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Continued development of offshore renewable energy is urgently needed to support the goal of achieving global Net Zero targets; however, concerns persist about impacts of construction noise on acoustically sensitive species such as the harbour porpoise (Phocoena phocoena). Population impact modelling frameworks have been proposed as a quantitative way to evaluate whether disturbance, as experienced by individual animals, might result in negative population-level consequences, and suggested as useful tools in support of Environmental Impact Assessments. However, questions remain regarding model applicability to projects of different spatial scales. This study applied two such models (iPCoD and DEPONS) to assess potential population-level impacts of construction of the East Anglia ONE wind farm on North Sea harbour porpoises. Both models were parameterised using project-specific input values underpinned by static passive acoustic monitoring data. The various iPCoD and DEPONS scenario simulations did not predict any long-term population-level impacts in response to pin-piling activities. This is likely due to discrepancy in scale between localised, short-term impacts of constructing a single wind farm in comparison to the range of the North Sea porpoise population. DEPONS modelling also revealed no long-term negative impact of pin-piling on predicted porpoise numbers within the boundary of the Southern North Sea Special Area of Conservation. Current results highlight the importance of scale when using either modelling framework to evaluate the likelihood of long-term population-level impacts on abundant, wide-ranging species from individual offshore renewables developments. Cumulative population effects from human activities, including other construction projects, commercial shipping, hydrocarbon exploitation, and fisheries bycatch, are not well understood but can be approached with the modelling frameworks explored here. However, such effects will not be apparent when applying these models to individual construction projects and in isolation from coexisting pressures. There is a risk that ignoring co-occurring pressures may result in an incomplete picture of simulated population trajectories that should be considered carefully when these models are proposed to evaluate impacts of offshore renewable construction projects. We advocate that long-term population impact modelling should be applied on a regional basis and take additional wind farm developments as well as other cumulative pressures into consideration.
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1 Introduction

Expansion of the global offshore wind sector continues to accelerate in response to increasing demands for green energy to achieve challenging (inter-)national Net Zero emission targets (UN FCCC, 2015; GWEC, 2022). In many jurisdictions, offshore wind farm (OWF) sites are proliferating (UK Government, 2022; Musial et al., 2022), resulting in increases in renewable energy production capacity, but also raising concerns about potential impacts on surrounding marine environments. Underwater anthropogenic noise emissions associated with OWF construction have previously been identified as a potential concern for acoustically sensitive species such as marine mammals, whose distributions often overlap spatially with OWF sites (Lucke et al., 2006; Madsen et al., 2006). Whilst piling is the most important source of construction-related noise disturbance, other noise sources include high-order detonation of unexploded ordnance (UXO), geophysical and geotechnical surveys, and subsea cable installation. In addition, acoustic deterrent devices (ADDs) are often used to mitigate direct physical impacts to sensitive species, which together with support vessel activity also contribute to the soundscape around OWF sites.

Potential effects of OWF construction on marine mammals have been studied for over a decade, with most research focusing on construction-related impacts on sensitive species in European waters, especially the harbour porpoise (Phocoena phocoena; e.g. Brandt et al., 2016; Carstensen et al., 2006; Teilmann and Carstensen, 2012). In addition to at-sea construction activities, the species is vulnerable to several other anthropogenic pressures across its range, including fisheries bycatch, chemical pollution, and other anthropogenic noise sources (review by IAMMWG et al., 2015).

Underwater noise has been identified as an important driver of porpoise response to OWF construction (Tougaard et al., 2009; Brandt et al., 2011; Dähne et al., 2013; Kastelein et al., 2013), potentially resulting in impacts such as auditory injury, habitat exclusion, behavioural disturbance, and acoustic masking. This has driven calls for more detailed assessments of how localised disturbances might impact porpoise populations across different spatial and temporal scales, as well as highlighted the need to consider and mitigate potential cumulative effects from other concurrent activities (e.g. nearby OWF construction, shipping, oil and gas exploitation). Predictive population impact modelling approaches to resolve crucial questions about long-term population-level effects of (acoustic) disturbance as experienced by individual animals have been developed in response (NRC, 2005; Nabe-Nielsen et al., 2014; New et al., 2014; NASEM, 2017; Villegas-Amtmann et al., 2017; Cervin et al., 2020; Pirotta et al., 2022). In contrast to rule-based methods, where projected numbers of deaths are compared against a set threshold for mortalities that a population can sustain, predictive modelling approaches are particularly suitable to assess potential long-term population effects of sub-lethal anthropogenic disturbances (Sparling et al., 2017). Two main types of modelling approaches to simulate population responses are available: ‘top-down’ models that use information on, for example, average mortality and population carrying capacity, to simulate population responses (using e.g. matrix or differential equation models), and ‘bottom-up’ models, where these characteristics emerge from the actions of simulated individual animals (e.g. individual-based models; Table 1) (Grimm and Railsback, 2005).


Table 1 | Summary of models used in the prediction of population dynamics relevant to the current study.



Population impact models can provide guidance to regulators and other stakeholders as to the projected long-term impact of OWF construction or other anthropogenic activities. At present, two models have been developed that can be applied to assess long-term population-level impacts of marine renewable construction on the porpoise population in the North Sea, namely the interim Population Consequences of Disturbance (iPCoD) model and DEPONS. These models can be used to inform OWF construction planning, or as part of the consenting process (Nabe-Nielsen et al., 2018; Heinis et al., 2019; Sinclair et al., 2019; Mortensen et al., 2021).

Porpoises have long been protected under a range of European (inter)national regulations, notably the European Habitats Directive (referred to as the Habitats Regulations in a UK context), which requires that the Favourable Conservation Status of listed species (in the UK referred to as ‘European Protected Species’, or EPS) be maintained or restored through appropriate conservation measures. Inclusion of harbour porpoise under Annex II of the Habitats Directive (HD) additionally mandates establishment of a network of Special Areas of Conservation (SACs) for the species. In the UK, the Southern North Sea (SNS) SAC is one such designated site (JNCC, 2019a) which overlaps with numerous existing and proposed OWFs. Porpoises found within this SAC are considered part of the North Sea Management Unit (NS MU; ICES, 2014; IAMMWG, 2015 & 2023), hereafter also referred to as the ‘North Sea population’. The fact that the species is also listed in Annex IV of the HD requires conservation on the population level, and OWFs cannot be built if they harm the population.

