'.') Check for updates

Research article

Combining bioenergetics and movement models to improve
understanding of the population consequences of disturbance

Magda Chudziniska®='2, Katarina Klementisova', Cormac Booth®' and John Harwood'?

'SMRU Consulting, Scottish Oceans Institute, East Sands, University of St Andrews, Scotland, UK
*Centre for Research into Environmental and Ecological Modelling, The Observatory, University of St Andrews, Scotland, UK

Correspondence: Magda Chudzifiska (chudzinskam@gmail.com))

Oikos We developed dynamic bioenergetics models to investigate how behavioural responses
2023: 10123 to anthropogenic disturbance events might affect the population dynamics of three
doi: 10.1111/0ik.10123 marine mammal species (harbour porpoise, grey seal and harbour seal) with contrast-
T ) ing life-history traits (capital versus income breeders) and movement behaviour (resi-

Subject Editor: Thorsten Wiegand dent versus nomadic). We used these models to analyse how individual vital rates were
Editor-in-Chief: Pedro Peres-Neto affected by differences in the probability of disturbance and the duration of any behav-
Accepted 16 November 2023 ioural response, while taking account of uncertainty in the model parameters and het-

erogeneity in behaviour. The outputs of individual movement models and telemetry
data were then used to determine how the probability of exposure might vary among
species, individuals, and geographical locations. We then demonstrate how these esti-
mated probabilities of exposure can be translated into probabilities of disturbance.
For illustrative purposes, we modelled the potential effects of a temporary decrease in
energy assimilation associated with a series of disturbance events that might realistically
occur during the construction of an offshore windfarm. Offspring starvation mortal-
ity was the vital rate that was most affected by these disturbance events. Monitoring
of rate should be considered as standard practice so that populations responses can be
detected as early as possible. Predicted effects on individual vital rates depended on
the species’ movement behaviour and the likely density of animals where the modelled
construction activity was assumed to take place. The magnitude of these effects also
depended critically on the assumed duration of the reduction in energy assimilation.
No direct estimates of this variable are currently available, but we suggest some ways in
which it could be estimated. The described approach could be extended to other spe-
cies and activities, given sufficient information to parameterise the component models.
However, we emphasise the need to account for among-individual heterogeneities and
uncertainties in the values of the many model parameters.
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Introduction

There is increasing concern over how stressors (i.e. physical,
chemical or biotic entities that can move a biological system
outofits normal operating range, Segner etal. 2014) associated
with human activities may affect the behaviour of individuals
of many species from a wide range of taxa. Environmental
management would be more effective if we better understand
the ways in which these behavioural changes may affect indi-
vidual vital rates (e.g. survival or reproduction) and popula-
tion characteristics (Sutherland 1996, Gill et al. 2001, Beale
and Monaghan 2004, Ames et al. 2020).

Stressors in the marine environment include changes in
prey resources, ocean acidification, fishing gear (e.g. bycatch),
marine plastics and other contaminants, and anthropo-
genic noise, including construction of offshore windfarms
(Davies et al. 2009, Poloczanska et al. 2016). Anthropogenic
noise is likely to be particularly important for species, such
as marine mammals, that use sound for key life functions
(Stanley et al. 2012, Hawkins and Popper 2017). Although
observed behavioural responses to anthropogenic noise may
increase predation risk and reduce the probability of finding
a mate (Southall et al. 2010), one of the most commonly
considered pathways along which anthropogenic noise can
affect marine mammal involves its effect on an individual’s
energy budget. Energy intake may be reduced as a result of
disrupted foraging and energetic costs may be increased if
there is a flight response. Consequential changes in health,
often mediated by a change in body condition, may increase
an individual’s risk of death or reduce its ability to reproduce.

Keen et al. (2021) suggested that the vulnerability of a
marine mammal species to human activities that may affect
their behaviour (henceforth referred to as ‘disturbance’) is
likely to depend on the species’ movement ecology, repro-
ductive strategy and body size. A species’ movement ecology
will affect the aggregate exposure of individuals (i.e. the total
duration and intensity of exposure to a given stressor, sensu
Jones-Todd et al. 2022) to disturbance from a particular
activity. Keen et al. (2021) described three broad categories
of movement in marine mammals (resident, nomadic and
migratory) that result in different probabilities of exposure to
a localised source of disturbance (Fig. 2 in Keen et al. 2021).
Resident species (e.g. sea otters) show strong site fidelity with
limited movement in a defined area. However, because indi-
viduals use different defined areas, some individuals may be
frequently exposed to a particular disturbance whereas others
may never be exposed. Individuals of nomadic species (e.g.
oceanic dolphins) may travel over the entire range occupied
by a population and show limited or no site fidelity. Such
individuals are likely to be exposed only infrequently to a
particular disturbance. Migratory species (e.g. baleen whales
and some phocid seals) move seasonally between discrete
areas within the species’ range. For these species, individual
exposure will depend critically on when, where and at what
scale disturbance-inducing activity occurs.

Marine mammal reproductive strategies lie along a spec-
trum from pure income breeding (where the costs of lactation
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are fuelled by a concurrent increase in energy intake e.g. har-
bour porpoises) to pure capital breeding (where the lactation
costs are entirely met by metabolising accumulated energy
reserves e.g. grey seals). Disturbance during lactation can
have an immediate effect on the provision of energy to the
dependent calves or pups of income breeders. Underwater
noise or other anthropogenic at-sea stressors will not affect
the energy budget of capital breeders during lactation if, like
many seal species, they raise their young on land. However,
disturbance outside this period may have a negative effect
on the size of the energy reserves individual capital breeders
can accumulate and their rate of recovery from the effects of
lactation.

Body size affects the absolute size of an individual’s energy
reserves and therefore the length of time it can survive an
extended period of negative energy balance. In addition,
among homeotherms, smaller individuals expend more
energy per unit mass than larger ones and therefore require a
relatively higher resource acquisition rate to meet their meta-
bolic requirements (Keen et al. 2021).

Finally, the current status of a population may also affect
how individuals are affected by disturbance. Individuals from
populations that are not food limited or are below carrying-
capacity may be able to compensate for a reduction in energy
intake as a result of disturbance by increasing their subse-
quent feeding activity. However, this may not be possible if
the population is food limited.

The short-term changes in health that may be caused
by disturbance are difficult to document in the field, and
most studies of their potential effects on marine mammal
populations have relied on dynamic bioenergetics models
(McHuron et al. 2017, Abrahms et al. 2019, Pirotta 2022).
These models track changes in the energy acquisition and
expenditure of individuals over time and infer how the result-
ing change in health (usually represented by body condition)
may affect their vital rates (specifically survival and probabil-
ity of giving birth). Here, we use models of this type to inves-
tigate how repeated disturbance events may affect the energy
intake and vital rates of three marine mammal species (har-
bour porpoise, Phocoena phocoena, grey seal Halichoerus grypus
and harbour seal Phoca vitulina) with contrasting life-history
strategies. Dynamic bioenergetics models normally require
large numbers of parameters whose values may be empiri-
cally derived, borrowed from the literature, ‘guestimated’ or
based on expert opinion (Pirotta 2022). We describe how the
uncertainty associated with these values can be quantified
and investigate how it affects our model predictions.

Harbour porpoises are nomadic, pure income breeders
with a generalist diet. Grey seals are central place foragers
and pure capital breeders that use terrestrial breeding sites.
Ousside the breeding season they range widely (75-100 km
day™', McConnell et al. 1999, Jones et al. 2015) from a vari-
ety of different haul out sites. Harbour seals are also central
place foragers but show greater fidelity to specific haul out
sites and rarely travel as far offshore as grey seals (< 50 km
day™', Cunningham et al. 2009, Jones et al. 2015). Lactating
females begin to forage before their calves are weaned and
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they therefore have a life history strategy that is intermediate
between capital and income breeding.

