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Abstract:

1. Climate change is modifying the structure of marine ecosystems, including that of fish 

communities. Alterations in abiotic and biotic conditions can decrease fish size and change 

community spatial arrangement, ultimately impacting predator species which rely on these 

communities. To conserve predators and understand drivers of observed changes in their 

population dynamics, we must advance our understanding of how shifting environmental 

conditions can impact populations by limiting food available to individuals.

2. To investigate impacts of changing fish size and spatial aggregation on a top predator 

population, we applied an existing agent-based model parameterized for harbor porpoises 

(Phocoena phocoena) which represents animal energetics and movements in high detail. 

We used this framework to quantify impacts of shifting prey size and spatial aggregation 

on porpoise movement, space use, energetics, and population dynamics.

3. Simulated individuals were more likely to switch from area-restricted search to transit 

behavior with increasing prey size, particularly when starving, due to elevated resource 

competition. In simulations with highly aggregated prey, higher prey encounter rates 

counteracted resource competition, resulting in no impacts of prey size on movement 

behavior. 

4. Reduced energy intake with decreasing prey size and aggregation level caused population 

decline. A 15% decrease in fish length, for example, resulted in total population collapse. 

Increasing prey consumption rates by 42.8 ± 4.5% could offset population declines, 

however this increase was 21.3 ± 12.7% higher than needed to account for changes in total 

energy availability alone. This suggests that animals in realistic seascapes require A
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additional energy to locate smaller prey which should be considered when assessing 

impacts of decreased energy availability.

5. Changes in prey size and aggregation influenced movements and population dynamics of 

simulated harbor porpoises, revealing that climate-induced changes in prey structure, not 

only prey abundance, may threaten predator populations. We demonstrate how a 

population model with realistic animal movements and process-based energetics can be 

used to investigate population consequences of shifting food availability, such as those 

mediated by climate change, and provide a mechanistic explanation for how changes in 

prey structure can impact energetics, behavior, and ultimately viability of predator 

populations.

Keywords:

Agent-based model, climate change effects, energy budgets, harbor porpoise, hidden Markov 

modelling, marine mammal, physiological ecology, predictive ecology

Introduction:

Climate change is rapidly modifying marine ecosystems through numerous and complex 

mechanisms (Poloczanska et al., 2013; Saba et al., 2015). Changes in abiotic ocean properties, 

such as circulation, upwelling strength, temperature, and oxygen saturation, can alter the 

abundance and distribution of primary producers (Amorim et al., 2017; Embling et al., 2012; 

Hoegh-Guldberg & Bruno, 2010). This can trigger responses in higher trophic levels, including 

changes in body size and spatial distribution of fish (Harley et al., 2006; Hoegh-Guldberg & 

Bruno, 2010). Such changes in fish size and distribution can affect the very organization of marine 

ecosystems and ultimately impact top predators. To conserve predator species in a changing A
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ocean, potential population-level impacts of climate change-induced prey alterations should be 

assessed.

Though mechanisms responsible for fish size changes with ocean warming are hotly 

debated, they are likely related to nutritional, physiological (e.g., oxygen limitation), or adaptive 

(e.g., shortened development time with increased predation) mechanisms (Sheridan & Bickford, 

2011; Verberk et al., 2020). Size reductions in fish species have been documented both on 

individual species (Clausen et al., 2018) and community-wide scales (Beukhof et al., 2019). These 

changes strongly affect the energy content of individual fish, which is directly related to mass and 

exponentially related to length (Silva et al., 2013; Temming & Herrmann, 2003). As declines in 

fish size are unlikely to lead to increased abundance (Audzijonyte et al., 2013, 2020), such 

changes can have huge energetic implications for predators. However, the population effects of 

prey size changes are still largely unknown and may be complicated by interactions with other 

environmental drivers, such as prey distribution. 

Climate change impacts on ocean circulation and upwelling can influence the spatial 

heterogeneity, or patchiness, of plankton (Brun et al., 2016; Harley et al., 2006). This will likely 

influence the distribution of species which depend on plankton (Bertrand et al., 2014; McInnes et 

al., 2017; Woodsona & Litvinb, 2015). Alterations in prey spatial arrangement can affect how 

often predators encounter food resources, requiring altered movement and foraging behavior to 

maintain energy balance (Bailleul et al., 2013). Many marine predator species depend on finding 

high density food patches to meet their energetic needs (Benoit-Bird et al., 2013; Goldbogen et al., 

2011, 2015). Small-scale prey patch characteristics determine how predators exploit their food 

supplies and have been used to predict space use patterns (e.g., Benoit-Bird et al. 2013). Despite 

uncertainty in predictions of climate change impacts on oceanic spatial heterogeneity, patchiness 

is a key driver of marine predator-prey relationships and altered prey distribution may have 

serious consequences for the persistence of top predator populations. 