The UK consenting process for an OWF license application involves developers producing an Environmental Statement (ES) as part of the Environmental Impact Assessment (EIA) to enable regulators to determine the potential for likely significant effects of the proposed OWF on the surrounding marine environment. In cases involving EPS such as harbour porpoise, a successful consenting application also requires one or more additional EPS licenses, which are only issued if ‘the actions authorised will not be detrimental to the maintenance of the population of the species concerned at favourable conservation status in their natural range’ (JNCC et al., 2010; Scottish Government, 2018). This phrasing illustrates that potential impacts are assessed against the scale of the entire relevant population of the species that overlaps with the proposed OWF development, rather than at the scale of individual animals impacted by specific OWF activities (Maclean et al., 2014; Sparling et al., 2015). Consequently, in the UK regulatory framework, OWF developers are encouraged to principally consider population-level impacts on EPS of their proposed developments. However, a lack of regulatory guidance currently exists on the actual implementation of the relevant EIA legislation (Maclean et al., 2014), including regarding advice on assessment of noise-related impacts on marine mammals, such that ‘…there are no rules or guidance as to which model should be used for impact assessments (project alone, cumulative or different sound sources) and nor is there guidance on when a population model should be used in an impact assessment’ (Sinclair et al., 2023).

Considering these ‘open policy’ questions, the uncertainty surrounding use of population impact models for evaluating potential impacts of single OWF developments needs to be addressed, especially when impacts are assessed in isolation from other concurrent pressures known to impact porpoises.

The present study sought to apply both iPCoD and DEPONS population impact modelling frameworks to a single OWF (East Anglia ONE) to assess the impact of pin-piling on the North Sea porpoise population. Additionally, this study aimed to evaluate results in the wider context of cumulative impacts and current UK regulations and management frameworks.




2 Methodology



2.1 Site description

The ScottishPower Renewables (SPR) East Anglia ONE (EA1) OWF is located in the southern North Sea, 43 km off the English coast. The site (300 km2, average water depth 45 m) lies within the SNS harbour porpoise SAC boundary. It contains 102 turbines (Siemens Gamesa) with a combined capacity of 714 MW. Construction started in 2018, and the OWF started operating in July 2020 (Figure 1). Each turbine has a three-legged jacket foundation, all of which required pin-piling with 2.5 m diameter piles for installation. Collectively, this resulted in 310 individual pin-piling events (including the offshore substation), which occurred intermittently between 25 April 2018 and 30 January 2019. Other noise sources associated with EA1 construction included support vessel presence, clearance of UXOs by high-order detonation, and use of Lofitech ADDs to exclude marine mammals from both construction and UXO detonation sites. Full EA1 pin-piling, ADD activation, and UXO detonation schedules and applied hammer energy (kJ) information were provided by SPR; pin-piling occurred only at single piles at any given moment.




Figure 1 | Location of the ScottishPower Renewables East Anglia ONE offshore wind farm off south-east England (red rectangle in inset) in relation to the Southern North Sea Special Area of Conservation (yellow area in inset), with positions of individual turbines (black triangles) and acoustic monitoring stations collecting C-POD porpoise echolocation data only (blue squares), or both C-POD and RTSYS recorder full bandwidth data (green circles). Data for calibration of the propagation model were collected during construction of turbines C03, D03, and E25 (red triangles). UK, United Kingdom; IR, Ireland; NO, Norway; DE, Denmark; NL, the Netherlands; BE, Belgium; GE, Germany; and FR, France. European country shapefile data were obtained from European Commission; Eurostat, GISCO @EuroGeographics and UN-FAO (https://ec.europa.eu/eurostat/web/gisco/geodata/reference-data/administrative-units-statistical-units/countries). Coordinates in World Geodetic System 1984.






2.2 Data collection

An array of twelve acoustic moorings was deployed (Locations 1 – 12; Figure 1) at varying distances from the piling locations over eight consecutive deployment periods (Deployments 1 – 8) from 11 March 2018 until 21 June 2019. Water depths of individual deployments varied between 32 – 56 m. All twelve moorings were equipped with C-POD porpoise click detectors (version 1; Chelonia Ltd., UK) deployed approximately 2 m above the seabed to detect the presence of echolocating porpoises. C-PODs were set to record continuously at all angles relative to vertical, and were programmed using default settings, including a limit of 4,096 clicks per minute. Six of these moorings were also equipped with EA-SDA14 full bandwidth (FBW) recorders (RTSYS, France), connected to a SPARTON PHOD-1 or a RESON TC4014 hydrophone (mean system sensitivity -180.6 dB re 1 V/μPa), to collect acoustic data for calibration of the transmission loss model, as well as quantification of ambient sound levels. These recorders operated at a sampling rate of 156 kHz (24 bit), initially on a 10/14 hour on/off duty cycle (during Deployment 1), and subsequently on a 6-hour on/off duty cycle during Deployments 2 – 8.




2.3 Population impact modelling



2.3.1 Model descriptions



2.3.1.1 iPCoD

The iPCoD framework was developed to investigate population-level consequences of the effects of individual marine mammals’ exposure to noise, primarily from piling activity during OWF construction (Harwood et al., 2014; King et al., 2015). Given current limited understanding of how changes in behaviour and hearing sensitivity affect survival and reproductive rates (i.e. fitness) of individual marine mammals, the iPCoD approach incorporates a statistical distribution of the predicted effects of 1) disturbance and 2) a permanent threshold shift (PTS) in hearing sensitivity on individual survival and reproductive rates, derived through expert elicitation (Booth and Heinis, 2018; Booth et al., 2019). Subsequently, population impact simulations use randomly selected values from these distributions to parameterise a Leslie matrix population model, as defined in Table 1. The interim framework thus enables assessment of population-level consequences from disturbance and/or injury, despite a lack of robust data regarding relationships between noise impact levels and resulting behavioural and physiological changes affecting individual fitness.

The iPCoD simulations involve a two-stage process. The first stage comprises a day-by-day simulation for a limited number of individuals (the number of which is determined by the size of the population; maximum is 1,000) throughout the period of predicted impact. It identifies the predicted number of individuals that experience disturbance and PTS, as well as the amount of impact experienced by each individual on an annual basis. This is based on user-defined estimates of 1) the number of individuals predicted to be impacted by exposure to a single day of construction, 2) the piling schedule, and 3) an estimate of the proportion of the population considered vulnerable to impacts. What constitutes the vulnerable section of the population is a judgement based on individual animal’s movements in relation to the extent of impact and construction duration. Whilst the model allows for identification of, and comparison between, different vulnerable sub-populations, it is not otherwise spatially explicit (i.e. when simulating population trajectories, the modelling processes do not take spatial locations into consideration).