We used our models to investigate how a series of distur-
bance events, which might, for example, occur during the
installation of foundations for an offshore windfarm, may
affect the energy intake and vital rates of the three focal
marine mammal species. The aggregate effect of these events
on an individual will depend on the probability that it is
exposed to each of the events in the series, the probability
that it will respond if it is exposed and the duration of any
resulting response. We carried out a systematic exploration
of the effects of different values of these parameters. We
then used outputs from individual-based movement mod-
els (Chudzinska et al. 2021, Nabe-Nielsen et al. 2014) and
telemetry data (Carter et al. 2022) to determine how the
probability of exposure to these events might vary among
individuals of the three species.

Our analysis is not intended as an assessment of the poten-
tial effects of wind farm construction on the dynamics of spe-
cific populations of these three species. Rather, our aim is to
demonstrate how the outputs from bioenergetics and move-
ment models can be combined to perform such an assessment
and to illustrate how the effects of disturbance are influenced
by a species’ life history strategy and movement ecology.

Material and methods

We adapted the individual-based, dynamic bioenergetics model
developed by Hin et al. (2019) for long-finned pilot whales so
that it could be applied to three case study species, with differ-
ent reproductive strategies and movement ecology: harbour seal
(HS), grey seal (GS) and harbour porpoise (HP). We then ran
a range of simulations with these models in which we system-
atically varied the probability of disturbance and the duration
of disturbance (in terms of lost foraging). A full description
of the bioenergetic models using the overview, design con-
cepts, and details (ODD) protocol, a standardised format for
documenting individual-based models (Grimm et al. 2020),
together with detailed information on the way in which model
parameters were derived can be found in the Supporting infor-
mation. Below we provide a shorter, general description of the
bioenergetic models, and the way in which uncertainty around
model parameter values was addressed.

A full description of the individual-based movement
models using the ODD are provided in Nabe-Nielsen et al.
(2018) and Chudzinska et al. (2021). A shorter description
of these two models, as well as information on animal track-
ing is presented below.

Purpose and patterns

The purpose of the bioenergetic models is to investigate how
a series of disturbance events, which might for example occur
during the installation of foundations for an offshore wind-
farm, may affect the energy intake and vital rates of three
marine mammal species.

To evaluate whether or not the simulations of the bioener-
getic models provided realistic outputs, we compared model
outputs for an undisturbed population to published values
using the pattern-oriented modelling approach. The outputs
chosen were: seasonal changes in body condition or weight
of females; calf/pup survival; and birth rate (proportion of
reproductively mature females giving birth each year).

Entities, state variables and scales

Only individual females and their offspring are modelled.
Individuals are characterised by the following state vari-
ables: age, stage, length, structural (core) mass, reserve mass,
energy assimilation and life expectancy. These vary over time
depending on an individual’s age and the resource densities it
encounters. Females are tracked in discrete time steps of one
day from age one year until death. Their offspring are tracked
from birth untl they die or reach age one.

The life expectancy of each simulated individual is deter-
mined by sampling at random from a cumulative curve
describing the variation in daily survival with age. We used
the approach of Barlow and Boveng (1991) and derived
these curves by fitting a five-parameter Siler model to pub-
lished age- or stage-specific survival data for each species
(Supporting information).

Process overview and scheduling

A simulated individual’s daily assimilated energy varies with
resource density, its structural mass, its state (e.g. pregnant,
lactating, moulting) and its relative body condition (defined
as the ratio of reserve mass to total mass). Individuals are
assumed to have a target body condition (which is based on
the maximum body condition observed in free-living animals
— Supporting information). Following Hin et al. (2019), we
assumed that animals assimilate energy at half of the maxi-
mum possible rate when their body condition is at the target
level and increase their energy assimilation progressively if
their body condition is reduced below this value.

If assimilated energy on a particular day exceeds the com-
bined costs of metabolism, growth and reproduction, the
surplus energy is converted to reserve tissue. If the combined
costs cannot be covered by assimilated energy, a predefined
proportion (which may be zero, depending on the species
reproductive strategy) of the assimilated energy is assigned
to growth (including growth of any foetus). If this is less
than the energy required for growth, the growth rate of the
female and her foetus is reduced accordingly. The daily costs
of maintenance and lactation are always met in full by a com-
bination of the assimilated energy remaining after realized
growth costs have been subtracted and catabolism of reserve
tissue. In these circumstances, a female’s relative body condi-
tion will be reduced on the next day.

We assume that individuals experience an additional
risk of death if their body condition falls below a starvation
threshold, which is based on the minimum body condition
observed in free-ranging animals (Supporting information).
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We assume that all females above a certain age can become
pregnant every year. However, the actual age at first successful
reproduction and the total number of offspring produced by a
female depend on her body condition and life expectancy. The
metabolic and growth costs of pregnancy are calculated by
including foetal mass in maternal structural mass. Following
New et al. (2013) and Hin et al. (2019), we assume that a
female may choose to terminate a pregnancy at a pre-defined
time, which may be the day of ovulation (in HP) or later (HS
and GS) depending on her reproductive strategy, if her reserve
mass is below a threshold value (Supporting information).

Offspring are entirely dependent on milk provided by
their mother until they start foraging on their own. As for
adults, their demand for milk depends on their structural
mass and body condition. However, following Hin et al.
(2019), we assumed that females will reduce the amount of
milk they actually provide to their calf as their own body
condition declines (Supporting information). Independent
foraging is assumed to begin during lactation for HP and
HS, but after the end of lactation in GS, whose pups fast
for a period after weaning. Offspring foraging efficiency is
assumed to increases with age until it attains the adult value.

Age-related and seasonal fluctuations in body condition
are therefore the result of variations in the resource density
experienced by individuals and in their energy demands.
Figure 1A shows the predicted changes in body condition of a
typical female of each species and her offspring over the course
of four reproductive cycles in an undisturbed environment.

We determined the fitness of each simulated female from
her lifetime reproductive success. Combining the mean life-
time reproductive success of all simulated females with their
mean longevity provided an estimate of the long-term growth
rate of a population with the underlying population charac-
teristics of the simulation.

With one exception, we assumed that the simulated
populations were food limited. We therefore used age- and
species-specific survival rates from Sinclair et al. (2020) for
populations of the three species that were increasing. We then
adjusted resource density until the long-term growth rate of
all the simulated populations was 1.0 as a result of increased
starvation mortality and a reduced birth rate. Some HS
populations appear to be limited by factors other than food
(Matthiopoulos et al. 2014). We therefore developed an alter-
native model for this species using stage-specific survival rates
for a stable population. These simulated populations achieved
a growth rate of 1.0 with a higher resource density than the
food-limited HS population, which we refer to as HS-Low R.

Birth and death are stochastic processes and growth varies
among individuals, depending on the resources they encoun-
ter. It was therefore necessary to simulate a large number of
females in order to obtain reliable estimates of mean lifetime
reproductive success for a particular combination of param-
eter values. We found that a minimum of 1000 females was
required to obtain consistent estimates and we chose to simu-
late 2000 females.

A flow chart of all the processes happening in the bioen-
ergetic models at each time step is shown in the Supporting
information.
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Modelling the pattern of disturbance events

The species modelled in this study occur in regions of
increasing offshore wind farm development. We reviewed
construction approaches undertaken by offshore wind farm
developers to determine the scale and duration of potential
disturbance-inducing activities. We then created a piling
schedule that approximated the most intensive pattern of
monopile construction as a worst-case scenario. This involved
300 days of piling over a two year period. The simulated pil-
ing was scheduled to start on 1 May, with 150 days of pil-
ing randomly distributed throughout each year (Fig. 1B). To
understand how sensitive the results are to the distribution
of piling days across the piling duration, we also simulated
a piling schedule where 100 days of piling occurred between
May and September each year, and the remaining 50 days
of piling were randomly distributed over the winter months
(October—April). The results obtained using this piling sched-
ule are presented in the Supporting information.

