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Introduction

Human-induced environmental change is driving a global redistribution of biodiversity, resulting in shifting prey and predation landscapes. These shifting landscapes can lead to changes in behavior, health, and vital rates, with potential implications for population dynamics.





Methods

In the present study, a state-dependent life-history theory model was developed to investigate the individual- and population-level responses of Australian fur seals (Arctocephalus pusillus doriferus) to changes in prey availability and at-sea mortality risk.





Results

Rates of pregnancy, pup nursing, and abortion were unaffected by prey availability in the simulated population. Likewise, on-land and at-sea durations were largely unaffected by prey availability, with more pronounced affects for nonreproductive and pregnant females than for lactating females. There was a strong influence of prey availability on the proportion of females that were concurrently pregnant and lactating, largely due to an increase in pup abandonments under low prey availability scenarios. This effect on pup abandonments also had flow on effects for pup recruitment. Increasing at-sea mortality risk resulted in greater offspring losses due to maternal death. The combined impact of prey availability and at-sea mortality risk on the number of simulated female offspring reaching sexual maturity was substantial.





Discussion

Consequently, our results suggest high vulnerability of the Australian fur seal population to shifting prey and predation landscapes. These results indicate a need for continued monitoring of Australian fur seal pup production and population dynamics in the face of rapid environmental change.
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1 Introduction

Human-induced environmental change is driving a global redistribution of biodiversity (Pecl et al., 2017). This redistribution is leading to shifting prey and predation landscapes across a range of habitats. Not only can changes in prey distribution and abundance (i.e. the prey landscape) directly influence the distribution and abundance of predators (i.e. the predation landscape), such changes can have indirect effects on the extent of intra- and inter-specific competition at higher trophic levels (Hoegh-Guldberg and Bruno, 2010). Furthermore, for central-place foraging animals, indirect effects on predation risk can also result from shifting prey landscapes due to increased exposure to predation for individuals undertaking longer foraging bouts to overcome prey limitations (Lima and Dill, 1990). These shifting landscapes can, thus, lead to changes in behavior (e.g. foraging activity) and physiology (e.g. stress responses) in wildlife populations. Such responses can aggregate, leading to changes in individual health and/or vital rates and, ultimately, population dynamics (Lima, 1998).

Effective management and conservation of wildlife populations under changing climates requires an understanding of the individual- and population-level responses to changes in their environment. This is often difficult to ascertain in wildlife populations for two main reasons. Firstly, it is difficult to monitor the long-term effects of environmental change on long-lived species, particularly those that have cryptic lifestyles. Secondly, it remains challenging to determine whether observed short-term behavioral or physiological responses to changes in the environment elicit biologically meaningful changes in population dynamics (Gill et al., 2001). Modelling approaches offer an opportunity to predict the extent to which changes in individual behavior and/or physiology aggregate to drive changes in population dynamics when direct observation is not possible (Grimm and Railsback, 2005; Schmolke et al., 2010) or when forecasting population responses to future change (Clark et al., 2001).

State-dependent life-history theory models, implemented via stochastic dynamic programming (SDP), provide a framework for investigating the population-level consequences of environmental change, including how changes in mortality risk and prey availability influence population dynamics (Houston et al., 1988; Mangel and Clark, 1988; Clark and Mangel, 2000). This framework predicts the optimal state-dependent behaviors under the assumption that individuals act to maximize some measure of Darwinian fitness, such as survival. SDP models are highly flexible making them applicable across a range of species and research questions. As a result, SDP models have been developed to study the effects of human disturbance and environmental change on a range of taxonomic groups [e.g (Bull et al., 1996; Tenhumberg et al., 2000; Satterthwaite et al., 2010; Denis et al., 2012)] including marine predators [e.g (Pirotta et al., 2018; Reimer et al., 2019; McHuron et al., 2023b)].

Here, we developed a SDP model using Australian fur seals (Arctocephalus pusillus doriferus; AUFS) as a case-study for understanding the additive effects of changes in prey availability and at-sea mortality risk on behavioral and reproductive decisions in a marine predator. Recent surveys on the species have identified declines in pup production at some natal colonies (McIntosh et al., 2022). It is hypothesized that these declines are in part due to changes in prey availability, toxicant exposure and disease, though this is largely speculative. Nonetheless, the population declines are concerning in face of the rapid oceanic warming in the south-east Australia region (Hobday and Pecl, 2014), which is expected to result in changes in the prey field in the region. Altered prey and predation landscapes can have substantial effects on the behavior, energy balance, and reproductive decisions of marine predators [e.g (Schwarz et al., 2013)]. While central-place foragers, such as AUFS, can respond behaviorally to shifting prey landscapes, they may be limited in their capacity to respond due to constraints on the fasting ability of their offspring. When behavioral changes inadequately address energy deficiencies, health and vital rates can be compromised (National Academies, 2017), leading to population level effects. Recent studies on Australian fur seals have reported behavioral and reproductive variability associated with local- and large-scale climate conditions (Speakman et al., 2020, 2021; Geeson et al., 2022), likely through climate-mediated changes in the prey landscape. However, it is unknown whether the behavioral or reproductive variability reported in these studies may lead to population-level shifts in behavior and/or vital rates, or subsequent changes in population trajectory under future climate change.

In addition to the ecological drivers for using AUFS as a model species, the large long-term dataset available for the species provides an opportunity to assess model agreement with empirical data on AUFS foraging behavior, reproductive rates and population trends. Such long-term datasets are lacking for many long-lived species. However, outcomes from this model highlight the need for additional species-specific data collection and ongoing population monitoring for AUFS. Furthermore, our results provide valuable insight on the vulnerability of marine predators to shifting prey and predation landscapes that may be expected under future climate change.