The second stage extrapolates the results from the first stage to the total population size to create a Leslie Matrix model that is subsequently used to assess the population dynamics of the impacted population. This is done by modifying survival and birth rates based on the expected impacts of disturbance and PTS. At the same time, baseline survival and birth rates are applied to project the future trajectory of an un-impacted reference population in the absence of the anthropogenic pressure.

This process is repeated 1,000 times, with each simulation drawing parameter values from statistical distributions describing uncertainties in the parameters. Differences between these 1,000 simulations are determined by 1) environmental stochasticity (variation in survival and fertility rates resulting from changes in environmental conditions), 2) demographic stochasticity (i.e. individual variation in realised vital rates as a result of random processes), and 3) random selection from statistical distributions of the effect of disturbance and PTS on vital rates, as obtained through the expert elicitation process. This process results in outputs of trajectory distributions for both the reference and impacted populations, which can then be compared to assess any predicted long-term population effects, as well as the uncertainty surrounding these predictions. For further details, see Harwood et al. (2014); King et al. (2015), and Sinclair et al. (2019).




2.3.1.2 DEPONS

The DEPONS modelling framework enables a cumulative assessment of population-level impacts of offshore construction activities, bycatch, and shipping on porpoises (Nabe-Nielsen et al., 2018, 2021). DEPONS is an individual-based model that simulates porpoise movements and energetics in spatially realistic landscapes. Population dynamics arise from the individuals’ competition for food and altered movements in response to anthropogenic noise. Animals that are exposed to aversive noise are deterred from that location. Displacement from their foraging grounds reduces the individuals’ energetic status and eventually their survival. Animal movements have been calibrated based on telemetry data collected in the North Sea (van Beest et al., 2018; Nabe-Nielsen et al., 2018).

In the North Sea region, which contains patchy, limited, and seasonally fluctuating food resources, the fine-scale movements of simulated porpoises (i.e. porpoise agents) are dominated by correlated random walk behaviour (i.e. direction of movement at one time is correlated with direction of movement at the next time), as long as the energy intake is high. When local resources become depleted, individuals move towards known food patches, guided by a spatial memory of food patch locations and previous foraging success (Nabe-Nielsen et al., 2013). When food acquisition rate is persistently low and individuals cannot sustain their energy levels, fine-scale movements are abandoned, and animals start to make large-scale movements towards areas where food intake rates have previously been high. When a simulated porpoise encounters food, the animal’s energy level increases (but levels off as the porpoise becomes satiated), whilst energy levels decrease when an animal moves. Additionally, time-dependent variability in energy expenditure is incorporated into the energy costs depending on season and reproductive state (i.e. lactation in females). Survival of adults and juveniles is directly determined by their energetic status: the lower an individual’s energy levels are, the higher the risk of mortality. The survival of dependent calves relates to the energy budget of their mothers, as lactating females experiencing food shortages will not die immediately, but abandon their calves instead.

As simulated porpoises move around, individuals may become exposed to piling and (construction-related) shipping noise, with received noise levels determining how strongly animals react. These behavioural responses, in turn, affect the energy balances of porpoises by affecting foraging and travel behaviour, with potential consequences for mortality. During a simulation, the model updates the status of various entities such as porpoise movements, noise exposure, energetic status in half-hourly time intervals, and once a day records the number of animals, their energy levels, and the total amount of food. At the end of each day, life history processes, such as death, mating, birth and weaning, have a certain probability of occurring, whilst food distribution maps change seasonally. Each simulated ‘porpoise agent’ is considered a ‘super individual’ and represents several real-world female porpoises. Independent (i.e. weaned) males are not modelled explicitly; assuming an equal gender ratio, the population size is doubled at the end of a simulation. For additional DEPONS information, see Nabe-Nielsen et al. (2018, 2021). A comparison describing the similarities and differences between both modelling frameworks is provided by Nabe-Nielsen and Harwood (2016).





2.3.2 Acoustic data availability

Between March 2018 and June 2019, a total of 3,760 and 640 days of C-POD and full-bandwidth (FBW) acoustic data, respectively, were collected across the array (including both complete and partial days monitored). An overview of C-POD and FBW acoustic monitoring effort suitable for analysis is provided in Figure 2.




Figure 2 | Summary of C-POD and FBW data suitable for subsequent analysis at deployment level for each monitoring location, in relation to realised EA1 piling and Unexploded Ordnance (UXO) detonation activity.






2.3.3 Model parametrisation

Acoustic data on porpoise presence (C-PODs) and construction noise (RTSYS broadband recorders) collected at the EA1 OWF were analysed and combined with sound propagation and statistical modelling to generate site-specific input parameters required for application of the iPCoD and DEPONS frameworks. Specifically, measurements of piling noise were used in sound propagation modelling to determine the piling source levels and resulting received noise levels frequency-weighted for harbour porpoise hearing sensitivity for the locations of the recorders, as well as the frequency-weighted PTS range. The spreading loss factor (a constant influencing sound transmission loss; input for DEPONS) was inferred from analysing the frequency-weighted received levels against distance from piling. Generalized Additive Modelling was undertaken to investigate the relationship between harbour porpoise presence from the C-POD data and distance to piling to obtain the impact range (i.e. the distance until which the probability of detecting porpoise presence was lower during pin-piling activity than in the absence of piling). Subsequently, the associated frequency-weighted response threshold (the received sound level above which porpoises are starting to get deterred; input for DEPONS) was derived for this obtained impact range using the relationship between frequency-weighted received level and distance from piling as resulting from the propagation modelling. In addition to this response threshold, additional input values for this parameter were identified based on the results by Graham et al. (2019). The PTS and impact ranges were multiplied with local, season-specific porpoise densities to obtain the number of individuals experiencing disturbance or auditory injury (inputs for iPCoD). Detailed descriptions of analytical approaches used to derive input values for specific parameters are provided in Supplementary Material Sections 1 and 2, with results presented in Supplementary Material Section 3. Assessments for additional scenario-specific parameter input values are outlined in Supplementary Material Section 4. Full overviews of all iPCoD and DEPONS model parameter input values and parameter descriptions are included in Supplementary Material Section 5.