Estimating the effect of disturbance on individual
energy balance

The effect of a particular disturbance-inducing activity on
an individual’s energy balance will depend on the probabil-
ity that it is exposed to noise associated with that activity
(which we refer to as ‘probability of exposure’), the prob-
ability that it will respond to that exposure (‘probability of
response’) and how long that individual ceases to feed as a
result of its response (which we refer to as the ‘disturbance
effect’). Within the bioenergetic model, the product of the
probability of exposure and the probability of response acts
as a single parameter, which we refer to as ‘probability of
disturbance’. We evaluated the effects of the piling schedules
on all three species by systematically varying the probability
of disturbance and the disturbance effect. On each day of
piling, we determined whether a simulated individual would
be disturbed by conducting a binomial trial using the chosen
probability of disturbance. If it was disturbed, we reduced
its total assimilated energy on that day by the duration of
the chosen disturbance effect expressed as a proportion of
the day (e.g. a disturbance effect of 1 h resulted in a 1/24
reduction in assimilated energy). As there are no empirical
data on how long individuals of each of these three spe-
cies stop foraging after being exposed to disturbance from
pile-driving noise, we used values of 1, 2, 4, 6, 8 and 12 h
day'. The same process was followed for each of the 2000
simulated females. For most simulations, we assumed that
each disturbance event resulted in the same reduction in
assimilated energy for each modelled individual. However,
we also considered a scenario in which the disturbance effect
varied among events (referred to as individual heterogeneity,
IH). Such variation could arise because of differences in the
location of individuals relative to the sound source at the
time piling commenced. We modelled this by sampling on
each piling day, for each individual, from the hypothetical
frequency distribution of disturbance effects shown in the
Supporting information.
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Figure 1. (A) Predicted changes in relative body condition of an average female (black lines) of each species (HP” — harbour porpoise, ‘HS’
— harbour seal, ‘GS’ — grey seal,) and her offspring (red lines) over the course of four reproductive cycles in an undisturbed environment for
the period for which all calculations were done when modelling the effect of disturbance. (B) Weekly number of piling days over the 2 years

of piling schedule (A).

We assumed that both seal species were unaffected by any
piling that occurred while they were ashore, or close to shore,
during their lactation period. This encompassed the entire
lactation period for GS. However, HS females are known to
resume foraging towards the end of lactation and we assumed
that they could be disturbed if piling occurred at that time.
The two seal species also spend more time ashore during the
moult and we reduced their energy assimilation by 50% at
this time. This effectively reduced the response duration by
the same amount.

Estimating individual probabilities of exposure and
disturbance

In order to determine a range of plausible values for the prob-
ability of exposure we used already published individual-based

movement models and telemetry data to estimate how the
probability of exposure might vary among individuals of all
three species in an area of potential off-shore development.
The actual probability of disturbance will be less than the
probability of exposure because the probability of response to
a particular disturbance event is likely to be < 1.0. We discuss
how to deal with this in the Results section.

For each species, we identified two areas, each of 30 km
radius, in regions where intensive development of offshore
wind farms is planned or has occurred (4C_Offshore 2023,
Fig. 2A). One area was at a location where high densities of ani-
mals are expected to occur and the other where low density are
expected. Thirty km is the likely limit of disturbance effects for
a typical piling event (Graham et al. 2019, Whyte et al. 2020).
For HP, these areas were located in inner Danish water; for HS
and GS they were off the east coast of Scotland (Fig. 2A).
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For HP, we used DEPONS (Nabe-Nielsen et al. 2014),
which was developed to model long term movement of the
entire population of HP in Inner Danish Water, to simu-
late the movements of 150 individuals over five years. For
HS, we used AgentSeal (Chudzinska et al. 2021) to simu-
late the movements of 350 adult seals off the east coast of
Scotland over six months. AgentSeal models the movements
of adult HS outside their breeding season and is, therefore,
not suitable for simulations of long-term movement. Both
models were parameterised to reproduce movement charac-
teristics (e.g. turning angles, step length, seasonal movement)
observed for real animals based on tracking data.

We also used satellite tracking data from 12 adult HS and
19 adult GS that were tagged on the east coast of Scotland
between 2008 and 2013 (see Carter et al. 2020 for details on
tagging and data processing). The duration of deployment was
10-160 days (mean 85 days) for HS and 14-230 days (mean
85 days) for GS For each simulated or tagged individual.

The models and telemetry data provided time series of
x- and y-coordinates for each individual. AgentSeal provides
locations every 15 min, whereas DEPONS outputs porpoise
position every 30 min. The seal telemetry data have a temporal
resolution of 1 h. We used these coordinates and the location
of the 30 km radius areas of high- and low-density (Fig. 2)
to calculate what proportion of each modelled or tracked day
each individual spent within those areas. Haul-out time was
included in the calculations for seals. Carter et al. (2020)
describe how haul-out time was identified in the telemetry
data. Figure 2B illustrates the proportions of each modelled
or tagged day each individual spent in each of the defined
areas. These were used as estimates of the probability of expo-
sure to disturbance for each individual. The code and input
data for estimating these probabilities are provided in the
Dryad data repository (Chudzinska et al. 2023).

The telemetry data and the data used to construct the
movement models were collected before any offshore wind
farm construction took place and represent the movements of
individuals that were not exposed to disturbance.

Quantifying uncertainty around model parameter
values in the bioenergetic models

The bioenergetics models require values for more than 50
parameters (see full list in the Supporting information),
some of which are not directly observable, and it is impor-
tant to try to quantify the uncertainties that are associated
with the values used for these parameters. We used rejection
Approximate Bayesian Computation (ABC —, Wiegand et al.
2003, Lagarrigues et al. 2015) to establish plausible statistical
distributions for the unobservable parameters, and for other
parameters whose reported values showed large variations.
The ABC approach involves: 1) defining a set of rejec-
tion criteria based on empirical information that can be used
to evaluate the plausibility of outputs from a model with a
particular set of parameter values; 2) simulating the model a
large number of times with values drawn from prior distribu-
tions for the parameters under investigation; 3) comparing
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the simulation outputs to the rejection criteria; and 4) retain-
ing only those combinations of parameter values that pro-
duce outputs that fall within the plausible range. This process
generates a joint posterior distribution for the parameters
under investigation.

The parameters chosen for ABC and their prior distribu-
tions are listed in the Supporting information. They were:
proportion of assimilated energy allocated to growth (HS
and GS only), effect of age on foraging efficiency, age of off-
spring when foraging efficiency was 50% of the adult level,
starvation threshold and starvation mortality, field metabolic
rate scalar, resource density, day of pregnancy when female
‘decides” whether to continue with pregnancy (HS and GS
only) and calf age at which female begins to reduce milk sup-
ply (HP only).

We ran 300 000 simulations for 2000 females each, in the
absence of disturbance, with parameters drawn from a prior
distribution (Supporting information).

We developed rejection criteria based on the following
population characteristics: population growth rate; propor-
tion of females giving birth each year; female starvation mor-
tality; offspring survival rate; and seasonal changes in the body
condition of offspring (HS only) (Supporting information).

The joint posterior distribution of parameter value com-
binations that fulfilled the rejection criteria for each species
are shown in the Supporting information. This distribution
was then sampled at random to provide parameter values for
the simulations.

Final simulation schedule and calculation of vital rates

For each species we run combinations of seven probabilities
of disturbance: 0.05, 0.1, 0.2, 0.4, 0.6, 0.8 and 1 and seven
disturbance effects: 1, 2, 4, 6, 8, 12 h and TH.

To account for parameter uncertainty, we drew 90 combi-
nations of values from the joint posterior distribution derived
from the ABC analysis and used these to simulate the effect
of each permutation of probability of disturbance and distur-
bance effect values on females that were seven years old when
piling commenced. We chose this age because younger (i.e.
seven years) females are expected to be most vulnerable to the
effects of disturbance (Hin et al. 2019).