To conserve predator species, potentially interacting impacts of changing climatic-induced 

conditions, such as reduced prey size and altered patchiness, on their populations must be 

understood. Marine top predators, such as cetaceans, function as climate sentinels (Hazen et al., 

2019), reflecting changes in lower trophic level dynamics while exerting top-down control on 

these groups. Species with high energetic demands may be especially sensitive to changes in their 

environments and prey resources. Harbor porpoises are a cetacean species with elevated metabolic 

requirements (Rojano-Donãte et al., 2018) which exhibit exceptionally high foraging rates A
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(Wisniewska et al., 2016). The dependence of harbor porpoises on high quality and accessible 

prey puts them at high risk when conditions change (Wisniewska et al., 2016), though their high 

capture success and generalist diet may also make them resilient to short term foraging losses 

(Booth, 2020; Goldbogen et al., 2019). While impacts of alterations in prey availability on 

porpoise survival has been discussed (e.g., MacLeod et al. 2007, Wisniewska et al. 2016), the 

implications of changing prey size and spatial distribution on their populations have yet to be 

assessed. 

Integrated models which consider effects of changing resource conditions on species, such 

as agent-based models (ABMs), can be used to predict population-level impacts of individual 

responses to changing environments (Nabe-Nielsen et al., 2018). Individual-level representation 

and the integration of energy budgets into ABMs allows for modelled organisms to intake and use 

energy at rates consistent with their age, status, activity levels, and experienced environmental 

conditions, and to adaptively adjust their behavior to perceived changes (Chimienti et al., 2020; 

Railsback & Harvey, 2020; Sibly et al., 2013). The advantage of using ABMs where movements 

and energetics are modelled mechanistically is that population dynamics emerge from individual-

level behavioral and physiological processes (Railsback & Grimm, 2019). Additionally, 

landscapes in ABMs can be represented explicitly, allowing for realistic patch dynamics. While 

empirical data linking environmental change to population responses are difficult to acquire, the 

bottom-up approach of energy budget ABMs makes them well-suited and powerful tools for 

predicting population-level impacts of environmental alterations (Stillman et al., 2015).

Here we apply an ABM of harbor porpoise energetics and movements to theoretical 

scenarios of two potential responses to climate change in marine ecosystems: altered length and 

spatial aggregation of prey resources. The ABM has been rigorously developed and tested using 

empirical data for this species (Gallagher et al., 2021; Nabe-Nielsen et al., 2018). By 

implementing the model in theoretical, yet realistic, seascapes, we control for tested impacts and 

assess the two drivers in tandem to investigate isolated and interacting effects. We hypothesized 

that decreasing fish length and aggregation will result in deviations in individual movement and 

space use behavior resulting from decreased foraging success. We additionally hypothesized that 

reduced prey length and aggregation will trigger population decline due to decreased available 

energy and higher potential foraging efficiency in aggregated prey patches. While it may be 

intuitive to assume population decline in response to reduced prey size and aggregation, it is not 

clear which of the two changes matters more, how they interact, or how fast decline occurs. A
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Additionally, as porpoises are capable of very high foraging rates and may compensate for 

reduced prey size by increasing prey capture rates, we explored how increased intake rates and 

fish abundance could prevent population decline and compared results to estimates based purely 

on changes in available energy. Our results provide valuable insight on how individual movement 

behavior and energetics can be impacted by climate-related environmental changes in prey 

structure, and ultimately impact viability of porpoise populations.

Materials and methods:

Model description

We implemented an existing model of porpoise movements and energetics for predicting 

spatiotemporal effects of environmental change on population dynamics (Gallagher et al., 2021). 

Model seascapes and prey characteristics were modified for this application (details below and in 

Appendix S1 Section 7.3). In the following we present a summary description of the model. The 

accompanying TRACE document (Grimm et al., 2014) in the Supporting Information (Appendix 

S1) includes a detailed model description following the ODD protocol (Grimm et al., 2006, 2020) 

and presents additional evidence that our model was thoughtfully designed, correctly 

implemented, thoroughly tested, well understood, and appropriately used for its intended purpose. 

As this was a model-based study, no field work permissions or animal ethics permits were 

required.