2.3.4 Model scenarios

To assess population-level consequences of piling activity during construction of EA1 on the North Sea porpoise population, a range of iPCoD and DEPONS scenarios were considered. These scenarios incorporated a range of fixed parameter input values that were consistently applied across all model-specific scenarios, while input values for a selected number of model parameters differed across scenarios - see the Supplementary Material for a comprehensive description of the parametrisation process.



2.3.4.1 iPCoD

For iPCoD simulations, effects of variability in input values of the following parameters were explored: population size, vulnerable sub-population, residual disturbance, and site-specific density (affecting the number of disturbed individuals and the number of individuals experiencing PTS) (Table 2; Supplementary Table SM5.1 in Supplementary Material Section 5.1.1). This resulted in a total of 60 possible iPCoD scenarios. To maximise efficiency, modelling started with a ‘conservative’ scenario, the scenario most likely to result in a population-level impact based on the combinations of parameter input values considered in this study. This scenario applied the smallest population size (i.e. 87,440; the lower 95% CL of the regional southern North Sea group), the smallest proportion of vulnerable sub-population (i.e. 0.5; representing the ‘local’ abundance estimate compared to the estimate for the ‘regional’ southern North Sea), a 1-day residual disturbance, and the highest seasonal local density estimations to obtain the number of individuals experiencing 1) disturbance and 2) PTS (2,502 and 4 individuals, respectively, in spring, summer and autumn; 3,754 and 6 individuals, respectively, in winter).


Table 2 | Values of scenario-specific iPCoD modelling parameters used in the present study.



Subsequent scenarios were based on single-parameter modifications of the initial ‘conservative’ scenario, with each parameter scaled down (one step at a time), until no long-term difference could be identified between the modelled un-impacted reference population and the impacted population. Modelling was undertaken using iPCoD Version 5.2.




2.3.4.2 DEPONS

DEPONS simulations incorporated variation in the probability that animals became pregnant in a given year (0.68 or 0.34), the deterrence coefficient (a constant describing the linear relationship between received sound levels and the strength of an individual’s reaction) input values (0.035, 0.07, or 0.14), the response threshold (103.0, 124.6, 132.3, or 140.0 dB re 1 μPa2 SEL), as well as the specific food map applied for the winter period (autumn or spring food map). Combining these input value options resulted in the formulation of 16 modelling scenarios, summarised in Table 3 (see Supplementary Table SM5.3 in Supplementary Material Section 5.2.1 for more details). Five replicate simulations were completed for each scenario, with outputs assessed on three spatial levels: the North Sea modelling domain, the area of the SNS SAC, as well as a 20 km buffer zone around the outermost turbines of the EA1 OWF. Modelling was undertaken in DEPONS Version 2.2.


Table 3 | DEPONS modelling scenarios.







2.3.5 Long-term population-level impacts

The modelled iPCoD population size outcomes were assessed by determining the probability of an annual average population decline of >0.5% and >1% (i.e. the population size in 2040 being <88.67% and <78.57% of the pre-piling baseline, respectively). For DEPONS, the proportional population size outputs (i.e. the population size at the end of the 25-year simulation relative to the population size for the 2017 pre-piling baseline) were similarly compared against those associated with an average annual population decline thresholds of >0.5% and >1% (i.e. a proportion <0.8867 is indicative of a >0.5% decline, and <0.7857 of a decline >1%). For this study, the relevant population was the NS MU (ICES, 2014).

These model assessments were based on current EU and UK policies. A population decline of >1% per year is considered to signify Unfavourable conservation status under the EU Habitat’s Directive (Evans and Arvela, 2012). As a Habitat’s Directive Annex II listed priority species, porpoises are also specifically included under Descriptor 1 (Biological Diversity) of the EU Marine Strategy Framework Directive (MSFD; transposed into UK legislation by the Marine Strategy Regulations 2010). The MSFD requires Member States to achieve Good Environmental Status for listed species and habitats. In the UK, a ~0.5% annual reduction in population size is presently considered to indicate a significant decrease in abundance (DEFRA, 2019).






3 Results



3.1 Modelling results: iPCoD

Application of the ‘conservative’ modelling scenario did not reveal a long-term impact in mean population size resulting from EA1 piling activity (Figure 3). Despite very subtle differences when comparing the modelled impacted and reference populations, mean trajectories and 95% Confidence Intervals were almost identical over the 25-year simulation (Figure 3A). The distributions of modelled population sizes were also similar (Figure 3B). In the end, the mean size of the impacted population stabilised at ~99.61% of the mean size of the reference population (i.e. the predicted mean decline over the entire assessment period was ~0.39%).




Figure 3 | (A) Visualisation of the mean reference and impacted population trajectories (solid line) and associated 95% Confidence Intervals (shaded area) for the ‘conservative’ iPCoD scenario. (B) Histogram of predicted population size at the end of the 25-year model simulation for the ‘conservative’ scenario.



Compared to the reference population, the impacted population showed a slightly increased probability of an annual population decline (>0.5%: 256 vs. 249, and >1%: 83 vs. 80 out of 1,000 iterations for the impacted vs. reference populations, respectively).

Since this ‘conservative’ scenario did not generate a significant difference between impacted and reference populations, it was concluded that testing less conservative scenarios, would also not result in an impact. Consequently, no additional scenarios were assessed.




3.2 Modelling results: DEPONS



3.2.1 Long-term population-level impacts across the North Sea MU

The North Sea MU results, averaged over the five simulations per scenario while applying the default pregnancy rate of 0.68 (S1-S8; Table 3), are presented in Table 4 (yearly population sizes). After the 15-year burn-in period (see Supplementary Material Section 4.2), the population stabilised around 8,000 of the 10,000 original simulated porpoise agents. For the North Sea porpoise MU, no annual rates of population decline >0.5% (relative to 2017 pre-piling levels) were observed when averaging within scenarios. Only one out of five non-piling reference (S1) simulations illustrated such a decline. The largest decline in average population size (5.37% overall reduction over 25 years across the five simulations) was observed in the non-piling reference scenario. Both reference and piling scenarios (S2-S8) revealed substantial inter-simulation variation, with population size at the end of the modelling period fluctuating between approximately +4.3% and -5.4% of 2017 pre-piling reference population size (up to approximately +6.6% and -12.1% for individual simulations) (Table 4).


Table 4 | Modelled mean annual harbour porpoise population sizes (North Sea Management Unit – NS MU) and number of porpoises within the boundary of the Southern North Sea Special Area of Conservation (SNS SAC) at the end of the DEPONS simulations relative to the pre-piling reference in 2017 (i.e. a value <1.0 indicates a decrease in the number of porpoises across the 25-year modelling period).