For each simulation, we documented three vital rates:
adult starvation rate, calf/pup starvation rate, and birth rate
(percentage of females alive at the start of the breeding sea-
son that gave birth). Birth rate and calf/pup starvation rate
were calculated for each year from the breeding season before
piling commenced to the breeding season after piling ended
(Fig. 1A-B). In order to identify significant differences
between these rates and those calculated when there was no
disturbance, we applied Welsh’s unequal variance t-test to
pairs of values that used the same combination of parameter
values from the ABC analysis. If a significant difference was
detected, we expressed this as a percentage change from the
value observed in a scenario with no disturbance.

The code to run the bioenergetic models for the three stud-
ied species, the movement data and the reports describing the
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Figure 2. (A) At sea distribution (a proxy for animal density) of the two seal species on the east coast of Scotland (Carter et al. 2020) and
the 30 km radius areas of low and high densities are shown on the two left maps. The locations of the low- and high-density areas for har-
bour porpoise in the Inner Danish water are shown in the right-hand map. For depictions of the observed densities of this species see
Edrén et al. (2010). (B) The histograms show the proportion of tracked (“Telemetry’) or modelled (‘Model’) days individuals of the three
species (‘GS’ —grey seal, ‘HP’ — harbour porpoise, ‘HS” — harbour seal) spent in the areas of high (red bars and red circles on the maps) and

low (black bars and black circles on the maps) densities.

previous versions of the bioenergetic models are provided in

the Dryad repository (Chudzinska et al. 2023).

Results

Effect of disturbance on the three modelled species

For all three species, most combinations of disturbance
effect and probability of disturbance resulted in an increase
in the calf/pup starvation rate (Fig. 3), with an almost lin-
ear increase in the effect on this vital rate with increasing
probability of disturbance (Supporting information). The
exception appears to be GS, where there was no relationship
between pup starvation rate and either of the two disturbance

variables (Supporting information). This is because the total
pup mortality in the undisturbed GS population is around
90% (Thomas et al. 2019), so even small increases in starva-
tion rate as a result of disturbance can result in the death of
all the surviving pups in a cohort. This sets an upper limit on
the potential increase in mortality caused by disturbance. For
HP and GS increases in disturbance effect and probability
of disturbance were also predicted to result in a reduction in
birth rate and an increase in the starvation rate of adults.
Disturbance had a greater effect on pup and adult star-
vation rates for the food limited HS population (HS Low
— R in Fig. 3) than for the HS population that was not
food-limited (HS in Fig. 3). This is because resource den-
sity was higher for the latter population, allowing disturbed
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Figure 3. Percentage change from no disturbance in birth rate, pup/calf and adult starvation rate for different combinations of probability
of disturbance and disturbance effect for the three studied species: ‘HP’ — harbour porpoise, ‘HS” — harbour seal, ‘HS-Low R’ — harbour seal
from a food-limited population, ‘GS’ —grey seal. The results of the individual heterogeneity (IH) analysis are shown as the top row of each
panel. Empty cells indicate that there was no significant change between undisturbed and disturbed simulations for a given combination of
probability of disturbance and disturbance effect.

individuals to compensate more easily for temporary reduc-  in simulations with a disturbance effect that was the same as
tions in daily energy assimilation. Simulations using a dis-  the mean of the IH values (2.64 h).

turbance effect that varied among individuals (IH in Fig. 3) Figure 2 illustrates the among-individual variation in
resulted in smaller changes in vital rates than those observed  probability of exposure to disturbance events in low- and
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high-density areas derived from movement models and anal-
ysis of telemetry data. The actual probability of disturbance
will also depend on the probability that an individual will
respond when it is exposed to these events (the probabil-
ity of response). This probability is likely to vary with the
individual’s distance from the source of disturbance at the
moment of exposure (Graham et al. 2019). For illustrative
purposes, we calculated a mean probability of response of
0.23 for HP within 30 km of the piling activity associated
with the construction of the Beatrice Offshore Windfarm
(Scotland) from the dose—response relationships shown in
Fig. 6 of Graham et al. (2019) using the approach described
by Tyack and Thomas (2019). We used this value to convert
the probabilities of exposure shown in Fig. 2 to probabilities
of disturbance for HP. Unfortunately, similar data were not
available for HS and GS.

The low-density areas were rarely visited by any individu-
als, so that the vast majority had a probability of exposure,
and hence a probability of disturbance, close to zero. These
individuals would not be affected by any anthropogenic dis-
turbance generated in the low-density areas, regardless of the
value for disturbance effect. However, approximately 10%
of the simulated HP had a probability of exposure of 0.1
(equivalent to a probability of disturbance of 0.023) in the
low-density area. Figure 3 shows that these individuals might
experience a small reduction (< 5%) increase in calf starva-
tion rate and an even smaller (< 0.2%) increase in adult star-
vation rate if the disturbance effect lasted 12 h.

In contrast, most of the simulated HP spent some time in
the high-density area, with 75% having exposure probabili-
ties in the range 0.15-0.35. Disturbance in this area is there-
fore predicted to have a temporary effect on the vital rates of
a large number of individuals if the disturbance effect exceeds
4 h (Fig. 3). To illustrate how the potential population-level
effects of these changes might be calculated, we multiplied the
individual probabilities of exposure for HP by 0.23 to obtain
probabilities of disturbance. We then calculated a mean effect
of disturbance for each vital rate using the proportions of
simulated individuals that experienced probabilities of dis-
turbance of 0, 0.05, 0.1, 0.2, 0.4, 0.6 as weights. The mean
effects on HP birth rate and adult survival in the high-density
area were close to zero. However, the overall reduction in calf
survival was predicted to be 2.7% if the response duration
was 8 h and 0.8% if it was 6 h. The equivalent values calcu-
lated using the mean probability of exposure for all individu-
als (0.24 X 0.23) were 2.4 and 0% respectively.

For HS, the distribution of exposure probabilities in the
high-density area is bimodal, with most individuals not visit-
ing the area, and therefore not being affected by the distur-
bance. These results are consistent whether the probability
of exposure is obtained from the movement model or from
the telemetry data. However, 30% of the tagged individu-
als and 20% of the simulated individuals had an exposure
probability > 0.80. Disturbance in this area would result in
a substantial increase in pup starvation mortality if the dis-
turbance effect is greater than 6 h (Fig. 3) and there is a high
probability of response.

The distribution of exposure probabilities for GS was
similar in both the low- and high-density areas. Most indi-
viduals (approx. 90% in the case of the low-density area) did
not visit either area and would therefore be unaffected by the
disturbance events. However, 37% of the tagged individuals
did spend some time in the high-density area and may be
affected.

Piling that was more intense in the summer months
had a larger effect on the three vital rates for HP and HS
(Supporting information), with adult starvation rate in HS
also affected by the highest values of disturbance effect. For
GS, this piling schedule resulted in larger changes in birth
rate but smaller changes in pup and adult starvation rate than
when piling was randomly distributed over the year.

Uncertainty around model parameter values

For all three species, the largest difference between the prior
and posterior distribution in the ABC analysis was deter-
mined by the available resources and the field metabolic rate
scalar (Supporting information). For both seal species, there
were large differences between prior and posterior distribu-
tions for two other parameters. These were the age at which
a pup’s resource foraging efficiency is 50% of the adult level,
and the body condition threshold for the onset of starvation
mortality (Supporting information).

The uncertainty associated with the relationships between
the three vital rates and the two variables (disturbance effect
and probability of disturbance) is illustrated in the box
plots of Fig. 4. For all vital rates, variation increased with
increased disturbance effects. Comparing the three vital
rates, the variations in adult starvation rates were lowest
regardless of the species and the effect that was varied. The
largest variations around the mean were observed for birth
rate in HP and birth rate and pup starvation rate in GS. HS
and HP showed little variation around the mean in pup/calf
starvation but there were a large number of outliers for this
vital rate.

Discussion

We have shown how individual-based bioenergetics and
movement models can be used to quantify the potential
effects of disturbance on individual vital rates of species with
different reproductive strategies and movement ecology.