2 Methods



2.1 Study species and life cycle

Like most otariids, AUFS give birth to a single pup each year and exhibit concurrent gestation and lactation, with the energetic demands of late pregnancy and peak pup provisioning coinciding (Boness and Bowen, 1996). Pupping occurs annually between November – December in the Austral spring/summer (Gibbens and Arnould, 2009b), and mature females come into estrus 6-12 d after parturition and are mated (Atkinson, 1997). Embryo implantation is delayed for 3-4 months (Boyd, 1991), with females becoming pregnant in February – March. However, ca 43% of pregnant female AUFS experience late-term spontaneous abortions (Gibbens et al., 2010). The lactation period typically lasts 10-11 months (Arnould and Hindell, 2001) but ca 10-19% of females are observed suckling pups into a second year (Hume et al., 2001).

During lactation, females adopt a central-place foraging strategy, alternating between nursing their pup onshore (averaging 2-3 d) and foraging at sea (averaging 3-7 d) (Arnould and Hindell, 2001). As such, foraging trip durations and maternal attendance periods can have a strong influence on pup growth rates and weaning masses. Offspring weaning mass can be a strong indicator of offspring survival and recruitment (e.g. Beauplet et al., 2005). Juvenile and non-reproductive females, however, are not constrained to forage near the breeding colony and thus can remain at sea for extended periods of time. Female AUFS reach sexual maturity at 3-6 years old (Arnould and Warneke, 2002) and experience reproductive senescence at approximately 20 years (ca 1 year prior to death) (Gibbens et al., 2010). However, survivorship is estimated at less than 10% for females 15 years old or older (Gibbens et al., 2010), resulting in few observations of older females.




2.2 Model overview

Stochastic dynamic programming (SDP) is an optimization technique used to solve complex sequential decision problems under uncertainty (Bellman, 1957). SDP problems can be solved at finite and infinite timelines. When solving at a finite timeline, as in the present model, backward iteration is typically used to solve the SDP (Marescot et al., 2013). The backward iteration identifies the optimal decision for each state and time of the model, assuming an individual acts in a way to maximize some expected reward, such as survival or reproductive success (Houston et al., 1988; Clark and Mangel, 2000). This component solves dynamic programming equations to determine the decisions that result in the highest expected fitness at the terminal timepoint. These equations are solved at discrete time steps working backward in time from a terminal time point with a known (or assumed) fitness function. The optimal solution can then be coupled with a forward simulation to predict individual behavior patterns over time (here foraging and reproductive behaviors) (Clark and Mangel, 2000).

In the present study, we developed an SDP model coupled with forward simulations to predict the effects of novel changes in prey availability and at-sea mortality risk on the behavioral and reproductive choices of adult female AUFS that may be expected under future climate change. Here, AUFS were modelled to optimize lifetime reproductive success through accumulated offspring recruitment. Since perturbations were only included in the forward simulations, we are modeling a mismatch between the optimal decisions and the environment that they encounter (i.e. what they encounter is different than what they expect to encounter), potentially leading to suboptimal behavioral decisions. While climate-mediated changes in prey and predation field would have been occurring over time, the selective pressures of rapid environmental change would generally not occur within the evolutionary timeframe of long-lived species, such as AUFS. The full details of the model timeline and structure can be found in Supplementary Material-A.




2.3 Model timeline

The model ran at a daily timestep, covering the full duration of a female’s life (i.e. from age 0 to age 21). For simplicity, we have assumed a fixed date for birth and implantation, and a maximum fixed date for weaning and death. Pup birth was assumed to occur on day tB, which represents November 23rd and, thus, pups were 1 d old on model day t = 1,366, etc. Implantation was assumed to occur on day tI, corresponding to March 22nd and model day t = 120,486, etc. Offspring could be weaned at any point before the maximum weaning date of their second birthday (i.e. 730 d old).




2.4 Model decisions

In the present model, there are six reproductive states that a female can be in throughout her life: State 1 (non-reproductive), State 2 (pregnant), State 3 (nursing pup), State 4 (nursing juvenile), State 5 (nursing pup and pregnant), and State 6 (nursing juvenile and pregnant) (Figure 1). The reproductive decisions available to a female vary depending on age and current reproductive state (Figure 1). As female AUFS do not reach sexual maturity until 3-6 years old (Gibbens et al., 2010), modelled individuals under 3 years could only be non-reproductive. Additionally, a female could only be nursing a juvenile if she was old enough to have nursed a pup for one year (i.e. she must be at least 5 years old). While female AUFS are occasionally observed suckling a newborn pup and yearling concurrently, this is uncommon and was, thus, not allowed to occur in the model.




Figure 1 | Visual representation of the reproductive cycle and possible reproductive decisions available to female Australian fur seals throughout the reproductive cycle. S1 – non-reproductive; S2 – pregnant; S3 – nursing a pup; S4 – nursing a juvenile; S5 – pregnant and nursing a pup; S6 – pregnant and nursing a juvenile. Arrows indicate possible state transitions for individuals in the reproductive state. For example, at the day of implantation, a female in nursing a pup (S3), may wean her pup and transition to a non-reproductive state (S1), wean her pup and implant (i.e. become pregnant; S2), continue nursing her pup without implanting (S3) or implant while continuing to nurse her pup (S5). Except for the day of birth, females may remain in their current location (land or sea) or transition to the other location. On the day of birth, females must be on land for a newborn pup to survive (S3, transitions indicated in purple), but may choose between land or sea for all other state transitions. Location based choices have been omitted from the diagram for simplicity. See Supplementary Material-D for further details.