Decreasing the pregnancy rate from 0.68 to 0.34 (S9-S16; Table 3) resulted in very similar outcomes (Table 4). Following the 25-year burn-in period, the population stabilised around 8,500 of the 10,000 original porpoise agents. Based on the modelled results, construction of EA1 appeared to have no substantial long-term impacts on population size in any of the individual piling scenarios, with scenario averages at the end of simulations being similar to the pre-piling size of the North Sea MU. Changing the pregnancy rate also resulted in inter-simulation variability in population size; variability at the end of the modelling period ranged between approximately +3.1% and -2.1% for the averaged scenarios (and between +7.0% and -6.9% for individual simulations) (Table 4).




3.2.2 Impacts at Southern North Sea SAC scale

Projected changes to porpoise abundance within the SNS SAC boundary across different scenarios at the end of the simulation period are also presented in Table 4 (S1-S8: pregnancy rate = 0.68; S9-S16: pregnancy rate = 0.34). No substantial long-term negative impacts on the predicted numbers of porpoises present in the SNS SAC were indicated by any of the modelling scenarios. Instead, most scenarios predicted slightly increased numbers of individuals to occur within the boundary of the SNS SAC compared to 2017 levels (up to +8.1% for h=0.68, and +4.0% for h=0.34), with only the S1 reference scenario revealing an average 0.9% decrease in porpoise abundance after the 25-year modelling period. Individual simulations were 8.9% above or 6.7% below the pre-piling reference at the end of the simulations for S1-S8 and varied between +6.0% and -2.5% for S9-S16 (Table 4).

When scenario outputs were assessed at daily temporal resolution rather than annual averages, predicted porpoise numbers were observed to fluctuate through the year, with increases reflecting weaning of calves and decreases resulting from deaths through competition for food (Nabe-Nielsen, 2021). Predicted porpoise agent numbers within the SAC decreased during part of the piling period, but not more than during the same months in the years before or after construction. This trend was the same across all scenarios, including the non-piling reference scenario (Figures 4A, B).




Figure 4 | Predicted daily average number of harbour porpoise agents (not scaled to population size) within the Southern North Sea SAC for 2017-2020, based on a pregnancy rate of 0.68 (A) and 0.34 (B), and averaged over five simulations per DEPONS scenario (Table 3). The EA1 construction period is indicated by the dark grey colour. h = pregnancy rate; T = response threshold (in dB re 1 μPa2 SEL); c = deterrence coefficient.



For S1-S8 (h=0.68), the predicted porpoise abundance fluctuated interannually for most scenarios (i.e. S1, S4, S5, S7, and S8) suggesting a biennial pattern. However, whilst predicted numbers were highest in 2017 & 2019 for S1, S4, S5, and S7, an opposite pattern was present for S8 (i.e. highest modelled numbers for 2018 & 2020). Consequently, in alternate years, S8 (incorporating increased local food supply at the EA1 site for December – February), suggested an overall decrease in the number of modelled porpoises in the wider SAC compared to the other scenarios.

Results of S9-S16 (h=0.34) were very similar to each other when assessed at a daily temporal resolution; however S16 (which incorporated increased food availability at the EA1 wind farm during winter), revealed a decrease in predicted number of porpoises within the SAC for the winter and following spring months. Some biennial fluctuation in modelled porpoise abundance was also noted in several scenario outputs. This biennial periodicity was not as pronounced as for those scenarios applying the higher pregnancy rate, with the exception of S9 (non-piling reference).




3.2.3 Impacts at the EA1 scale

Whilst predicted porpoise numbers were much lower in the small 20 km buffer zone around the EA1 turbine locations compared to those in the much larger SNS SAC, the overall pattern of porpoise presence was broadly similar (Figure 5; only results based on h=0.68 are presented, as differences with simulations using h=0.34 were minimal), with numbers declining annually during part of the piling period. This negative trend in predicted numbers from spring into summer was mirrored in all scenarios, including the non-piling reference scenario, and also recurred in the same months in non-piling years.




Figure 5 | Daily average number of predicted harbour porpoise agents (not scaled to population size) within the 20 km buffer zone around the EA1 wind farm for 2017-2020, based on a pregnancy rate of 0.68, and averaged over five simulations per DEPONS scenario (Table 3). The EA1 construction period is indicated by the dark grey colour. h = pregnancy rate; c = deterrence coefficient.



In contrast to the SNS SAC results, the localised increased winter food availability modelled in S8 (& S16 not presented here) resulted in higher predicted porpoise numbers in the buffer zone during these months. Additionally, outcomes from these latter scenarios also predicted an overall higher number of porpoises present year-round within the 20 km buffer zone, when compared to S1-S7 and S9-S15.






4 Discussion

This study investigated potential impacts of pin-piling activity associated with the construction of the ScottishPower Renewables East Anglia ONE offshore wind farm on the North Sea porpoise population using iPCoD and DEPONS population impact modelling frameworks.

To the best of our knowledge, this study is the first to simultaneously apply both iPCoD and DEPONS to the same OWF development, and also the first time that project-specific data (i.e. EA1 passive acoustic porpoise monitoring and sound propagation modelling calibrated through pin-piling noise measurements) have been applied to both modelling frameworks to enable a project-specific post-construction impact assessment.



4.1 Evaluation of iPCoD and DEPONS population impact models



4.1.1 EA1 impact

When considering the entire North Sea porpoise population, neither impact modelling framework predicted long-term population-level impacts in response to EA1 pin-piling activity. Results of both frameworks showed that, following a 25-year simulation period, sizes of modelled populations exposed to pin-piling could not be distinguished from populations modelled under reference conditions without piling (Figure 4; Table 4). Both iPCoD and DEPONS results showed high average population sizes relative to the 2017 pre-construction baseline, with none of the scenarios indicating a strong probability of a long-term >0.5% annual decline in population abundance. Specifically, under the ‘conservative’ iPCoD scenario (applying a population size of 87,440 individuals), the increased probability of a >1% annual population decline due to piling (i.e. accounting for this occurring in the absence of piling) was 0.3%. For an annual >0.5% decline, this was 0.7%. Similarly, none of the DEPONS averaged scenarios predicted a long-term annual decline of >0.5%. Although an annual reduction in porpoise population size of >0.5%, caused by EA1 construction activity, cannot be ruled out completely based on these results, the probability of this occurring appears very low. In DEPONS, the population returns to carrying capacity after being disturbed for a short period of time, and thus long-term population-level impacts are not expected.