The modelled piling schedule was predicted to have a
similar effect on the vital rates of HP (physically small, pure
income breeders) and GS (physically larger, pure capital
breeders), despite their different reproductive strategies. This
was probably because piling occurred year-round and there-
fore some disturbance events were bound to coincide with
critical periods in the life cycle of each species, when their
relative body condition was close to the threshold for starva-
tion mortality (Harwood et al. 2022, Fig. 1A).

This conclusion is further supported by the results from the
simulations in which there was increased piling activity during
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Figure 4. Variation in the effect of disturbance on the three vital rates between 90 parameter combinations for the entire range of probabili-

ties of disturbance and fixed disturbance effect=4 h (A) and the entire range of disturbance effect and fixed probability of disturbance=0.1
(B) for the three studied species: ‘HP’ —harbour porpoise, ‘HS” — harbour seal’, ‘GS’ — grey seal.
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the summer months (Supporting information). This schedule
resulted in a further reduction in the birth rate for HP and
GS, because there was more disturbance around the assumed
day when females ‘decide’ whether or not to continue with the
pregnancy. It also resulted in an increase in calf starvation mor-
tality for HP (Supporting information), as also demonstrated
by Gallagher et al. (2021), and HS. However, the body condi-
tion of adult HP is closest to the starvation threshold in winter
(Gallagher et al. 2021, Fig. 1). As a result, adult starvation mor-
tality was lower when piling was intensified during the summer.

The value used for the probability of disturbance in the
bioenergetic models had a large effect on the predicted con-
sequences. We were able to gain some insight into how this
probability might vary among individuals by investigating
how the probability of exposure (which is a key component in
the calculation of probability of disturbance) was affected by
a species’ movement ecology and by among-individual varia-
tion. We did not investigate the effect of heterogeneity in the
probability of response, which will vary depending on the pre-
cise location of each individual when construction work starts.
Using the mean probability of response for all individuals, as
we did, may underestimate the number of individuals that are
disturbed a large number of times by a particular disturbance
scenario. But it will also underestimate the number of indi-
viduals that are never disturbed by the same scenario. Further
analysis is required to determine the net effect of these under-
estimates on predicted changes in vital rates.

We also assumed that the daily probability of disturbance
for a particular individual is temporally independent, i.c. it is
unaffected by that individual’s movement history. Relevant
data to test this assumption is limited, but Elmegaard et al.
(2023) that tagged HP exposed to noise from an Acoustic
Harassment Device moved away at speeds of 1.4-1.9 m s™
(5.0-6.8 km h™'). If HP show the same reaction to pile driv-
ing noise they would exit the 30 km radius area around that
disturbance event within 6 h.

Our results support Keen et al.’s (2021) suggestion about
the role of movement ecology in determining the distribu-
tion of exposure probabilities. The two resident species (HS
and GS) had a distribution that was skewed to the right,
with many individuals experiencing an exposure probability
of zero but a small number of individuals experiencing high
probabilities. The vital rates of the latter individuals could
be significantly affected by disturbance events, although the
magnitude of this effect will depend on the duration of their
response to the disturbance. Nomadic HP had a more sym-
metrical distribution, with most individuals experiencing
similar exposure probabilities.

This analysis was only possible because of the availability
of appropriate movement models or telemetry data for our
study species. However, telemetry data are usually only avail-
able from a small number of individuals that have not been
exposed to disturbance. Their behaviour may not, therefore, be
representative of the entire population or of disturbed animals.
For example, if individuals avoid areas in which they have been
disturbed, telemetry data (and movement models derived from
those data) will underestimate their probability of exposure to
subsequent disturbance events at the same locations.

There is an additional problem with the use of the GS
telemetry data. We assumed that GS offspring had the same
probability of exposure to piling-related noise as their mother.
However, GS pups appear to disperse more widely than adults
(Carter etal. 2017, 2020, Peschko et al. 2020). They are there-
fore likely to have a lower mean probability of disturbance at a
particular location. Unfortunately, the spatial resolution of the
available telemetry data from pups is too coarse to allow the
estimation of probabilities of exposure on the scale we used.

The effects of disturbance on adult survival may have been
over-estimated in the simulations, particularly for GS. The
total body weight of adult female GS in the North Sea is
lowest at the end of lactation and does not begin to increase
until 3-4 months later (Boyd 1984, Fig. 1). During this
time their body condition is close to the threshold we have
used for starvation mortality. However, such mortality is
rarely if ever recorded in undisturbed adult GS. This suggests
that, like many other mammals (Millar and Hickling 1990,
Worthy et al. 1992, Kastelein et al. 2019), they have physi-
ological mechanisms for coping with any harmful effects of
extended periods of low energy intake. Such mechanisms are
not included in the model.

Reduced energy assimilation did not appear to have any
effect on the birth rate of HS. However, this should not be
taken as evidence that HS are immune from such effects
because we had to use data from GS to parameterise the
relationship between body condition and birth rate. The GS
model is based on a comprehensive analysis of this relation-
ship performed by Smout et al. (2020). However, there are
no equivalent data for HS and we therefore assumed that the
pregnancy threshold and decision day for this species were
determined by the same rules as in GS. The values of these
parameters determine which vital rates (pup survival or birth
rate) are affected by reduced energy intake. This is clearly an
area where more research is needed. Unfortunately, the rejec-
tion criteria used for this species in the ABC provided little
insight into the most appropriate values for these parameters,
producing a posterior distribution that was virtually identical
to the prior (Supporting information).

We found that the predicted effect of disturbance on indi-
vidual vital rates depends critically on the assumed duration
of the disturbance effect. Unfortunately, there are very few
studies that provide any information on this variable for the
species in this study.

The best information on seals comes from Russell et al.’s
(2016) analysis of the response to actual piling events of HS
tagged with satellite-relay transmitters. They found that usage
of the area around the piling site returned to pre-disturbance
levels within 2 h of the cessation of piling. The average piling
duration was 6 h, which implies a displacement duration of 8
h. However, the effect of this displacement on energy intake
is unclear because the tags provided no information on the
displaced seals’ behaviour.

There are similar issues with the available information on
the duration of the disturbance effect in HP. Dihne et al.
(2017) and Benhemma-Le Gall et al. (2021) used pas-
sive acoustic data from arrays of hydrophones to demon-
strate a decline in HP vocal activity during construction
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of an offshore windfarm using pile-driving. Benhemma-Le
Gall et al. (2021) also recorded a decline in the buzzing activ-
ity that is associated with foraging. In both studies, vocalisa-
tion rates returned to baseline levels soon after construction
ended. These results were based on the changes in population
density that occurred in response to the disturbance events.
However, the vocalisations recorded by these arrays cannot be
assigned to individual animals and so they cannot be used to
quantify individual behavioural responses.

Data on foraging behaviour have been collected from a
number of marine mammal species using specialised telem-
etry devices capable of detecting prey capture attempts. These
have provided insights into typical foraging rates and/or con-
sumption rates in pinnipeds (Iwata et al. 2012, Ydesen et al.
2014, Volpov et al. 2015, Cole et al. 2021, Vance et al. 2021)
and cetaceans (Johnson et al. 2006, Aguilar Soto et al. 2008,
Wisniewska et al. 2014, Malinka et al. 2021). Although such
tags have been used to identify the onset of changes in forag-
ing behaviour following exposure to a disturbance event they
have only rarely provided information on the duration of that
change. Further analysis of data from these experiments could
therefore provide greater insight into the likely magnitude of
the disturbance effect in different marine mammal species.

The duration of the disturbance effect is likely to vary
among individuals, and to be affected by each individuals® pre-
cise location (which determines the received sound level) and
behaviour when noise production commences. We used simple
assumptions to explore the effect of this individual heterogene-
ity (IH). In the example we chose, the effect of a particular
combination of disturbance effect and probability of distur-
bance was increased when we included IH. However, more
work is needed to quantify the effects of different forms of TH.

It is important to highlight that the combination of a high
probability of exposure disturbance and the largest reduc-
tions in intake do not always result in the largest predicted
effects in all species (Supporting information). Such instances
highlight the need for a better understanding of the intrica-
cies of such models, particularly if they are to be used for
conservation and management purposes.