Two entity types are represented: female porpoises and grid cells. Porpoises are represented as 

“super-individuals” (Scheffer et al., 1995), hereafter “individuals”, which represent 100 female 

porpoises characterized by realistic movements and energetics. All key life phases are represented 

including birth, maturation, reproduction, and death. Individual energetics depend on age, 

reproductive status, environment, body condition, and activity level. Porpoises ingest prey from 

their environment, then expend assimilated energy on metabolic costs in order of importance to 

survival (Gallagher, Grimm, et al., 2021; Sibly et al., 2013): maintenance, thermoregulation, 

locomotion, reproduction, and growth and storage. If assimilated energy is insufficient to cover 

costs, energy stored as blubber can be mobilized. However, if blubber stores are low, individuals 

instead sacrifice reproduction and growth to maintain survival. Though alternative energy 

allocations strategies exist and can yield differing predictions (Pirotta et al., 2020), we selected 

this strategy as it allows animals to prioritize their own survival and potential future reproductive A
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events over current reproduction and growth when experiencing low foraging success. Animals 

die when their body condition drops, they can no longer cover vital metabolic processes, i.e., 

maintenance and thermoregulation, or they reach a maximum age. By linking reproduction and 

mortality to foraging success, population dynamics emerge from individual interactions with their 

environment, characterized by food availability and abiotic conditions (e.g., temperature and 

salinity).

Animal movements are driven by their energetic status and occur on both fine- and large-

scales. When using fine-scale movements, animals follow correlated random walks to encounter 

new food cells and spatial memory to return to locations where they have previously encountered 

food. Animals with decreasing storage levels for three consecutive days switch to large-scale 

movements to move to regions with potentially high food levels (Nabe-Nielsen et al., 2014).   

The model environment is composed of grid cells with dynamic food levels. After prey is 

consumed, food levels increase logistically in daily steps until reaching their maximum value. In 

this study, maximum food levels remain constant throughout the year, though environmental 

physical properties vary seasonally. These properties directly impact porpoise energetics by 

altering their thermoregulation and locomotion costs and potential prey consumption rates. Water 

temperature, salinity, and additional thermophysical properties were incorporated as monthly 

averages for the inner Danish waters (see Appendix S1 Section 7.3). 

Changing prey spatial aggregation levels

Theoretical seascapes with varying prey spatial aggregation levels were created to assess 

the impact of prey distribution on porpoise space use, movements, energetics, and population 

dynamics. Each seascape covered a 240×400 km region containing 600×1000 grid cells of 

400×400 m² each and wrapped on all sides, allowing for continuous movement. Seascapes were 

divided into cells with (1.6%) and without (98.4%) food, as in Nabe-Nielsen et al., (2014). Maps 

were generated as random gaussian fields using the nlm_gaussianfield function in the “NLMR” 

package (Sciaini et al., 2018) in R statistical software (R Core Team, 2020). Three maps were 

created with spatial autocorrelation extents of 0.8, 4.8, and 8.8 km, hereafter referred to as “low”, 

“moderate”, and “high” spatial aggregation level, respectively (seed value of 100). Cells with the 

highest 1.6% of values in the gaussian field maps were classified as containing food using the 

util_classify function in the “landscapetools” package (Sciaini et al., 2018). Relative prey density A
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in each food cell was extracted using the “raster” package function extract (Hijmans, 2020) (Fig. 

1). The number, size, and distance between food patches, defined as clusters of grid cells 

containing food which touch on any of their eight sides, were calculated for each seascape (Table 

1) using the “landscapemetrics” package (Hesselbarth et al., 2019). 

Total fish abundance was calibrated by varying fish abundance between 2,000,000 to 

2,500,000 individual fish using increments of 50,000, with the objective of ensuring a stable 

population size of 200 harbor porpoises (as in Gallagher et al. 2021). Ten replicates were run for 

each level and the average population size during simulations years 10-20 was measured to assess 

fit. The parameterization with 2,400,000 fish resulted in the best fit with an equilibrium population 

size of 199 ± 8.6 (mean ± SD) porpoises (Appendix S1 Fig. 7.1). To ensure model outputs could 

be assessed as relative changes between model scenarios, a fish length of 16.6 cm and moderate 

spatial aggregation level were maintained in calibration runs.  

Changing prey size

To isolate impacts of community-wide changes in prey size, we developed scenarios where 

fish length changed over the simulation. The baseline value of 16.6 cm corresponded to the 

average fish length reported for porpoises in Sveegaard et al., (2012). This value was then either 

decreased or increased in model scenarios by an amount corresponding to the decrease in 

community fish length reported for the period 1985–1995 by Beukhof et al. (2019) (data extracted 

using automeris.io/WebPlotDigitizer). Fish lengths were the same in all food patches throughout 

the seascape. Possible final fish lengths tested were 14.1, 15.35, 16.6 (no change), 17.85, and 19.1 

cm. In model scenarios fish lengths were linearly interpolated from the base length of 16.6 cm to 

their final length value; see ‘Scenario specifications’ for details. 