While the model has fixed timepoints for implantation and birth, pregnant females may abort at any stage of pregnancy, returning to a non-reproductive state, and nursing females may choose to wean their offspring at any point during lactation up to the fixed maximum weaning time. Thus, non-pregnant lactating females return to a non-reproductive state and pregnant lactating females transition to a pregnant-only state (Figure 1). Pups weaned before 8 months old were considered abandoned due to their physiological immaturity (Spence-Bailey et al., 2007).

At the day of implantation, non-reproductive females and females nursing pups or juveniles may become pregnant, transitioning to State 2, 5 or 6, respectively (Figure 1) or remain in their current reproductive state.

At the time of birth, non-lactating pregnant females may give birth on land and begin nursing their pup (State 3) or may give birth at-sea, returning to a non-reproductive state (State 1). A female nursing a pup may decide to wean her pup (State 1) or continue nursing her offspring as a juvenile (State 4), while a female nursing a juvenile must wean their offspring (State 1). A pregnant female nursing a pup may wean her 1 year old pup and give birth (State 3 if on land, State 1 if at sea), wean her newborn pup and continue nursing her 1 year old as a juvenile (State 4), or give birth and wean both the newborn pup and 1 year old (State 1).

Within each reproductive state, there are two spatially implicit location-based choices that a female could make, dependent on her current physical location. At each timestep, excluding the day of birth, females on land may choose to remain on land or go to sea to forage, while females at sea may remain foraging at sea or return to land. Nursing females are, thus, deciding between improving their own condition by foraging while their offspring fasts or improving the condition of their offspring by nursing at the expense of their own condition. On the day of birth, females at sea are considered to have lost their newborn pup to drowning. As such, the model is predicting the optimal reproductive and behavioral decisions that female AUFS face throughout their lives.




2.5 Physiological dynamics

There are two physiological state variables used to determine optimal behavioral decisions, female fat mass and offspring mass (when applicable). The physiological dynamics describe how these state variables change under different behavioral and reproductive decisions. Non-reproductive and pregnant females were characterized by a single physiological state variable, fat mass (kg) at each time step, representing the energy reserves available to the female. A female’s fat mass was bounded by an age-specific minimum value and maximum value. The minimum and maximum fat mass of a female were constrained to 5% and 20% of the average age-specific body mass (kg), respectively. For example, an 80 kg female would have a minimum fat mass of 4 kg and maximum fat mass of 16 kg. If a female’s fat mass fell below the minimum value, we assumed that death by starvation had occurred. Lactating females were characterized by an additional physiological state variable, the mass (kg) of the dependent pup or juvenile at each time step. Pups and juveniles had an age-specific minimum mass, which was set to 20% below the average age-specific mass. The upper limit for pup and juvenile mass were set to 20% above the average mass at 365 d (23.4 kg) or 730 d (39.2 kg), respectively.

The physiological dynamics are comprised of two parts (energy intake and energy expenditure), which inherently differ among the different behavioral and reproductive decisions. At each timestep, each female’s fat mass was calculated considering her mass-specific field metabolic rate, growth costs, costs of gestation and lactation (if applicable), and any energy intake from foraging. Similarly, pup and juvenile masses were calculated based on their mass-specific metabolic rate, growth costs, milk intake (if nursing on land), and supplemental prey intake from foraging (if unattended). Details of the physiological dynamics can be found in Supplementary Materials-A and B.

Foraging intake for adult females was determined by their reproductive state and the probability of capturing food. Given the lack of empirical data on temporal and spatial dynamics of Australian fur seal prey and Australian fur seal prey consumption, the energy intake from foraging was calculated as a fixed multiple of a female’s gross energy requirements. For non-lactating females, this covered the costs of metabolism, growth, and, if applicable, gestation. For lactating females, this also incorporated the costs associated with nursing their pup or juvenile, assuming that the offspring was under their maximum allowable mass. The increased consumption of lactating females represents the increased requirements of females throughout lactation and is supported by the increased prey intake reported in a range of marine mammals (McHuron et al., 2023a). The metabolizable energy was then calculated from the gross energy intake accounting for fecal energy losses and urinary energy losses. The fixed multiplier was then applied to the metabolizable energy to determine the net energy intake for the female.

When offspring begin foraging, they are not as successful as adults and undergo a gradual improvement in foraging ability and physiological development (Spence-Bailey et al., 2007). As such, we assumed all offspring underwent a learning period and applied a modifier (adapted from Stephens et al., 2014) to the probability of capturing food when calculating the mass dynamics of dependent and independent offspring. Further details on the foraging intake can be found in Supplementary Material-C.




2.6 Optimal behavior developed over evolutionary time

When solving the SDP equations, we assume that individuals act in such a way to maximize some measure of Darwinian fitness. The SDP equations for this study were calculated to maximize the lifetime reproductive fitness of females through accumulated offspring recruitment (i.e. maximizing the number of offspring that survive to recruit into the population). Models were initiated with a terminal fitness (i.e. at the last model timestep) associated with offspring recruitment. Thus, the terminal fitness of nursing females is based on the offspring’s mass-specific probability of recruitment (Supplementary Material-D). Non-reproductive females have a terminal fitness of 0 since there is no possibility of increasing accumulative recruitment if non-reproductive. The model then works backward in time, solving the dynamic programming equations for all state variable combinations to identify the state- and age-dependent optimal decisions of a female. As observed empirically (Gibbens et al., 2010), very few simulated females lived beyond 16 years of age, reducing the potential effects of the terminal conditions on the model outputs. Full details on the SDP equations can be found in Supplementary Materials-D and E.