Management implications and future studies

We have used a concrete example of a specific activity that
is likely to generate underwater noise that could potentially
disturb large number of marine mammals. This was done
to illustrate how the approach we have developed could be
used to estimate the consequences at the population level.
However, it is not intended as a quantitative analysis of the
risks to marine mammals likely to be associated with wind
farm construction at any of the six locations we have used as
examples of low- and high-density areas. That process would
require an extension of the bioenergetic modelling to con-
sider the effect of reduced energy assimilation on all the age
classes in each population, not just younger females.

It would also require a more extensive analysis of each spe-
cies movement ecology to ensure that reliable estimates of the
frequency distributions describing among-individual variation
in probability of exposure at a particular location were obtained.
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Our results indicate that disturbance-inducing activities are
most likely to impact vital rates if they are carried out in an
area with a high density of animals and at a time of year when
individuals are likely to be in poor condition. In line with other
studies (McHuron et al. 2018, Hin et al. 2019, Silva et al.
2020), we found that pup/calf survival is the vital rate that is
most likely to be affected by disturbance, regardless of when
the disturbance-inducing activities occur. Pre- and post-con-
struction monitoring of pup/calf survival should, therefore, be
considered as standard practice so that populations responses
to these activities can be detected as early as possible.

The approach we describe here could readily be extended
to other activities that result in a decrease in energy intake
(e.g. redistribution of animals to areas of low prey availabil-
ity), and to other species, provided there is sufficient infor-
mation to parameterise the component models. However, we
emphasise the need to account for among-individual hetero-
geneities and uncertainties in the values of the many model
parameters. It is of particular concern that there is currently
little published information on the duration of the response
of individual marine mammals to disturbance because this
has a large effect on predicted changes in vital rates. More
research in this area is urgently needed.

Acknowledgements — We thank Debbie Russell, Carol Sparling and
Gordon Hastie for productive discussions throughout this study.
Funding — This work was funded by Scottish Government, under the
Marine Industries theme of the Marine Mammal Scientific Support
Programme (2021/2022) to the Sea Mammal Research Unit. This
work was also funded under Award N3943019C2175 by naval
Facilities Engineering Systems Command (NAVFAC) EXWC.

Author contributions

Magda Chudziriska: Conceptualization (equal); Data cura-
tion (lead); Formal analysis (lead); Methodology (lead);
Project administration (equal); Writing — original draft (lead);
Writing — review and editing (lead). Katarina Klementisova:
Conceptualization  (equal); Data curation (support-
ing); Formal analysis (supporting); Investigation (equal);
Methodology (supporting); Writing — original draft (sup-
porting); Writing — review and editing (supporting). Cormac
Booth: Conceptualization (equal); Funding acquisition
(lead); Methodology (equal); Project administration (lead);
Writing — original draft (supporting); Writing — review and
editing (supporting). John Harwood: Conceptualization
(equal); Formal analysis (lead); Funding acquisition (sup-
porting); Methodology (lead); Writing — original draft (sup-
porting); Writing — review and editing (supporting).

Data availability statement

Data are provided in the Dryad repository, hteps://doi.
org/10.5061/dryad.v41ns1s35 (Chudzinska et al. 2023).

Supporting information

The Supporting information associated with this article is
available with the online version.

85U80|7 SUOWWIOD 3AIRID 3|qeoljdde au Aq peusenob aJe sajone O ‘88N 4O Sa|nJ 10} Arlq1T8UlUQ /]I UO (SUOIPUOD-pUe-SWB}/W0D B 1M ATe.d 1 [Bu1|UO//:SANY) SUORPUOD PUe SWiB | 841 88S *[¥202/T0/0] Uo A%eiqiauljuo A8|IMm ‘881 Ad EZTOT IO/TTTT OT/I0p/w00 A3 1M Afe.q1puljuo'S feuInofosuy/sdny wiouy papeojumoq ‘0 ‘90.0009T


https://doi.org/10.5061/dryad.v41ns1s35
https://doi.org/10.5061/dryad.v41ns1s35

References

4C_Offshore. 2023. 4c_Offshore. — https://map.4coffshore.com/
offshorewind.

Abrahms, B., Welch, H., Brodie, S., Jacox, M. G., Becker, E. A,
Bograd, S. J., Irvine, L. M., Palacios, D. M., Mate, B. R. and
Hazen, E. L. 2019. Dynamic ensemble models to predict dis-
tributions and anthropogenic risk exposure for highly mobile
species. — Divers. Distrib. 25: 1182-1193.

Aguilar Soto, N., Johnson, M. P, Madsen, P T., Diaz, E,
Dominguez, 1., Brito, A. and Tyack, P. 2008. Cheetahs of the
deep sea: deep foraging sprints in short-finned pilot whales off
Tenerife (Canary Islands). — J. Anim. Ecol. 77: 936-947.

Ames, E. M., Gade, M. R., Nieman, C. L., Wright, J. R., Tonra, C.
M., Marroquin, C. M., Tutterow, A. M. and Gray, S. M. 2020.
Striving for population-level conservation: integrating physiology
across the biological hierarchy. — Conserv. Physiol. 8: coaa019.

Barlow, J. and Boveng, P. 1991. Modeling age-specific mortality for
marine mammal populations. — Mar. Mamm. Sci. 7: 50-65.

Beale, C. M. and Monaghan, P. 2004. Human disturbance: people
as predation-free predators? — J. Appl. Ecol. 41: 335-343.

Benhemma-Le Gall, A., Graham, I. M., Merchant, N. D. and
Thompson, . M. 2021. Broad-scale responses of harbor por-
poises to pile-driving and vessel activities during offshore wind-
farm construction. — Front. Mar. Sci. 8: 664724.

Boyd, I. 1984. The relationship between body condition and the
timing of implantation in pregnant grey seals (Halichoerus
grypus). — J. Zool. 203: 113-123.

Carter, M. I. D., Russell, D. J. E, Embling, C. B., Blight, C. J.,
Thompson, D., Hosegood, P. J. and Bennett, K. A. 2017.
Intrinsic and extrinsic factors drive ontogeny of early-life at-sea
behaviour in a marine top predator. — Sci. Rep. 7: 15505.

Carter, M., Boehme, L., Duck, C., Grecian, W., Hastie, G., McCo-
nnell, B., Miller, D., Morris, C., Moss, S., Thompson, D.,
Thompson, P. and Russell, D. 2020. Habitat-based predictions
of at-sea distribution for grey and harbour seals in the British
Isles. — Sea Mammal Research Unit, Univ. of St Andrews,
Report to BEIS, OESEA-16-76/OESEA-17-78.

Carter, M. I. D., Boehme, L., Cronin, M. A., Duck, C. D., Gre-
cian, W. J., Hastie, G. D., Jessopp, M., Matthiopoulos, J.
McConnell, B. J., Miller, D. L., Morris, C. D., Moss, S. E. W.,
Thompson, D., Thompson, P M. and Russell, D. J. E 2022.
Sympatric seals, satellite tracking and protected areas: habitat-
based distribution estimates for conservation and management.
— Front. Mar. Sci. 9: 875869.

Chudzinska, M., Nabe-Nielsen, J., Smout, S., Aarts, G., Brasseur,
S., Graham, 1., Thompson, P and McConnell, B. 2021.
AgentSeal: agent-based model describing movement of marine
central-place foragers. — Ecol. Modell. 440: 109397.

Chudzinska, M et al. 2023. Combining bioenergetics and move-
ment models to improve understanding of the population con-
sequences of disturbance. Dryad, https://doi.org/10.5061/
dryad.v41ns1s35

Cole, M. R,, Zeligs, J. A., Skrovan, S. and McDonald, B. I. 2021.
Head-mounted accelerometry accurately detects prey capture in
California sea lions. — Anim. Biotelem. 9: 1-13.