To estimate the energy contained in individual fish, lengths were converted to weight using 

the average of the weight-length parameters found for important porpoise prey species (in >5% of 

porpoises) in Andreasen et al. (2017) (Appendix S1 Table 7.8). Total energy contained per fish 

was calculated using the mass and average energy content of these species.

Changing climatic conditions

To consider potential changes in water temperature and salinity occurring with future climate 

change, scenarios were constructed covering three potential outcomes: no, median, and maximal A
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changes. Climate projections from the SSP5-8.5 scenario in the MPI-ESM1.2-LR model generated 

as part of Coupled Model Intercomparison Project Phase 6 (CMIP6) (Wieners et al., 2019) were 

obtained for the study region to establish potential decadal changes in average sea surface 

temperature and salinity for each 10-year period between 2021-2100. The median and maximum 

values found were used to modify temperature and salinity values but did not affect seasonal 

variability in these environmental conditions. 

Scenario specifications

For simulations in each of the three seascapes, a 10-year burn-in period was used where all 

parameters maintained their default values. Following burn-in, fish length and mass and water 

temperature and salinity were interpolated in daily increments until reaching their final value at 

the end of the 10-year scenario period (20 simulation years in total) (Fig. 2). 

All possible combinations of final fish length and spatial aggregation level were run to 

investigate relative impacts of and possible interactions between these environmental changes. We 

ran ten simulations for each combination as this number of replicates resulted in low variance (SD 

<5% of mean) in population size in calibration runs. Outputs for individual energetics (energy use, 

energy intake, body mass, and storage levels), population size, and space use were recorded 

weekly, while vital rates (reproduction and mortality) were recorded annually. Individual 

energetics and mortality metrics were recorded per age class (for energetics: calves, juveniles, 

non-lactating adults, and lactating adults; and for mortality: abortions, calves, juveniles, and 

adults), while reproduction was recorded as the number of calves born and weaned. As a measure 

of space use, the unique food cell encounter rate was used to represent the ability of animals to 

find and exploit different food cells and was defined as the number of unique cells containing food 

encountered by porpoises per week. To assess changes in movement behavior between scenarios, 

the x and y coordinate positions of ten randomly selected individuals were tracked hourly in 

simulation year 14 for five replicates (a total of 50 tracked individuals).

As porpoises can greatly increase their ingestion rates following periods of reduced energy 

intake (Kastelein et al., 2019), it is possible that individuals in environments with smaller fish 

would increase their foraging rates to meet their energetic needs (Booth, 2020; Hoekendijk et al., 

2018). Catching more fish, however, requires that animals locate more prey within the same 

timeframe. To test the ability of porpoises to compensate for decreasing fish length, we A
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additionally ran simulations where both porpoise potential ingestion rates and fish total abundance 

increased with decreasing fish mass. These simulations were run for all spatial aggregation levels 

using the minimum final fish length of 14.1 cm. Ingestion rates were modified by increasing 

animals’ potential energy intake per timestep (see Appendix S1 Section 2). Both fish abundance 

and potential energy intake were increased by 0, 25, 50, 75, and 100% by the end of the scenario, 

with ten replicates run for each combination of these values. Population abundance and daily 

consumption rates were recorded as outputs. 

Analysis of model outputs

Model outputs were processed and analyzed in R version 4.0.0 (R Core Team, 2020). 

Energetics, space use, and population vital rates were analyzed for each prey length, spatial 

aggregation, and climate change level tested. Total population size in each of the scenarios was 

averaged and presented as time series. 

Behavioral classification analysis of the movement outputs was done using a hidden Markov 

model (HMM), where outputs were analyzed using the R package “momentuHMM” (McClintock, 

2017; McClintock & Michelot, 2018). All animals were recorded as having survived or died by 

the end of simulation year 14. This simulation year was selected as population declines occurring 

after year 14 in scenarios with low prey size did not allow for tracking an adequate number of 

individuals. Only the last month of movement data recorded per individual was used in fitting the 

HMM; this was either the last month of the tracking period for individuals which survived, or the 

last month of life for individuals which died. We focused on this last month as it was thought that 

behavioral differences may be particularly evident in starving animals. Location data where 

animals passed from one side of the map to the other due to seascape continuous boundaries were 

filtered out and replaced with NAs to remove unrealistic step lengths and keep the time series 

regular and continuous. Models were run considering step lengths and turning angles as data 

streams to estimate two behavioral states (state 1 and state 2), indicating general area-restricted 

search and transit movement patterns (Langrock et al., 2012). Step lengths were modelled using a 