2.7 Simulating fitness consequences of novel environmental change

The optimal decisions identified in the backward iteration were used in Monte Carlo forward simulations (Mangel and Clark, 1988; Clark and Mangel, 2000) to assess the individual- and population-level consequences of environmental change for a simulated population of AUFS. Simulations were initialized with a starting population of 500 females, excluding their dependent offspring, following empirical estimates for age structure for the species (Gibbens and Arnould, 2009a). Each scenario (see below for details) was simulated for 10 years following a 1 year burn-in period with 10 replicates per scenario. Following the 1 year burn-in period, population demographics and individual behavior were stabilized and thus the effects of the initial population age and state structure on the model outputs were deemed negligible. Excluding the burn-in period resulted in non-identical starting populations for the remaining 10 years of simulation.

Females were assigned a reproductive state based on their age following empirical estimates on the prevalence of pregnant and lactating females in the AUFS population (Gibbens et al., 2010; SM-F). Overall, all females ≤3 years old were assigned non-reproductive, while 15% of sexually mature females (≥4 years old) were non-reproductive, 80% were nursing a pup and 5% were nursing juveniles. Females started the simulation at their maximum fat mass and offspring masses were drawn from normal distribution using an age-based mean and standard deviation. All new pups were randomly assigned a sex with equal probability of male or female. Only pups assigned as females were able to recruit into the simulated population, with recruitment following a mass-specific curve (Supplementary Material-D). Recruited male offspring were included in the offspring recruitment metrics for adult females but did not become simulated individuals in the population.

When a female pup or juvenile was weaned, a random number (0-1) was generated and compared with the mass-specific recruitment probability to determine if the offspring recruited successfully. If the random number was lower than the recruitment probability, the offspring is assumed to survive and recruit. At each timestep, we determined if a female had died from background mortality (mortality from non-starvation related causes) using the same approach. If the randomly generated number was lower than the age-specific mortality risk for AUFS (Supplementary Material-C), the female died. If the female had a dependent offspring over 8 months old, the offspring could recruit into the population as described above, otherwise they were removed from the simulation. Offspring that were weaned by the mother before 8 months old were considered abandoned and unable to survive independently. This threshold age was used as AUFS pups under 9 months old are not yet physiologically capable of extracting adequate resources from their environment (Spence-Bailey et al., 2007).




2.8 Scenarios

To predict the individual- and population-level responses in AUFS to changes in prey availability and/or distribution, we modified the probability of capturing food and the number of productive areas per day from ‘baseline’ conditions (the foraging conditions used in the backward iteration to determine optimal decisions and in the initial forward simulation). While AUFS are benthic foragers that dive continuously for prey at the seafloor, there is limited data on the prey field within Bass Strait. As such, simplified proxies for prey availability have been used in this model. Here, the probability of capturing food represents the abundance of prey within productive areas (i.e. areas where prey are available). In contrast, the number of productive areas encountered is a proxy for prey distribution and overall abundance, with fewer productive areas representing more patchily distributed prey while more evenly distributed prey are represented by more productive areas. Under baseline conditions, females encountered four productive areas per day with a cumulative probability of 85% for capturing prey. When individuals were unsuccessful at capturing prey at a productive area, the potential intake from the area was deducted from the total daily energy intake assuming that all foraging attempts were equivalent. If females were successful at all productive areas, they gained the full amount of energy intake for the day. Since scenarios were implemented in the forward simulation while maintaining the ‘baseline’ level in the backward iteration, we are modeling a mismatch between the environment used to determine optimal behaviors and the encountered environment. That is, the output of forward simulations under these different scenarios is the sequence of behaviors that emerge when seals make decisions in a new environment using optimal behaviors from another environment. This is a natural first step in exploring responses to climate change, as we assume that initially animals experiencing novel environmental conditions will not necessarily have good knowledge of the prey landscape.

The probability of capturing food was modified by ±5% and ±10% from the baseline level (85%). Additionally, the number of productive areas encountered was set to 2, 4, 6 or 8 per foraging day. While AUFS are benthic foragers that continuously dive in search of prey during foraging bouts, there was limited change in model outputs when exceeding 8 productive areas. These scenarios were selected to simulate potential environmental changes arising from climate change. For example, existing prey species may shift their distribution outside of the current AUFS foraging range, thus reducing prey availability. Alternatively, there may be an increased abundance of adaptable species or movement of new prey species into the foraging region. As such, we have modelled prey simulations that both worsen and improve foraging conditions for AUFS. The extent of change in the number of productive areas and the foraging success used in the present study may over-estimate the effects of climate-mediated changes in prey landscape. However, due to the poor understanding of the prey field in the foraging range of AUFS, and an even poorer understanding of how climate change may influence this prey field, we have chosen to explore the likely possible extent of change that may be observed in the region. Further data collection on the prey field throughout Bass Strait, Victoria is needed to be able to incorporate more realistic prey landscapes into the model.

The potential additive effects of novel mortality pressures (e.g. predation risk, fisheries-related mortality, disease incidence) and changes in prey availability were investigated by modifying the daily at-sea mortality risk in the forwards iteration in combination with the prey change scenarios above. The age-specific at-sea mortality risk was increased by 5% and 15% above the baseline level and, thus, represented an at-sea mortality risk 10% and 20% higher than the on-land risk. Changes in prey intake that alter the time spent at sea foraging will, plausibly, result in different exposure levels to mortality pressures, which may have an additive effect on the population dynamics of AUFS.

A total of 36 scenarios were investigated using a combination of each of the scenario components (probability of capturing prey, number of productive areas, and at-sea mortality risk) (Table 1). This number includes the baseline scenario with an 85% probability of capturing prey, four productive areas encountered per foraging day, and an at-sea mortality risk that was 5% above the on-land mortality risk. For each scenario, we calculated summary statistics (mean ± SD) per replicate, including trip and shore durations, pup growth rates, lactation duration, pup wean mass, age at first reproduction, lifetime reproductive output, reproductive rates (pregnancy, abortion, nursing, concurrent lactation and gestation, abandonment, recruitment), and survival rates. The resulting values were averaged across all replicates for each scenario.