Cunningham, L., Baxter, J. M., Boyd, L. L., Duck, C. D., Lonergan,
M., Moss, S. E. and McConnell, B. 2009. Harbour seal move-
ments and haul-out patterns: implications for monitoring and
management. — Aquat. Conserv. Mar. Freshwater Ecosyst. 19:
398-407.

Dihne, M., Tougaard, J., Carstensen, J., Rose, A. and Nabe-
Nielsen, J. 2017. Bubble curtains attenuate noise from offshore

wind farm construction and reduce temporary habitat loss for
harbour porpoises. — Mar. Ecol. Prog. Ser. 580: 221-237.

Davies, R. W. D., Cripps, S. J., Nickson, A. and Porter, G. 2009.
Defining and estimating global marine fisheries bycatch. — Mar.
Policy 33: 661-672.

Edrén, S. M. C., Wisz, M. S., Teilmann, J., Dietz, R. and Séderkvist,
J. 2010. Modelling spatial patterns in harbour porpoise satellite
telemetry data using maximum entropy. — Ecography 33: 698-708.

Elmegaard, S. L., Teilmann, J., Rojano-Donate, L., Brennecke, D.,
Mikkelsen, L., Balle, J. D., Gosewinkel, U, Kyhn, L. A,
Tonnesen, P, Wahlberg, M., Ruser, A., Siebert, U. and Teglberg
Madsen, P 2023. Wild harbour porpoises startle and flee at low
received levels from acoustic harassment device. — Sci. Rep. 13: 16691.

Gallagher, C., Grimm, V., Kyhn, L. and Nabe-Nielsen, J. 2021. Move-
ment and seasonal energetics mediate vulnerability to disturbance
in marine mammal populations. — Am. Nat. 197: 269-311.

Gill, J. A., Norris, K. and Sutherland, W. J. 2001. Why behavioural
responses may not reflect the population consequences of
human disturbance. — Biol. Conserv. 97: 265-268.

Graham, I. M., Merchant, N. D., Farcas, A., Barton, T. R. C.,
Cheney, B., Bono, S. and Thompson, 2. M. 2019. Harbour
porpoise responses to pile-driving diminish over time. — R. Soc.
Open Sci. 6: 190335.

Grimm, V., Railsback, S. E, Vincenot, C. E., Berger, U., Gallagher,
C., DeAngelis, D. L., Edmonds, B., Ge, J., Giske, J., Groen-
eveld, J., Johnston, A. S. A., Milles, A., Nabe-Nielsen, J., Pol-
hill, J. G., Radchuk, V., Rohwider, M., Stillman, R. A., Thiele,
J. C. and Ayllén, D. 2020. The ODD protocol for describing
agent-based and other simulation models: a second update to
improve clarity, replication, and structural realism. — J. Ardif.
Soc. Soc. Simul. 23.

Hawkins, A. D. and Popper, A. N. 2017. A sound approach to
assessing the impact of underwater noise on marine fishes and
invertebrates. — ICES J. Mar. Sci. 74: 635-651.

Harwood, J., Chudzinska, M. and Booth, C. 2022. Further develop-
ment of marine mammal dynamic energy budgets models for
application to environmental assessments and integration into the
iPCoD framework. SMRUC-MSC-2021-015 Provided to Marine
Scotland, May 2022 (Available at https://www.gov.scot/publica-
tions/developing-marine-mammal-dynamic-energy-budget-mod-
els-potential-integration-ipcod-framework/documents/).

Hin, V., Harwood, J. and de Roos, A. M. 2019. Bio-energetic mod-
eling of medium-sized cetaceans shows high sensitivity to distur-
bance in seasons of low resource supply. — Ecol. Appl. 29: €01903.

Iwata, T., Sakamoto, K. Q., Takahashi, A., Edwards, E. W. J.,
Staniland, I. J., Trathan, P. N. and Naito, Y. 2012. Using a
mandible accelerometer to study fine-scale foraging behavior of
free-ranging Antarctic fur seals. — Mar. Mamm. Sci. 28: 345.

Johnson, M., Madsen, P. T., Zimmer, W. M., De Soto, N. A. and
Tyack, P. L. 2006. Foraging Blainville’s beaked whales (Mesop-
lodon densirostris) produce distinct click types matched to dif-
ferent phases of echolocation. — J. Exp. Biol. 209: 5038-5050.

Jones, E. L., McConnell, B. J., Smout, S., Hammond, P. S., Duck,
C. D., Morris, C. D., Thompson, D., Russell, D. ]J. E, Vincent,
C., Cronin, M., Sharples, R. J. and Matthiopoulos, J. 2015. Pat-
terns of space use in sympatric marine colonial predators reveal
scales of spatial partitioning. — Mar. Ecol. Prog. Ser. 534: 235-249.

Jones-Todd, C. M., Pirotta, E., Durban, J. W., Claridge, D. E., Baird,
R. W., Falcone, E. A., Schorr, G. S., Watwood, S. and Thomas,
L. 2022. Discrete-space continuous-time models of marine mam-
mal exposure to Navy sonar. — Ecol. Appl. 32: €02475.

Kastelein, R. A., Helder-Hoek, L., Jennings, N., van Kester, R. and
Huisman, R. 2019. Reduction in body mass and blubber thick-

Page 13 of 14

85U80|7 SUOWWIOD 3AIRID 3|qeoljdde au Aq peusenob aJe sajone O ‘88N 4O Sa|nJ 10} Arlq1T8UlUQ /]I UO (SUOIPUOD-pUe-SWB}/W0D B 1M ATe.d 1 [Bu1|UO//:SANY) SUORPUOD PUe SWiB | 841 88S *[¥202/T0/0] Uo A%eiqiauljuo A8|IMm ‘881 Ad EZTOT IO/TTTT OT/I0p/w00 A3 1M Afe.q1puljuo'S feuInofosuy/sdny wiouy papeojumoq ‘0 ‘90.0009T


https://map.4coffshore.com/offshorewind
https://map.4coffshore.com/offshorewind
https://doi.org/10.5061/dryad.v41ns1s35
https://doi.org/10.5061/dryad.v41ns1s35
https://www.gov.scot/publications/developing-marine-mammal-dynamic-energy-budget-models-potential-integration-ipcod-framework/documents/
https://www.gov.scot/publications/developing-marine-mammal-dynamic-energy-budget-models-potential-integration-ipcod-framework/documents/
https://www.gov.scot/publications/developing-marine-mammal-dynamic-energy-budget-models-potential-integration-ipcod-framework/documents/

ness of harbor porpoises (Phocoena phocoena) due to near-fasting
for 24 hours in four seasons. — Aquat. Mamm. 45: 37-47.

Keen, K. A., Beltran, R. S., Pirotta, E. and Costa, D. 2. 2021.
Emerging themes in population consequences of disturbance
models. — Proc. R. Soc. B 288: 20210325.

Lagarrigues, G., Jabot, E, Lafond, V. and Courbaud, B. 2015.
Approximate Bayesian computation to recalibrate individual-
based models with population data: illustration with a forest
simulation model. — Ecol. Modell. 306: 278-286.

Malinka, C. E., Tonnesen, P, Dunn, C. A., Claridge, D. E., Grid-
ley, T., Elwen, S. H. and Teglberg Madsen, . 2021. Echoloca-
tion click parameters and biosonar behaviour of the dwarf
sperm whale (Kogia sima). — ]. Exp. Biol. 224: jeb240689.

Matthiopoulos, J., Cordes, L., Mackey, B., Thompson, D., Duck,
C., Smout, S., Caillat, M. and Thompson, . 2014. State-space
modelling reveals proximate causes of harbour seal population
declines. — Oecologia 174: 151-162.

McConnell, B. J., Fedak, M. A., Lovell, P. and Hammond, P. S.
1999. Movements and foraging areas of grey seals in the North
Sea. — J. Appl. Ecol. 36: 573-590.

McHuron, E. A., Costa, D. P, Schwarz, L. and Mangel, M. 2017.
State-dependent behavioural theory for assessing the fitness
consequences of anthropogenic disturbance on capital and
income breeders. — Methods Ecol. Evol. 8: 552-560.