Gamma distribution and turning angles using a von Mises distribution (McClintock & Michelot, 

2018). Alternative models were tested by varying starting parameters for step length and turning 

angle distributions. In addition to behavioral classification, the model computed a transition matrix 

indicating the probability of switching between the two behavioral states. To test the effect of 

different covariates on behavioral state switching probability, spatial aggregation level, final fish A
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length (as a categorical variable), and animal fate (“survived”, “died”) during the tested period 

were added using the formula argument. Parameter selection was done using log-likelihood and 

the best model structure was assessed using Akaike’s information criterion (Patterson et al., 2017). 

Behavioral state switching probabilities were extracted as a function of the selected covariates. 

Activity budgets for individual animals were calculated as the proportion of time spent in each 

behavioral state per day. 

Results:

Impacts on movements and space use

The weekly unique food cell encounter rate increased with increasing seascape aggregation 

(Fig. 3a). Animals encountered 23.7 ± 5.2, 16.8 ± 3.5, and 5.9 ± 0.4 unique food cells per week for 

high, moderate, and low spatial aggregation levels, respectively, when fish length was held 

constant (results are described using mean ± SD unless otherwise stated).  Seasonality was 

observed in food encounter rates due to seasonal fluctuations in environmental conditions (Fig. 2) 

and energy balance (Gallagher et al. 2021), with fewer unique food cells encountered in March-

May and more in September-November (Fig. 3b). The number of food encounters increased and 

became more variable with decreasing fish length (Fig. 3c). 

The HMM including all three covariates (prey aggregation, prey length, and animal fate) 

produced the lowest AIC value and was selected as the best performing model (Appendix S1 

Section 7.3). Behavioral state 1, area-restricted search, was characterized by relatively short step 

lengths (0.786 ± 0.548 km) and highly variable turning angles (-0.0018 ± 1.6760 radians). 

Animals in state 2, transit, took longer steps (3.446 ± 0.826 km) and maintained high directional 

persistence (0.0001 ± 0.2055 radians) (Appendix S1 Section 7.3). Surviving individuals displayed 

a lower probability of switching from area-restricted search to transit than those that died (Fig 4a), 

which was exhibited in their individual activity budgets (Fig. 4b). Fish length alterations 

substantially impacted the probability of switching between area-restricted search and transit (Fig 

4a), with decreases in fish length accompanied by decreased probability of state switching, except 

in the lowest fish length class. Increasing aggregation level did not considerably affect state 

transition probabilities (Appendix S1 Table 7.12). 
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Impacts on individual energetics and population dynamics

Energy intake, expenditure, body size, and storage level generally increased with 

increasing fish length and spatial aggregation level (Fig. 5a & b, Appendix Figs. 7.3-7.5a & b), 

with overall stronger impacts observed for changing prey size than aggregation level (Fig. 5b vs 

5a). One exception was seen for calves, whose energy use decreased with increasing fish length, 

while their storage levels and body sizes increased. Additionally, for non-lactating adults, energy 

use and body masses were, on average, higher in simulations with small prey (14.1 cm) than in 

those with larger prey (15.35 cm), while their energy intake remained fairly constant at higher 

final fish lengths. Changing sea surface temperature and salinity had no detectible impacts on any 

of these measurements (Fig. 5c, Appendix Figs. 7.3-7.5c). 

Increasing spatial aggregation led to increases in both the number of born and weaned 

calves and number of deaths, while reproduction increased and mortality decreased with 

increasing prey size (Appendix Figs.7.6-7.7a & b). Here aggregation level was observed to result 

in stronger impacts when compared to changing prey size. Vital rates were also unaffected by 

changes in climate conditions (Appendix Figs. 7.6-7.7c).

As expected, decreasing fish length caused substantial population declines. The population 

went extinct in year 16 in simulations with the most extreme decreases in fish length (year 16.5, 

16.6, 16.6 for low, moderate, and high aggregation levels, respectively). Increasing fish length 

increased population size but impacts were lesser than those for length decreases (Appendix Fig. 

7.8), e.g., in the final simulation year when spatial aggregation was moderate, a 7.5% fish length 

increase resulted in a 19.2% population size increase, while decreasing fish length by 7.5% 

reduced population size by 94.6%. Increasingly aggregated seascapes resulted in larger 

populations (Fig. 5). When fish length remained constant (16.6 cm) population sizes of 106.4 ± 

18.8 and 282.8 ± 35.1 were found for seascapes with low and high spatial aggregation levels, 

respectively. Population size was again unimpacted by changing temperature and salinity 

(Appendix Fig. 7.8).