Table 1 | Forward simulation scenarios used to investigate the effects of changes in at-sea mortality risk and prey availability on the behavioural and reproductive decisions of female Australian fur seals.






2.9 Sensitivity analyses

We used Cohen’s d statistic to determine the effect of uncertain parameters on the behavioral and reproductive decisions and, thus, the population dynamics, of female AUFS. Cohen’s d calculates the difference between means in the simulation outputs between the baseline and modified parameterizations scaled by their pooled standard deviation (Cohen, 2013). Parameters that were assessed included the pup, juvenile and female metabolic rates, and the shape of the recruitment function. Metabolic rates were modified by ±10%, ± 20%, and ±40%. Except for +40%, which was just outside of the reported range for marine mammals, this resulted in adult metabolic rates within the range documented for marine mammals (Noren and Rosen, 2023). These values were used due to the lack of certainty in the baseline metabolic rates used in the model since these were derived from related species from a different environment (Williams et al., 2007; McDonald et al., 2012; McHuron, 2016). For recruitment, the shape of the recruitment function curve was modified to be either shallower or steeper than the curve used for model simulations. The shallower curve meant that there was a greater range of offspring masses that could theoretically recruit, while the steeper curve narrowed the range of potential weaning masses. All parameter changes were implemented in both the backward iteration and forward simulation. Details on the sensitivity analyses can be found in Supplementary Material-G. We computed mean values by averaging the mean abortion, pup abandonment, pup recruitment, and female survival rates across simulation replicates. Values of Cohen’s d of 0.2, 0.5 and 0.8 were taken to indicate small, moderate, and large effect sizes, respectively (Cohen, 2013).





3 Results



3.1 Maternal attendance and foraging trip durations

Under baseline conditions, simulated non-reproductive females spent on average 3.4 ± 11.0 d on land and 24.4 ± 90.5 d at sea foraging and pregnant females spent 2.2 ± 5.2 d on land and 3.1 ± 5.8 d at sea foraging. Thus, non-reproductive and pregnant females spent an average of 87.8% and 58.5% of their time at sea, respectively. It is important to note that non-reproductive females include non-pregnant females that have recently weaned their offspring and are, thus, regaining condition. Females nursing pups spent less time on land (1.3 ± 0.6 d) and at sea (2.9 ± 1.8 d), with an average of 69.0% of their maternal cycle spent at sea. Likewise, pregnant females nursing pups spent 1.0 ± 0.3 d on land and 2.5 ± 1.9 d at sea (i.e. 71.4% of their maternal cycle was spent at sea). Simulated maternal attendance periods and foraging trip durations for lactating females fell within the reported ranges for the species (0.1-8.4 d and 0.3-21.8 d, respectively) (Arnould and Hindell, 2001). Estimates for other reproductive states are not currently available. There were no instances of juvenile nursing beyond the initialization year.

There was minimal effect of each prey scenario on the maternal attendance periods or foraging trip durations for females nursing pups or pregnant females nursing pups (Figure 2). The exception for non-pregnant females nursing pups being under the worst foraging conditions, which resulted in foraging trips averaging 4.1 ± 5.0 d. However, this resulted in only a 2.9% increase in the proportion of time spent at sea from baseline conditions. For pregnant females, both on land resting periods and foraging trip durations increased in duration as foraging conditions improved (i.e. with increasing probability of capturing prey and more productive areas). On-land and at-sea periods ranged from 1.3 ± 1.8 d and 2.7 ± 3.7 d, under the worst foraging conditions, to 3.9 ± 8.2 d and 4.4 ± 8.0 d, under the best foraging conditions, respectively. This changed the proportion of time spent at sea by -5.5% for the best foraging conditions and by 9.0% for the worst foraging conditions. Non-reproductive females, including independent juveniles, also had longer on land and at sea periods under better foraging conditions than under poorer foraging conditions. For example, under the best and worst foraging conditions, non-reproductive females spent 6.6 ± 17.2 d vs 1.5 ± 3.6 d on land and 50.3 ± 131.0 d vs 5.9 ± 33.6 d at sea. This represented a change in the proportion of time spent at sea of 0.6% and -8.0% under the best and worst foraging conditions, respectively.




Figure 2 | Influence of prey availability scenario on the duration spent on land or at sea for simulated Australian fur seal females in each of the reproductive states. No simulated females nursed juveniles. Productive areas encountered indicates the number of productive foraging areas encountered per foraging day and Prob (shading) indicates the probability of prey capture.






3.2 Growth rates

Pups gained an average of 13.6 ± 8.3 kg during the lactation period with pup growth rates averaging 48.9 ± 22.9 g·d-1 under baseline conditions. These pup growth rates were slightly below those reported for the species [53-62 g·d-1; (Arnould and Hindell, 2002)]. Females had an average fat mass loss of 2.7 ± 2.6 kg during the lactation period under baseline conditions, representing a loss of 7.4 ± 7.3 g·d-1 from body mass stores. Foraging conditions had a strong influence on pup and female mass changes. Female mass losses were lower and pup mass gains were higher under better foraging conditions. Reducing the number of productive areas encountered to 2 per foraging day had the greatest effect on pup and female mass changes. Females lost up to 2.8 kg or 7.6 g·d-1 more when reducing from 4 to 2 productive areas per day, except when the probability of capturing food within the productive areas was increased to 95% where losses were lower (2.3 kg or 6.2 g·d-1). Likewise, pup mass gains were up to 9.0 kg or 23.0 g·d-1 lower when reducing from 4 to 2 productive areas encountered per day, except for under increased probability of prey capture (1.1 kg or 1.9 g·d-1).