While no long-term population-level effects were indicated by either model, the spatially explicit nature of DEPONS allowed exploration of potential impacts on porpoise numbers at smaller spatial scales, specifically within 1) the Southern North Sea SAC, and 2) a 20 km buffer zone around the EA1 turbines. Due to underlying model differences (reviewed in Nabe-Nielsen and Harwood, 2016), the models were not applied across the same spatial resolutions. In particular, unlike DEPONS, iPCoD is not spatially explicit, and although assessments on smaller spatial scales could be addressed, predicted porpoise numbers could not be extracted for the SNS SAC and the 20-km EA1 buffer zone using the current setup. Conversely, DEPONS simulates the dynamics of the entire population, in this case the North Sea population. A hypothetical southern North Sea grouping cannot be forced, but emerges from the foraging patterns of individual animals. The consequences of such a grouping was tested using iPCoD.

DEPONS modelling outcomes at the scale of the SNS SAC revealed no long-term negative impacts of pin-piling on predicted absolute porpoise numbers within the SAC boundary, with pre-construction population sizes slightly lower or comparable to the means of the post-construction population sizes estimated by the various simulations across all scenarios (Table 4). The EA1 OWF is located within the ‘winter area’ (October – March) of the Southern North Sea SAC, which was designated based on seasonally persistent above-average porpoise densities (Heinänen and Skov, 2015; JNCC, 2019b). A general decrease in porpoise detections during the construction period (most of which occurred during the summer months) could thus be anticipated based on natural seasonal variation at the site. This seasonal variability was reflected in the DEPONS simulation results where daily modelled porpoise numbers were extracted for the area contained within the SAC boundary (Figure 4), as well as for the 20 km buffer zone around the wind turbines (Figure 5). For both spatial scales, predicted numbers of local porpoises decreased during the construction phase; this was, however, comparable to the decrease observed both in 2017 (pre-piling baseline), and in 2019-2020 (post-construction). Moreover, predicted numbers during construction periods were similar to those predicted for the non-piling reference scenario. Collectively, this suggests that observed decreases in local densities were therefore driven by larger-scale seasonal changes in porpoise distribution.

For both these smaller spatial scales, differences between scenarios in predicted porpoise numbers were mainly related to differences in applied local food availability during the winter months (Scenarios 8 & 16), with reduced numbers within the SAC and increased numbers in the buffer zone when applying the spring food map instead of the autumn food map for the winter months. This latter result is not surprising, considering that the alternative spring food distribution map specifically reflected increased food availability at the EA1 site.

An increased porpoise presence could be expected over time within the 20 km buffer zone, due to enhanced prey biomass around the OWF infrastructure driven by local fisheries exclusions, artificial reef effects, etc (Scheidat et al., 2011; Fernandez-Betelu et al., 2022). However, such effects were not investigated here.




4.1.2 Interpretation of ‘no-impact’ results

This study assessed the impact of the construction of 102 turbines and one offshore station (resulting in 310 pin-piling events) through application of an impact range of 14,0 km (Supplementary material Section 3.1), and did not demonstrate population-level impacts at the North Sea scale from EA1 pin-piling activity using iPCoD and DEPONS modelling frameworks. This, however, does not mean there was no local impact on porpoise presence (see van Geel et al., 2023a & 2023b), but instead suggests that the large North Sea population is inherently resilient to local impacts such as those assessed here. The population was unaffected by piling activities, irrespective of which input parameter values that were used in the scenarios. The lack of a population response predicted by the two modelling frameworks indicates that the population is not affected by the explored disturbances. This is not surprising given the relatively small spatial and temporal scale of the impact of a single development in relation to the abundance and geographic range of the population.

Even when considering cumulative impacts of multiple developments, Smith et al. (2019) did not find long-term cumulative population-level (i.e. North Sea scale) impacts of piling and blasting on porpoises when applying iPCoD to assess impacts of seven offshore wind construction developments and a harbour expansion project off eastern Scotland over a ~7-year construction period. Booth et al. (2017), investigating the impacts of 13 OWF developments constructed in English North Sea waters, reported a 0.3-5.2% increase in the risk of a >1% piling-associated decline in average annual porpoise population size 12 years after construction ended, despite using a range of conservative scenarios. The probability of increased risk depended strongly on a) specification of the vulnerable sub-population, b) which density estimates and noise impact ranges were applied (through a dose-response function), as well as c) which modelled (residual) disturbance days and associated impact ranges were used (all of which are poorly understood, as described in the Supplementary Material).

When Nabe-Nielsen et al. (2018) applied DEPONS to assess North Sea scale population-level impacts of different piling regimes related to numerous OWF construction developments across the southern North Sea (65 wind farms representing 3,900 individual turbines), resulting porpoise population dynamics were indistinguishable from a non-piling baseline when an 8.9 km impact range was incorporated. Finally, assessment of potential impacts of the construction of 1,650 wind turbines in German waters over a 20-year period, testing both 11.35 km and 25 km as maximum impact ranges, also did not reveal any localised short- or long-term impacts on porpoise population size (Nabe-Nielsen, 2021). The lack of longer-term impacts of pin-piling, especially at smaller spatial scales like those investigated in the current study, might result from simulated animals simply returning and continuing to forage after having been temporarily displaced by the piling noise (Nabe-Nielsen et al., 2018), and/or be driven by different, ‘naïve’ animals moving into the area.




4.1.3 Assessing effects of parameter uncertainty

Where possible, input parameters were either derived from analyses of the acoustic data to reflect project-specific conditions or obtained from the literature as relevant to the North Sea population. Uncertainty in input values for several of these parameters was incorporated into the stepwise approach for iPCoD and into the 16 fixed DEPONS scenarios. Application of a ‘conservative’ iPCoD scenario did not result in a long-term population-level impact, and no further scenarios were modelled. The lack of impact for this scenario also meant that no comprehensive assessment of the sensitivity of the model to a range of potential input values could be undertaken. The results of the different DEPONS scenarios were generally very similar, except for those where local winter food availability was increased when assessed at smaller spatial (SNS SAC; buffer zone) and temporal scales (daily average). Differences at finer spatio-temporal scales indicate the importance of carefully considering modelling requirements, especially in light of recent developments incorporating detailed energetic models (Section 4.2).