Testing the ability of animals to compensate for shrinking prey resources

When testing if effects of decreasing fish length on population abundance could be 

counterbalanced by increased potential ingestion rate and fish abundance, we found that increases 

in both factors were required to counteract decline (Fig. 7). For all aggregation levels, increases in A
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potential ingestion rates between 50–100% resulted in comparable population abundances, while 

values below 50% led to population collapse. As spatial aggregation level increased, lesser 

increases in fish abundance were needed to maintain baseline population size in seascapes with 

small fish (Fig 7 and Appendix S1 Fig. 7.10), with 75%, 50%, and 25% abundance increases 

required for low, moderate, and high spatial aggregation levels, respectively. Increases above 

these values resulted in population growth beyond baseline levels.

Increasing potential ingestion rates by 50% and prey abundance by the required increases 

for each spatial aggregation level stated above, increased average daily ingestion rates by 45.3 ± 

5.3%, 42.8 ± 3.9%, and 40.3 ± 2.85% for low, moderate, and high spatial aggregation levels, 

respectively (Appendix Fig. 7.11).   

Discussion:

To conserve wildlife populations inhabiting changing environments we must understand 

linkages between trophic levels, which drive patterns in population abundances and distributions. 

Here we used a rigorously tested agent-based model to demonstrate how impacts of environmental 

change on individual behavior and population viability can be quantified after accounting for such 

links. We investigated how changes in fish size and spatial aggregation impact top predator 

behavior and population size, further highlighting the potential of marine predator species as 

indicators of ecosystem change (Moore, 2008). Our results demonstrate that when considering 

spatially-explicit seascapes and mechanistic and adaptive movements, the complex, energy-

mediated responses to shifting environmental conditions can be measured.

Modifications in prey size and spatial aggregation were found to impact predator 

movements and space use, with exaggerated responses occurring in animals which ultimately died. 

As movement patterns can be driven by changes in animal energetic status (Chimienti et al., 2020; 

Nathan et al., 2008), it was expected that starving animals would deviate considerably in their 

behavior from surviving individuals. Starving animals had a higher probability of switching from 

area-restricted search to transit to seek out patches with higher energy profitability. Higher rates of 

transit found with increasing fish length contrasted with expectations that animals would maintain 

a higher body condition in seascapes with larger and more energy-rich fish. However, in 

simulations where fish length increased, the porpoise population grew while prey abundance 

remained static, effectively elevating rates of resource competition by decreasing relative A
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accessibility of individual prey items. The unique food cell encounter rate decreased with 

increasing fish length, resulting in average energy intake and storage levels plateauing with higher 

fish lengths, while energy use and body masses of juvenile and adult porpoises continued to 

increase. This effectively decreased porpoise energy balance in seascapes with larger fish and, 

consequently, individuals were more likely to switch to transit movements to seek out new food 

patches. However, contrasting increases in transit behavior between scenarios with final fish 

lengths of 14.1 and 15.35 cm highlight that competition may not be the only factor influencing 

changing behavior; insufficient energy availability may outweigh alleviation of competition as 

prey size decreases. While changing aggregation levels altered population size, no noticeable 

differences were observed in state switching behavior due to higher food encounter rates occurring 

with increased aggregation level.  

Population decline was predicted with decreasing prey spatial aggregation level and length. 

Animals’ ability to readily encounter prey occurring in aggregated patches can increase foraging 

efficiency (Benoit-Bird et al., 2013, 2020; Goldbogen et al., 2011), which can offset mortality and 

increase reproductive success. Our results suggest that population growth with increased prey 

aggregation is, indeed, mediated through increased prey encounter and intake rates which led to 

increased body mass and reproductive success. In nature, animals may additionally offset prey 

shifts by altering their diet or distributions (Nøttestad et al., 2015; Van Baalen et al., 2001), factors 

that were not considered in this study. 

Even small changes in fish size largely impacted total energy availability owing to the 

exponential relationship between fish length and mass, with a 15.1% decrease in fish length 

resulting in a 38.3% drop in available energy. This drop triggered population collapse in all 

scenarios, even with simulated length decreases corresponding to empirically documented relative 

reductions in community fish length (Beukhof et al., 2019). Reduced energy availability with 

smaller fish size led to decreased rates of energy intake, reduced body mass and stores, decreased 

reproduction, and increased mortality, ultimately inducing population decline. 