3.3 Lactation and weaning

Under baseline conditions, excluding females that abandoned their pups before 8 months (243 d) old, females nursed their pups until 316.1 ± 12.6 d old and 26.6 ± 0.7 kg. As mentioned previously, no juveniles were nursed beyond the initialization year. Pups were abandoned at 107.3 ± 75.5 d old and 14.2 ± 5.7 kg on average. When combining pups that were weaned and abandoned, the average weaning age was 189.5 ± 118.0 d old and 19.1 ± 7.5 kg.

For pups that were weaned after 9 months old, there was little variability in the mean age (315.4-320.0 d) or mass (26.5-26.6 kg) at weaning between all prey and mortality scenarios. Pups were abandoned earlier and at lower masses, on average, under poorer foraging conditions (67.9 ± 65.3 d old and 11.0 ± 5.1 kg for the worst-case scenario) than under better foraging conditions (123.5 ± 76.8 d old and 15.7 ± 5.5 kg for the best-case scenario). When accounting for all pups that were weaned, abandoned, or whose mother died before reaching 9 months old, average weaning age and mass increased with improved foraging conditions. Under the worst-case scenario, pups stopped being nursed at 174.4 ± 134.0 d old and 17.6 ± 8.6 kg. In contrast, pups under the best-case scenario stopped being nursed at 200.3 ± 111.6 d old and 20.1 ± 6.8 kg.




3.4 Reproductive decisions

Under baseline conditions, an average of 95.5 ± 1.0% of adult females were pregnant, all adult females nursed pups for at least some period, and 78.1 ± 8.6% of adult females (over 4 years old) were concurrently pregnant and lactating. Mid-gestation pregnancy rates and lactation rates in AUFS have been estimated at 83.8% and 84.9% of adult females, respectively, at the Kanowna Island breeding colony (Gibbens et al., 2010). No pregnancies were aborted, compared with the ca 43% reported for AUFS, however 8.8 ± 1.7% of pregnancies were lost due to death of the pregnant female. Pup abandonment rates averaged 17.8 ± 8.6%, while 8.5 ± 1.7% of females nursing pups died before their offspring was old enough to survive independently. This resulted in an average pup loss of 26.3% under baseline conditions. An average of 58.3 ± 6.7% of offspring were successfully recruited into the population at 1 year old, with 18.2 ± 2.8% of pups surviving to at least 3 years old. This represents an average addition of 32.2 sexually mature females to the simulated population per year. No simulated females in the baseline scenario nursed juveniles, compared with the ca 10-57% of females reported nursing juveniles at the natal colonies (Hume et al., 2001).

There was minimal effect of foraging conditions on the number of females that were pregnant or nursing a pup, and on the number of pregnancies aborted. However, foraging conditions had a notable effect on the proportion of adult females that were concurrently pregnant and lactating (Figure 3), ranging from 27.4 ± 14.1% under the worst foraging conditions to 92.3 ± 2.7% under the best foraging conditions. This was largely due to the influence of foraging conditions on pup abandonment rates (Figure 3). Pup abandonment rates increased from 3.3 ± 2.4% to 69.9 ± 14.6% with worsening foraging conditions. Consequently, pup recruitment rates reduced from 69.1 ± 3.2% to 20.4 ± 10.7% with worsened foraging conditions (Figure 3), though survival to three years showed a less marked effect (22.5 ± 2.2% to 5.3 ± 2.6%).




Figure 3 | Influence of prey availability scenario on reproductive rates for simulated Australian fur seal females. Concurrent (%) refers to the proportion of sexually mature females that are concurrently pregnant and nursing a pup. Colors represent the number of productive foraging areas encountered per foraging day. Other reproductive rates were unaffected by simulated prey availability.



Increased at-sea mortality risk resulted in higher pregnancy and pup losses via maternal death (Figure 4), increasing by 5.9% and 5.8% from baseline levels, respectively. These losses had flow on effects for overall pup recruitment due to fewer pups being born and subsequently recruiting. The combined effect of poorer foraging conditions and higher at-sea mortality risk had substantial impact on offspring survival to three years of age (Figure 5). Under the best-case foraging conditions, three-year recruitment rates were reduced by 6.4% between the baseline and highest at-sea mortality risk. This constituted a reduction in sexually mature females added to the population from 44.0 to 20.4 per year (Figure 5). The combined influence of high at-sea mortality and low prey availability resulted in just 3.0 adult females recruiting into the simulated population.




Figure 4 | Influence of prey availability and mortality scenario on the proportion of offspring losses due to maternal death for simulated Australian fur seals. Colors represent the number of productive foraging areas encountered per foraging day. The paneling represents the at-sea mortality risk scenario.






Figure 5 | Influence of prey availability and mortality scenario on the average number of female offspring recruited into the simulated Australian fur seal adult (3+ years old) population per year. Colors represent the number of productive foraging areas encountered per foraging day. The paneling represents the at-sea mortality risk scenario.






3.5 Sensitivity analysis

When assessing the sensitivity of the model output to uncertain parameters, the most notable effects related to changes in female and pup metabolic rates (Figure 6). Abortion rates were largely unaffected by changes in female, juvenile and pup metabolic rates. However, there was a moderate to large non-linear effect on abortion rates when female metabolic rates were increased or decreased by 40%, when pup metabolic rates increased by 20%, and when using the shallow recruitment curve (i.e. when the probability of recruitment varied over a larger range of weaning masses) (Figure 6). When female metabolic rates were reduced, simulated females were more likely to be concurrently pregnant and lactating, leading to trade-offs between current (pup) and future (fetus) offspring when in poorer condition. In contrast, high female metabolic rates resulted in poorer female condition throughout gestation and, thus, increased abortion rates. Pup abandonment rates were strongly influenced by female and pup metabolic rates, with lower abandonment rates when metabolic rates were reduced and higher abandonment rates when metabolic rates were increased (Figure 6). Pup weaning mass was similarly impacted by female and pup metabolic rates (Figure 6). Pup recruitment rates were moderately affected by increasing pup and female metabolic rates by 10% and 40%, respectively (Figure 6). Further increases in pup metabolic rates had a large negative effect on pup recruitment rates. Finally, juvenile nursing rates were moderately affected by the shape of the recruitment curve, exhibiting higher frequencies of juvenile nursing when using the shallow recruitment curve (Figure 6).




