally, an example of ESB is [72] who analysed large scale 

ecosystem effects, altered sea-use patterns on marine biota, 

based on the ongoing and future development of offshore 

wind in the German North Sea.  

C. How useful are models? 

A common critique in the use of models, which ever, is the 

dependency of large number of data and information. 

Variables, important for population dynamics, may also be 

lacking completely. In reality, this may lead to a number of 

assumptions, and thereby, possible uncertainties may be added 

on top of each other, making conclusions unprecise or even 

incorrect. Additional ecological information, which may be of 

importance but not yet included in models, include sex and 
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age differences which also reflect condition and experience. In 

general, such data is less common for marine animals as 

compared to avian information, although seldom adequate 

even there. Individual behaviour and its variation, including 

avoidance of ocean energy areas is another factor that may 

add complexity to models. The use of organism averages, 

deliberately or passively, is also likely occur at different 

number in/over given area due to e.g. (micro/meso) habitat 

heterogeneity or physical prerequisites.  

Consequently, model outcomes must be tested against real 

world empirical data and thereafter adjusted [51], [73], but 

which may not have occurred yet in any project. Testing 

models with sensitivity analysis of ingoing parameters in 

model are therefore suggested, and to some extent done [51]. 

Testing model output could possibly be done in controlled 

experiments as testing in laboratory is possible, exemplified 

by [74] who empirically tested collisions risk in fish with 

turbines in semi natural conditions. 

The use of models may also pinpoint areas of future focus, 

e.g. what data is needed to collect in order to improve models 

and their accuracy. More information from traditional 

sampling methods will help calibrate models. Also, newly 

“developed” technologies such as passive and active acoustic 

devices will add and chasten information to be fed into the use 

of models. Tagging, capture recapture, the use telemetry and 

GPS etc., are additional technologies which, directly and 

indirectly can feed information into models, and thus help to 

broaden our insight in the effects and impacts of MRE 

installations on the marine environment. 

As mentioned in the beginning of this section, the use of 

models in theoretical evolutionary and population ecology, as 

well as for nature conservation purposes, is immense. The 

importance of the use of models is thus likely growing but, as 

pointed out by [75], must be communicated intelligently to the 

non-scientific community. As the marine energy sector 

development will continue to expand the coming decades, so 

will ecologist working with impacts of renewable energy need 

to use more and different models. An early use of models will 

also inspire the development of more refined models for the 

use in a development of sustainable marine energy sector. 

V. DISCUSSION, CONCLUSION AND FURTHER NEEDS 

Environmental monitoring has a long history and takes an 

important role in the emerging renewable energy sector. 

Assessing and classifying the status of the habitat and located 

species is necessary to detect changes in the natural 

environment. With the rising renewable offshore technologies 

such as offshore wind power, but also wave and tidal power a 

new stressor is introduced in the already stressed marine 

environment [1]. Environmental impacts need to be detected 

early to provide a chance for mitigation during all phases of 

deployment and operation. 

Several factors determine the choice of monitoring 

methods, technologies and models. This may include the 

introduced stressor such as the deployed renewable energy 

device, the receptor like species, populations, habitats or the 

physical environment. Besides mentioned factors, country 

specific regulatory frameworks determine the choice of 

methodologies and sampling tools. On the background of 

spatial and temporal variation and the individual economical 

capability of the project, complexity of the subject becomes 

apparent. 

Applying the same renewable energy devices can result in 

different threats depending on the geographical area due to 

other initial situations and species composition. Different 

methods used for the same target species might show 

dissimilar results. Keeping this in mind accentuates the 

importance for balanced selection of methods [20].  

The target species or habitat plays a main role determining 

the methods. An extensive data collection of before and after 

impact assessment only does not ensure that environmental 

changes will be noted. Therefore, additional studies that look 

at rates of change and gradients in population and habitat size 

help to clear trends, even when absolute changes cannot be 

detected [4]. Extreme value analysis, used to model the 

probability and periodicity of extreme values, which are rare 

values in the tail of a probability distribution, can refine 

interpreting the collected data [76]. 

Multidimensionality of factors such as stressor, receptor, 

the variety of technologies, and models on a temporal and 

spatial background illustrates the complexity of the MRE 

monitoring subject. In spite of this complexity there is a need 

for more standardized methods in data acquisition and 

analysis. Cooperation and initiatives such as Triton is an 

example to facilitate and routinize the environmental 

monitoring practice and connecting involved parties [77]. 

Traditional methods stand out with long sampling 

experience but are often destructive for habitats or species. 

Modern methods such as platforms with multi parameter 

equipment and the use of deterministic models established a 

new generation of beneficial and advantageous monitoring 

analyses. However, modern methods and models often rely on 

data of traditional sampling to verify their results and feed 

models with additional information. Further research and 

development for optimization and a further application of 

both, traditional and modern methods to maximize the output 

and complement each other are indispensable in 

environmental monitoring of marine renewable energies. 
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