McHuron, E. A., Schwarz, L. K., Costa, D. P and Mangel, M.
2018. A state-dependent model for assessing the population
consequences of disturbance on income-breeding mammals. —
Ecol. Modell. 385: 133-144.

Millar, J. S. and Hickling, G. J. 1990. Fasting endurance and the
evolution of mammalian body size. — Funct. Ecol. 4: 5-12.
Nabe-Nielsen, J., R. M. Sibly, J. Tougaard, ]J. Teilmann, and S.
Sveegaard. 2014. Effects of noise and by-catch on a Danish
harbour porpoise population. — Ecol. Modell. 272: 242-251.

Nabe-Nielsen, J., van Beest, E M., Grimm, V., Sibly, R. M., Teil-
mann, J. and Thompson, P. M. 2018. Predicting the impacts
of anthropogenic disturbances on marine populations. — Con-
serv. Lett. 11: e12563.

New, L. E, Moretti, D. J., Hooker, S. K., Costa, D. P. and Sim-
mons, S. E. 2013. Using energetic models to investigate the
survival and reproduction of beaked whales (family Ziphiidae).
— PLoS One 8: e68725.

Peschko, V., Miiller, S., Schwemmer, P, Mercker, M., Lienau, P,
Rosenberger, T., Sundermeyer, J. and Garthe, S. 2020. Wide
dispersal of recently weaned grey seal pups in the southern
North Sea. — ICES J. Mar. Sci. 77: 1762-1771.

Pirotta, E. 2022. A review of bioenergetic modelling for marine
mammal populations. — Conserv. Physiol. 10: coac036.

Poloczanska, E. S., Burrows, M. T., Brown, C. J., Garcia Molinos,
J., Halpern, B. S., Hoegh-Guldberg, O., Kappel, C. V., Moore,
P J., Richardson, A. J., Schoeman, D. S. and Sydeman, W. J.
2016. Responses of marine organisms to climate change across
oceans. — Front. Mar. Sci. 3: 62.

Russell, D. J., G. D. Hastie, D. Thompson, V. M. Janik, P. S. Ham-
mond, L. A. Scott-Hayward, J. Matthiopoulos, E. L. Jones, and
B.J. McConnell. 2016. Avoidance of wind farms by harbour seals
is limited to pile driving activities. — J. Appl. Ecol. 53: 1642-1652.

Segner, H., Schmitt-Jansen, M. and Sabater, S. 2014. Assessing the
impact of multiple stressors on aquatic biota: the receptor’s side
matters. — Environ. Sci. Technol. 48: 7690-7696.

Page 14 of 14

Silva, W. T. A. E, Harding, K. C., Marques, G. M., Bicklin, B. M.,
Sonne, C., Dietz, R., Kauhala, K. and Desforges, J. P. 2020.
Life cycle bioenergetics of the gray seal (Halichoerus grypus) in
the Baltic Sea: population response to environmental stress. —
Environ. Int. 145: 106145.

Sinclair, R., Harwood, J. and Sparling, C. 2020. Review of demo-
graphic parameters and sensitivity analysis to inform inputs
and outputs of population consequences of disturbance assess-
ments for marine mammals. — Scottish Mar. Freshwater Sci.
11: 74.

Smout, S., King, R. and Pomeroy, P. P. 2020. Environment-sensitive
mass changes influence breeding frequency in a capital breeding
marine top predator. — J. Anim. Ecol. 89: 384-396.

Southall, B., Calambokidis, J., Tyack, P, Moretti, D., Hildebrand,
J., Kyburg, C., Carlson, R., Carlson, A., Friedlaender, E., Fal-
cone, G., Schorr, A. D., DeRuiter, S., Goldbogen, J. and Barlow,
J. 2010. Biological and behavioral response studies of marine
mammals in southern California, 2010 (SOCAL-10) final pro-
ject report. https://apps.dtic.mil/sti/citations/ADA538910.

Stanley, J. A., Radford, C. A. and Jeffs, A. G. 2012. Location, loca-
tion, location: finding a suitable home among the noise. — Proc.
R. Soc. B 279: 3622-3631.

Sutherland, W. J. 1996. From individual behaviour to population
ecology. — Oxford Univ. Press.

Thomas, L., D. Russell, C. Duck, C. Morris, M. Lonergan, E
Empacher, D. Thompson, and ]J. Harwood. 2019. Modelling
the population size and dynamics of the British grey seal. —
Aquat. Conserv. Mar. Freshwater Ecosyst. 29(S1): 6-23.

Tyack, P. L. and Thomas, L. 2019. Using dose—response functions
to improve calculations of the impact of anthropogenic noise.
— Aquat. Conserv. Mar. Freshwater Ecosyst. 29: 242-253.

Vance, H. M., Hooker, S. K., Mikkelsen, L., van Neer, A., Teilmann,
J., Siebert, U. and Johnson, M. 2021. Drivers and constraints
on offshore foraging in harbour seals. — Sci. Rep. 11: 6514.

Volpov, B. L., Hoskins, A. J., Battaile, B. C., Viviant, M., Wheat-
ley, K. E., Marshall, G., Abernathy, K. and Arnould, J. P 2015.
Identification of prey captures in Australian fur seals (Arcto-
cephalus pusillus doriferus) using head-mounted accelerometers:
field validation with animal-borne video cameras. — PLoS One
10: ¢0128789.

Whyte, K. E, Russell, D. J. E, Sparling, C. E., Binnerts, B. and
Hastie, G. D. 2020. Estimating the effects of pile driving
sounds on seals: pitfalls and possibilities. — J. Acoust. Soc. Am.
147: 3948.

Wiegand, T., Jeltsch, E, Hanski, I. and Grimm, V. 2003. Using
pattern-oriented modeling for revealing hidden information: a
key for reconciling ecological theory and application. — Oikos
100: 209-222.

Wisniewska, D. M., Johnson, M., Nachtigall, P. E. and Madsen, P.
T. 2014. Buzzing during biosonar-based interception of prey in
the delphinids Zursiops truncatus and Pseudorca crassidens. — J.
Exp. Biol. 217: 4279-4282.

Worthy, G. A. J., Morris, 2. A., Costa, D. P. and Boeuf, B. J. L.
1992. Moult energetics of the northern elephant seal (Mirounga
angustirostris). — J. Zool. 227: 257-265.

Ydesen, K. S., Wisniewska, D. M., Hansen, J. D., Beedholm, K.,
Johnson, M. and Madsen, P. T. 2014. What a jerk: prey engulf-
ment revealed by high-rate, super-cranial accelerometry on a
harbour seal (Phoca vitulina). — J. Exp. Biol. 217: 2239-2243.

85U80|7 SUOWWIOD 3AIRID 3|qeoljdde au Aq peusenob aJe sajone O ‘88N 4O Sa|nJ 10} Arlq1T8UlUQ /]I UO (SUOIPUOD-pUe-SWB}/W0D B 1M ATe.d 1 [Bu1|UO//:SANY) SUORPUOD PUe SWiB | 841 88S *[¥202/T0/0] Uo A%eiqiauljuo A8|IMm ‘881 Ad EZTOT IO/TTTT OT/I0p/w00 A3 1M Afe.q1puljuo'S feuInofosuy/sdny wiouy papeojumoq ‘0 ‘90.0009T


https://apps.dtic.mil/sti/citations/ADA538910

	Introduction
	Material and methods
	Purpose and patterns
	Entities, state variables and scales
	Process overview and scheduling
	Modelling the pattern of disturbance events
	Estimating the effect of disturbance on individual energy balance
	Estimating individual probabilities of exposure and disturbance
	Quantifying uncertainty around model parameter values in the bioenergetic models
	Final simulation schedule and calculation of vital rates

	Results
	Effect of disturbance on the three modelled species
	Uncertainty around model parameter values

	Discussion
	Management implications and future studies

	References