Figure 6 | Outputs from the sensitivity analysis assessing the effect of metabolic rates and the shape of the recruitment curve on key model outputs. The modification for the ‘F’, ‘J’ and ‘P’ refer to changes in adult female, juvenile, and pup metabolic rates, respectively. ‘-40’, ‘-20’ and ‘-10’ represent a reduction by 40%, 20% and 10%, respectively. ‘+10’, ‘+20’ and ‘+40’ represent an increase by 10%, 20% and 40%, respectively. ‘R SH’ is the shallow recruitment curve and ‘R ST’ is the steep recruitment curve.



Sensitivity analyses also identified small to moderate effects of female and pup metabolic rates on the foraging trip and maternal attendance periods (Supplementary-G Figure 4; Supplementary-G Table 2). Maternal attendance periods were shorter when pup or female metabolic rates were reduced, and longer when pup or female metabolic rates were increased. Likewise, foraging trip durations followed a similar pattern, except when pup metabolic rates were reduced, where foraging trips were longer than under baseline parameterization.





4 Discussion

A dynamic model was developed to investigate the individual- and population-level consequences of changes in prey availability and mortality risk on a marine predator, the AUFS. Under anticipated environmental change, many marine species are expected to experience range shifts that may alter the availability and quality of prey species resulting in increased competition for resources. Range shifts may also influence the abundance or distribution of predators, with potential impacts on mortality from predation. As such, marine central place foraging predators, like the AUFS, may be vulnerable to combined ecosystem-level effects of climate change. The state-dependent model developed here provides a foundation for understanding the effects of environmental perturbations in a region being rapidly impacted by climate change. The interactive effects of prey intake and mortality risk observed in the simulated AUFS population suggest that the species may be vulnerable to future climate impacts.

Foraging trip and on-land durations of non-lactating females, as well as the proportion of their time spent at sea, were more strongly impacted by changes in prey availability than for lactating females, with minimal effect of prey availability on the foraging and maternal attendance periods of simulated lactating females. This was counterintuitive to what was expected, as evidence from lactating otariids indicate that females often extend foraging trip durations under poor environmental conditions, which reduces pup provisioning and growth rates (e.g. Beauplet et al., 2004). The lack of a strong behavioral response to poor foraging conditions in our model may have in part been due to the specific values used to parameterize the model. For example, interactions between starvation limits and pup metabolic rates may have constrained trip durations to a narrow range, such that females had little flexibility to alter foraging trip or shore durations and still remain lactating. Indeed, the sensitivity analyses indicated that changes in pup metabolic rates did have small to moderate effects on trip and shore durations. These findings deserve further exploration to fully tease apart the contributing factors, such as implementing the prey scenarios in both the backward iteration and forward simulation to examine the optimal behavioral and reproductive responses to altered environments. The proportion of time spent at sea varied greatly for pregnant females, ranging from 53% to 68% from best to worst foraging conditions, suggesting that behavioral responses were necessary to cope with altered foraging conditions during a time when energy requirements are increasing. While pregnant females were able to adjust to simulated changes in foraging conditions, there is an upper limit to this flexibility, suggesting that pregnant females may be vulnerable to adverse effects associated with climate change.

Baseline pup growth rates were consistent with empirical estimates, with simulated pup growth rates slightly below those reported for AUFS pups (Arnould and Hindell, 2002). Simulated growth rates were closer to empirical estimates when prey availability was increased, indicating that pup growth data may have been collected during a period of high prey availability. The average weaning mass (26.6 kg) and age (316.1 d) for simulated pups were consistent with those calculated using pup birth masses, growth rates, and weaning ages reported for AUFS [ca 23.8-30.6 kg; (Arnould and Hindell, 2002)]. However, pup weaning mass was highly sensitive to changes in pup and female metabolic rates and, to a lesser extent, the shape of the recruitment curve. The influence of metabolic rates on the weaning mass may be associated with the effect of metabolic rates on pup abandonments (i.e. due to fewer/more pups being abandoned, which may skew the average weaning mass higher or lower).

While the model simulations overestimated the proportion of adult females that were pregnant or nursing pups, abortion rates were considerably lower than those reported for the species. The discrepancy in the simulated and reported abortion rates suggest that abortion is likely driven by other factors than energy balance (e.g. vitamin and/or mineral deficiencies or disease). For example, abortion has been attributed to disease in other marine mammals, including bottlenose dolphins Tursiops truncatus (Miller et al., 1999) and California sea lions Zalophus californianus (Goldstein et al., 2009). Disease is also suspected to drive the high rate of late-term abortions in AUFS (Lynch et al., 2011; Gardner et al., 2022). We may have observed lower simulated pregnancy and, thus, nursing rates if implantation was able to fail (i.e. gestation did not begin). That is, we have assumed that all females of reproductive age could become pregnant if they chose to, whereas implantation failure would likely occur in wild animals. Future models could incorporate some chance of implantation failure, though the rate of failed implantation in AUFS is unknown.