This work was underpinned by acoustic porpoise monitoring efforts (detailed in the Supplementary Material), which were unequally distributed in space and time. As in other acoustic monitoring programmes, this study relied on the detection of vocalising animals (Verfuss et al., 2018), which is affected by various factors influencing detectability (e.g. ambient noise levels, porpoises’ orientation relative to the receiver; Clausen et al., 2019; Macaulay et al., 2020, etc.). Moreover, changes in detection rates may reflect a change in animal presence, altered vocalisation behaviour, or both. In addition, tidal flow-related ‘buffering’ (i.e. reducing effective monitoring time) negatively affected C-PODs’ ability to detect porpoises, potentially confounding observed temporal patterns in porpoise presence across the array. To address this issue, considerable amounts of C-POD data (up to 38.7%) were excluded from specific monitoring locations, meaning that conclusions drawn based on such data are only valid during reduced tidal flow.





4.2 Management implications

The results of this study show that, when assessed on its own, the construction of an individual wind farm is unlikely to result in significant impacts on the North Sea harbour porpoise population. As previously mentioned, this outcome is unsurprising and likely results from the relatively local and brief impacts of EA1-associated construction activities.

However, in reality, the construction of offshore wind projects does not happen in isolation and cumulative impacts from other renewable energy construction projects as well as from other industries (e.g. fisheries, shipping, oil- and gas exploration and extraction, pollution) frequently overlap in time and space. It is in relation to these larger cumulative human impact scenarios on marine mammals, that population effect models have been developed originally. Consequently, rather than assessing impacts of individual OWF sites, the strength of the iPCoD and DEPONS modelling frameworks lies in their ability to assess large-scale, aggregate impacts (i.e. underwater noise) across multiple offshore wind developments (e.g. Booth et al., 2017; Brandt et al., 2016, 2018; de Jong et al., 2019; Heinis et al., 2019, 2022; Nabe-Nielsen et al., 2018; Rumes and Bebosschere, 2018). For example, these models can contribute to marine spatial planning by enabling exploration of different piling scenarios (Nabe-Nielsen et al., 2018), by identifying noise thresholds for offshore wind developments (Heinis et al., 2019), by investigating effects of mitigation measures to reduce piling impacts (Rumes and Bebosschere, 2018; Verfuss et al., 2016), and assessing scenarios for mitigating porpoise bycatch (Lusseau et al., 2023; van Beest et al., 2017).

With OWF construction expected to continue in the southern North Sea throughout the next decade, assessing cumulative impacts of these developments, concurrently with other pressures (e.g. bycatch in fisheries, underwater noise from shipping, chemical pollution, vessel collisions, habitat degradation, prey depletion, biological interactions, and climate change) is crucial (e.g. IAMMWG et al., 2015, 2023; Murphy et al., 2019; Sarnocińska et al., 2020; Williams et al., 2020). Importantly, climate change will drive redistribution of porpoise prey and predators (Sadykova et al., 2020; Declerck et al., 2023), with potential for as-yet unknown population-level impacts on porpoises in this MU (but see Gallagher et al., 2021b). Ideally, population-level impact assessments should therefore include all natural and anthropogenic pressures experienced by the population of interest (Dutch Ministry of Agriculture, Nature and Food Quality, 2020). However, at present, population models are not yet capable of assessing cumulative impacts of all these stressors on the North Sea porpoise population. As such, cumulative effects of EA1 wind farm construction on long-term porpoise population trajectories remain largely unexplored.

Some progress towards cumulative impact assessments using the modelling frameworks explored here have been made in recent years. For example, both frameworks are already capable of incorporating bycatch, and developments are ongoing to expand their cumulative assessment capabilities, for example, through inclusion of detailed energetic models (Harwood et al., 2020 & 2023; Gallagher et al., 2021a & b). This would allow impacts of multiple stressors to be modelled more accurately and increase utility of both models for cumulative impact assessments. Since offshore construction adds to the cumulative impact on the porpoise population, modelling results suggesting a lack of long-term population-level impacts of individual offshore wind developments, as described here, should not be interpreted as implying that impacts of OWF development is necessarily negligible, but instead highlights the fact that model outputs should always be evaluated with these cumulative pressures in mind.

Given that the greatest utility of the models used in this study lies in large-scale marine spatial planning and impact evaluation, it is important to consider the appropriateness of using population modelling frameworks to contribute to current regulatory processes (e.g. Environmental Impact Assessments). If such models were to become an integral part of current processes (e.g. to satisfy conditions for a site development license), a transparent protocol would be required, describing how model results would be assessed (e.g. setting acceptable population decline thresholds, cross-industrial sector contribution specifications, clarifying what happens with concurrent and successive applications in the same general area and across international borders). Scenarios where adjacent wind farm operators each independently conclude (based on modelling frameworks such as those used here), that their developments do not pose a significant risk to the local porpoise population need to be avoided. In the UK, under existing Environmental Impact Assessment legislation, a cumulative impact assessment is undertaken by individual developers to assess whether multiple OWF projects, including their own, may have negative effects on sensitive species. To the best of our knowledge, there is no requirement for developers to make use of either model approach described above at this stage in the process, despite the fact that such models are designed to be used at larger spatial scales. Based on the results from this study and previous experience, a government coordinated application of these models at a regional scale seems more appropriate than running them at the level of individual developments.

Regional-scale assessments across multiple developments and integrating coexisting pressures, are specifically important in the context of SAC management, designated to protect key habitats. Concerns have been raised about the potential impact of OWF construction and operation on the continued functioning and integrity of the SNS SAC for harbour porpoises (BEIS, 2020). Rather than focusing on site-specific model-based risk assessments, several European countries regulate impact through piling noise thresholds and noise reduction measures e.g. via alternative installation methods (Potlock et al., 2023) or noise abatement (Dähne et al., 2017; Merchant, 2019; Merchant and Robinson, 2020; Verfuss et al., 2019). There are indications that similar regulation might be imposed in the UK, which would preclude the necessity to conduct assessments of population-level consequences by individual developers (Sinclair et al., 2023). However, even if such a threshold were to be applied in the future, it would remain important to undertake regional population impact assessments to address cumulative impacts.

In conclusion, neither iPCoD nor DEPONS models revealed long-term population-level impacts in response to the EA1 pin-piling activity. In particular, the results of both frameworks showed that modelled population sizes of populations exposed to pin-piling activity could not be differentiated from those under reference conditions following a 25-year simulation period. Based on the outcomes, and not incorporating all other pressures experienced by animals in this population (e.g. bycatch and vessel noise), a population-level impact of a single wind farm development is not a likely scenario. This is largely due to discrepancy in scale between the localised and relatively short-term impact of an individual development and the large-scale North Sea harbour porpoise population.