A real-world population collapse as predicted by these scenarios, is however unlikely, as, 

in the North Sea, fish length reductions have occurred (Baudron et al., 2014) without any 

concurrent indication of porpoise population decline (Hammond et al., 2021). Harbor porpoises 

are highly flexible and efficient predators, making them capable of elevating their foraging rates 

when facing decreasing prey size (Booth, 2020; Goldbogen et al., 2019). Our results suggest that 

increasing individual consumption rates could offset population decline, though this only occurred A
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when coupled with increased fish abundance. However, increases in overall abundance are 

unlikely to occur considering observed decreases in spawning stock biomass and recruitment with 

elevated temperatures for important porpoise prey species (Capuzzo et al., 2018; Clausen et al., 

2018), and global predictions of biomass decline for marine species with climate change (Boyce et 

al., 2020). Additionally, while elevated prey capture rates needed to offset population decline of 

42.8 ± 4.5% were well within observed porpoise ingestion rates (Wisniewska et al., 2016), these 

increases were 21.3 ± 12.7% greater than would be predicted by change in prey mass and energy 

content alone, suggesting that animals moving in realistic seascapes incur additional costs which 

should be considered when assessing the impacts of changing energy availability on populations.

While our results found no detectible impacts of climate change, we emphasize that these 

findings represent only direct effects of changing temperature and salinity on the modelled 

porpoise energy budget. Though these conditions directly influence energetic calculations, it 

should be considered that total changes for even the most extreme scenario were well within the 

seasonal variation experienced by porpoises (Fig. 2), making any population-level impacts 

undetectable. Additional impacts of climate change not considered here, such as distribution shifts, 

habitat loss, temporal mismatches with prey, and reduced fertility and health, may threaten 

cetacean populations (van Weelden et al., 2021).

Several simplifying assumptions were made in model development to isolate the impacts 

of tested alterations in prey structure on porpoise populations. The success of individuals in this 

study, particularly in highly aggregated seascapes, was linked to their knowledge of the regions 

where food levels were potentially high. These remained constant in simulations but likely shift 

temporally in nature. Though animals may be able to use oceanographic cues to locate profitable 

food patches (Cox et al. 2018), the profitability of remembered regions may shift in time 

(Abrahms et al. 2019). In densely aggregated seascapes, the shifting of profitable regions may 

have greater impacts on individual success and population dynamics due to large distances 

between patches. Process-based models, such as the one used here, can be used to investigate the 

potential mechanisms employed by animals to track their prey resources (Merkle et al., 2019). 

Further implementations in this direction would be feasible for testing alternative behavioral 

processes in changing environments and quantifying their impacts on foraging success and fitness. 

In this study, fish were represented as resources rather than individual agents. We did this 

to isolate impacts of community-wide average length decreases for important prey species, which 

required controlling for changes in community structure. Additionally, no energy density variation A
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with size, preferential fish selection, or interactions amongst fish were included in the model. 

While these assumptions were made to isolate the link between the prey and predator populations, 

in making them, some potentially important interactions occurring in response to the same tested 

drivers within lower trophic level species may be missed. Changes in fish mortality, fecundity, 

growth, and recruitment can occur with body mass (Audzijonyte et al., 2013; Beukhof et al., 2019; 

Capuzzo et al., 2018), potentially altering the fish community and impacting top predators. 

Furthermore, processes like changes in prey size can impact fish body length (Ljungström et al., 

2020). Additional mechanisms, when established, could be implemented using our framework to 

assess climate change impacts throughout various food web levels.    

Species which rely on the biodiversity of fish communities are increasingly threatened by 

changes in fish community structure and dynamics due to worsening climate change (Saba et al., 

2015). Though challenging to demonstrate empirically, simulation studies have observed ties 

between prey patchiness and individual foraging and reproductive success (Bailleul et al., 2013; 

Massardier-Galatà et al., 2017). Our results build on these findings by quantifying impacts of 

potential climate-induced changes in fish community structure on both fine-scale individual 

behavior and energetics and population viability of a top predator. By using energy to link 

individual responses to population dynamics, the model presented here offers a robust approach to 

predicting impacts of environmental modifications on consumer populations. These predictions 

are made more reliably through the model’s dependance on realistic underlying mechanisms and 

emergent properties. Moreover, the use of systematic statistical techniques for the analysis of 

model outputs, such as HMMs commonly applied in the movement ecology field (Langrock et al., 

2012), highlights potential for standardized quantification and interpretation of behavioral changes 

of modelled individuals in the more widely accessible statistical language, facilitating 

communication of simulation model outputs (e.g., Fig. 3 in Horn et al., 2016). The benefit of using 

a HMM approach lies in the ability to communicate and extract statistics from movement behavior 

of modelled animals in a way that enables direct comparison with empirical movement analyses, 

using e.g., pattern-oriented modelling (Gallagher et al., 2021).  