While there are currently no empirical estimates for pup abandonment rates for AUFS, it is presumably lower than those simulated here (ca 18%). This assumption is due to the high late-term abortion rate, which, in combination with abandonment rates of this magnitude, would lead to population growth rates far below those previously estimated for the species [ca 5%; (Kirkwood et al., 2005)]. The baseline simulations instead produced population growth rates of approximately 3%. However, recent studies have reported declining pup production at some AUFS colonies with potential reductions in population growth (McIntosh et al., 2022). Simulated three-year recruitment rates (i.e. recruitment into the adult population) under most baseline mortality scenarios were consistent with previously modelled estimates (ca 20%) for AUFS (Arnould et al., 2003). Sensitivity analyses revealed moderate to large effects of female and pup metabolic rates on abandonment and recruitment rates. Specifically, abandonment rates increased with increasing metabolic costs, and, to a lesser degree, recruitment rates decreased with increasing metabolic costs. The lack of a strong behavioral response to poor foraging conditions could have exacerbated these abandonment rates. Being able to compensate and reduce pup growth rates allows females to hang on to their pups for longer, potentially getting them closer to the age at which they might be able to successfully recruit, albeit likely at a lower probability given they would have reduced body mass.

Juvenile nursing rates were moderately affected by shifts in the recruitment curve to a shallower curve, which resulted in an increase in juvenile nursing from 0% to 6% of females nursing pups. The increased prevalence of juvenile nursing occurred exclusively in females 4-8 years of age, with up to 40% of 4-year-old females continuing to nurse their pups as juveniles. This age effect makes sense energetically, since young females are more likely to struggle with the energetic demands of lactation due to their smaller mass and lower experience levels. Extended juvenile nursing is suggested to provide fitness benefits to the mother following newborn pup mortality (Hume et al., 2001; Trillmich and Wolf, 2008). The structuring of the present model did not account for newborn mortality, except for instances of maternal death, and thus could not represent juvenile nursing following newborn loss. Still, there is a potential that extended maternal investment may buffer the AUFS population to future environmental change. Indeed, juvenile nursing was reportedly considerably higher at the Judgement Rocks breeding colony (51-57%) than the Kanowna Island breeding colony (10-19%), potentially due to high pup mortality from exposure to storm-wave activity (Hume et al., 2001). However, we still do not fully understand the dynamics of mother-juvenile nursing interactions, particularly regarding the offspring side of the relationship. Some juveniles may be more aggressive or disinterested in weaning and some females may be less assertive with weaning, resulting in juveniles that continue to nurse beyond when their mother attempted weaning (Trillmich and Wolf, 2008). Further exploration should examine how optimal behaviors change under different prey scenarios (i.e. by implementing prey scenarios in the backward iteration) to see if we might expect juvenile nursing to become more prevalent under long-term shifts in foraging conditions.

The sensitivity of key model outputs to changes in female and pup metabolic rates highlights a need to collect species-specific field metabolic rates for AUFS. This is a common issue for marine mammal bioenergetics models and such models vary in their sensitivity to metabolic demands. For example, simulated harbor porpoises, Phocoena phocoena, were mildly sensitive to changes in metabolic rates (Gallagher et al., 2018) while simulated blue whales, Balaenoptera musculus, were highly sensitive to such changes (Pirotta et al., 2018). As is often done for marine mammal bioenergetics models, the metabolic rates used for this model are based on closely related species. However, relatedness does not always indicate that the species is an appropriate proxy for the parameter in question. Differences in foraging mode, growth rates, habitat, and climate, among other factors, can all influence metabolic rates. Likewise, methods used to measure metabolic rates can vary in reliability and in what energetic costs (e.g. thermoregulation, digestion, etc.) are encapsulated in the estimate (Noren and Rosen, 2023). Nonetheless, the model was most sensitive to large changes in the metabolic rates. While the majority of metabolic rates assessed were within the range reported for marine mammals (Noren and Rosen, 2023), the extremes (± 40%) are unlikely to be representative of the metabolic costs for AUFS. The model was also moderately sensitive to the shape of the recruitment curve used and, as such, data linking pup weaning mass, weaning age, and recruitment success should be obtained for the species.

Since changes in prey and predation fields were only simulated in the forward component of the model, the results are most applicable to unexpected changes in the environment (e.g. heat waves) since animals would presumably learn from their experience of the environment. Simulations that included modifications in both the backward and forward component of the model would provide more information about how behavioral patterns might be expected to change once animals have learned about their environment. Many of the effects of climate change are likely to produce novel environments but the timescales over which individuals learn about their environment are unknown, making forecasting difficult. The model also only looks at the indirect effects of predation, since the at-sea mortality risk is not modified in the backward component and thus does not influence behavioral decisions. Here, prey landscape changes the amount of time individuals spend at sea, which changes their exposure to predators. Thus, our model predicts the combined effects of shifting prey and predation landscapes on AUFS in a novel environment.

In summary, a state-dependent life-history theory model was developed to investigate how novel changes in prey availability and at-sea mortality risk impact a central place foraging marine predator. The model highlights the trade-offs individuals face between their condition, reproductive needs, and the environment they experience. The emergent patterns from the model simulations are largely consistent with those observed in wild AUFS, providing a robust means to predict the effects of environmental change on the AUFS population. The independent and cumulative influences of prey and predation landscapes on the individual behavior and vital rates of simulated females suggest that the AUFS population may be vulnerable to future environmental change. The outcomes of this study suggest that abortion rates should be much lower than is reported for AUFS, highlighting a need for continued monitoring of potential diseases and contaminants that may be driving this reproductive failure. Further monitoring of population trends is also vital given the recent declines in pup production, and thus population growth, at some colonies (McIntosh et al., 2022). Future modelling efforts should allow individuals to learn and, thus, adjust to poor foraging conditions, by including prey availability changes in both the backward iteration and forward simulation, as well as extend the simulation time frame to enable forecasting of population trends under anticipated climate conditions.
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