Results from this study raise the issue of whether use of these modelling frameworks is appropriate to address questions about population-level impact in the context of single-project Environmental Impacts Assessments for harbour porpoise in the North Sea. In addition to more localised impact assessments of individual wind farms, regional impact assessments will likely be more useful to evaluate impacts on a larger scale. These should encompass multiple renewable energy projects and take other stressors into account to realistically assess potential long-term population-level impacts. Various co-occurring pressures can currently not or only partially be captured by these models, which may result in an incomplete picture of long-term population trajectories. This should be considered carefully if these models are to be used more widely.
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Parameter Input value

Lower 95% CL Estimate Upper 95% CL
Population size - entire NS MU (number 246,526 345,373 495,752
of individuals)
Population size — regional SNS group (number 87,440 154,932 252,344
of individuals)
Low Estimate High
Vulnerable sub-population (proportion) 0.25 (i.e. 25% of NS MU input 0.5 (i.e. 50% of applied size of NS 1 (i.e. entire NS MU or SNS group)
value) * MU or SNS group)
Residual disturbance (days) 0 1
NumDT (number of individuals) Spring, summer & autumn 374 2,502
Winter 748 3,754
NumPT (number of individuals) Spring, summer & autumn 1 4
Winter 2 6

CL, Confidence Limits; NS MU, North Sea Management Unit; SNS, southern North Sea; NumDT, the number of individuals modelled to experience disturbance during each day of construction
activity; NumPT, the number of individuals modelled to experience PTS during each day of construction activity. * only relevant when applying one of the specified values for the entire porpoise

MU as input for the population size. An overview of input values for all fixed model parameters is provided in Supplement ble SM5.2 in Supplementary Material Section 5.1.2
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Scenario NS MU SNS SAC
Average of five simulations per scenario Average of five simulations per scenario

(min — max of individual simulations) (min — max of individual simulations)

1 Reference 0.946 (0.879 - 1.017) 0.991 (0.943 - 1.037)
2 T =103.0; ¢ = 0.07 0.983 (0.916 - 1.022) 1.017 (0.979 - 1.036)
3 T=103.0; ¢ = 0.035 1.004 (0.934 - 1.045) 1.029 (0.971 - 1.072)
4 T =103.0;c = 0.14 0.958 (0.917 - 0.993) 1.003 (0.978 - 1.028)
5 T =124.6; ¢ = 0.07 0.964 (0.903 - 1.022) 1.010 (0.969 - 1.056)
6 T=132.3;¢=0.07 0.960 (0.896 - 1.047) 1.002 (0.958 - 1.078)
7 T = 140.0; ¢ = 0.07 0.959 (0.908 - 1.017) 0.997 (0.961 - 1.031)
8 As 82, but spring food map * 1.043 (1.020 - 1.066) 1.081 (1.066 - 1.089)
h =034
9 ‘ Reference 1.031 (1.003 - 1.044) 1.040 (1.029 - 1.052)
10 T =103.0; c = 0.07 0.979 (0.948 - 1.040) 1.008 (0.987 - 1.045)
11 T =103.0; ¢ = 0.035 1.002 (0.932 - 1.070) 1.024 (0.975 - 1.060)
12 T =103.0; ¢ = 0.14 0.995 (0.953 - 1.021) 1.021 (0.990 - 1.038)
13 T =124.6; ¢ = 0.07 1.005 (0.949 - 1.031) 1.030 (0.993 - 1.049)
14 T=1323;¢c= 007 1.006 (0.931 - 1.041) 1.023 (0.981 -1.050)
15 T =140.0; ¢ = 0.07 0.995 (0.942 - 1.044) 1.019 (0.979 - 1.057)
16 As $10, but spring food map * 0.995 (0.977 - 1.022) 1.018 (0.997 - 1.050)

Min, minimum; max, maximum; h, pregnancy rate; T, response threshold (in dB re 1 wPa® SEL); ¢, deterrence coefficient. * See Supplementary material Section 4.2.
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Scenario h 8 Scenario h =0.34
1 Reference (i.e. no piling) 9 Reference (i.e. no piling)
2 T =103.0; ¢ = default (i.e. 0.07) 10 T =103.0; ¢ = default (i.e. 0.07)
3 T = 103.0; ¢ = -50% (i.e. 0.035) 11 T =103.0; ¢ = -50% (i.e. 0.035)
4 T = 103.0; ¢ = +100% (i.e. 0.14) 12 T =103.0; c = +100% (i.e. 0.14)
5 T'= 1246; ¢ = default (i.e. 0.07) 13 T = 124.6; ¢ = default (i.e. 0.07)
6 T=132.3; ¢ = default (i.e. 0.07) 14 T = 132.3; ¢ = default (i.e. 0.07)
7 T = 140.0; ¢ = default (i.e. 0.07) 15 T = 140.0; ¢ = default (i.e. 0.07)
8 As Scenario 2, but spring food map (instead of autumn food map) 16 As Scenario 10, but spring food map (instead of autumn food map)
for winter * for winter *

h, pregnancy rate; T, response threshold (in dB re 1 uPa’ SEL); ¢, deterrence coefficient. * See Supplementary Material Section 4.2, Overviews of input values for all scenario-specific and fixed
model parameters are provided in Supplementary Tables SM5.3 and SM5.4 in Supplementary Material Section 5.2,
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Model Description

Leslie matrix models A population projection matrix is a rectangular array of numbers representing survival, growth, and birth rates, which can be used to predict
population growth by calculating the number of individuals in different age classes at each time step based on the number of individuals in the
previous time step. A Leslie matrix model structures the population into discrete age classes with associated fecundities, growth, and survival
rates (e.g. the interim Population Consequences of Disturbance (iPCoD) model; Section 2.3.1).

Individual-based models  Individual-based models simulate the birth, behaviour, and death of individual animals, including how they interact with each other and with

(also known as agent- the environment. Simulations are typically based on realistic landscapes. In some models, movements and competition for food are explicitly

based models) modelled, so when animals are deterred from a foraging ground, their energy levels decrease, which can affect their survival and reproduction.
The population dynamics and spatial distributions of animals emerge as a result of the concurrent simulation of many individuals (e.g.
DEPONS; Section 2.3.1).