While the model has been rigorously developed and parameterized specifically for harbor 

porpoises, which makes direct transferal to other species challenging, its core principles are 

universal and widely applicable to other species for investigating the population impacts of 

environmental change. Additionally, the model structure facilitates the inclusion of additional 

stressors for the assessment of cumulative impacts (e.g., Galic et al. 2018), such as by A
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investigating the combined impacts of climate change in the presence of direct anthropogenic 

disturbance (e.g., noise, pollution, direct takes) (National Academies of Sciences, Engineering, 

and Medicine, 2017). By considering the energy dynamics which link trophic levels, our model 

findings provide a mechanistic demonstration of how changes in prey structure can impact 

predator populations, contributing to our understanding of these systems and improving our ability 

to predict population viability under environmental change.
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Tables:

Table 1. Food patch characteristics of the theoretical seascapes. Patches were defined as clusters 

of grid cells containing food that touch on any of their eight sides. 

Spatial 

aggregation level

Number of 

patches

Average (± SD) 

patch size [ha]

Maximum 

patch size 

[ha]

Average (± SD) 

distance between 

patches [km]

Low 5136 29.9 ± 30.6 528 1.8 ± 1.1

Medium 1481 104 ± 388 7984 1.7 ± 2.0

High 1124 137 ± 649 12960 1.5 ± 1.9
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Figures:

Figure 1. Simulated seascapes with (a) low, (b) moderate, and (c) high aggregation levels. Top 

panels depict entire seascapes, while bottom panels show zoomed-in regions (denoted by a 

rectangle in top map). A representative track from a single individual over 360 days is displayed in 

grey for each aggregation level. All seascapes contain 2,400,000 individual fish. Fish are only 

contained in the green grid cells and relative amounts are visualized using the color gradient.
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Figure 2. Example runs showing changes in fish length (cm) and weight (g) and water salinity 

(PSU) and temperature (C) occurring over the 20-year simulation period. Values of the 

conditions are shown as they change over the simulation period for all five final fish lengths (14.1, 

15.35, 16.6, 17.85, and 19.1 cm) and three climate change levels (none, median, and high). In 

temperature and salinity panels, seasonal fluctuations in conditions are shown in thin fluctuating 

lines, while average change is overlaid in bold. Grey region denotes burn-in period. 
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Figure 3. Changes in space use, represented by the average weekly unique food cell encounter 

rate, for each (a) seascape spatial aggregation level, (b) month of the year, and (c) final fish length. 

In (a) results are shown for simulations where fish length remained at 16.6 cm. In (b) 100 

individual years are shown in grey (average in green) from simulations with moderate spatial 

aggregation and a final fish length of 16.6 cm. In (c) outputs are shown for January of simulation 

year 15 when seascape spatial aggregation was high. 
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Figure 4. Behavioral classification results from the hidden Markov model. (a) Whether 

individuals in simulations survived or died and the scenario final fish length impacted the 

predicted probability of transitioning from behavioral state 1 (area-restricted search) to state 2 

(transit). (b) The increase in state switching was observed in the daily activity budgets of 

individuals that survived and died (two individuals shown as examples). 
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Figure 5. Impacts of changing (a) spatial aggregation level, (b) fish length, and (c) climate change 

on individual total body mass (kg). Results were collected as weekly averages over the ten-year 

simulation period for four age classes: calves (nursing offspring), juveniles (weaned animals 

younger than the age of maturity), lactating adults, and non-lactating adults. The boxplot 

horizontal line denotes the median, while upper and lower hinges represent the 25th and 75th 

percentiles, respectively. Results for additional energetics metrics are summarized in Appendix S1 

Section 7.3.4.2.   
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Figure 6. Population impacts of changing fish length and aggregation level. The average number 

of simulated porpoises for ten simulation replicates was assessed in each scenario. Panels are 

shown for each prey aggregation level and color denotes the final fish length (cm).  Results for 

additional population dynamics metrics are summarized in Appendix S1 Section 7.3.4.2.   
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Figure 7. Impacts of alterations in potential ingestion rate and total fish abundance on porpoise 

population size. Percent increases in fish abundance are shown in panels and potential ingestion 

rates are denoted using color. All simulations used a final fish length of 14.1 cm. Results are for a 

seascape with moderate spatial aggregation, for low and high spatial aggregation level results see 

Appendix S1 Section 7.3.4.3. 
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