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Abundance and population trends of Critically Endangered North Atlantic right whales (Eubalaena glacialis, NARW) have been estimated using mark-recapture analyses where an individual’s state is based upon set delineations of age, using historical estimates of age at first reproduction. Here we assigned individual females to states based upon their reproductive experience, rather than age. We developed a Bayesian mark-recapture-recovery model to investigate how survival, recapture, site-fidelity and dead-recovery probabilities vary for female NARW in different states, using data collected from 1977-2018. States were assigned as calves for individuals in their first year; pre-breeder for individuals greater than one year of age who had yet to produce a calf, or breeder if an individual had reproduced. A decline in abundance of female NARW was seen starting in 2014, with 185 females declining yearly to 142 by 2018. The largest decline was seen in breeding females, with 72 estimated to be alive at the beginning of 2018, while female pre-breeder abundance plateaued at around 70 between 2011- 2018. Females born from 2000 onwards had an average 4% (95% CI:0.03-0.06) chance of transitioning from pre-breeder to breeder, compared to 8% (95%CI:0.06-0.1) for females born prior. This reduction in transition rate from non-breeder to breeder for the current cohort resulted in breeding females declining to 51% of the female population by 2018. We show that a collapse in fecundity of breeding females, and the failure of pre-breeders to start breeding, is an important factor in understanding the current decline in abundance of the NARW.
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Introduction

North Atlantic right whales (Eubalaena glacialis, NARW) are one of the most endangered species of extant whales (Cooke, 2020), with recovery post-whaling impaired by both acute and chronic human induced stressors often leading to mortality (Kraus, 1990; Knowlton and Kraus, 2001). Historically, there were two populations of NARW, an eastern population now believed extinct, and a western population found off the east coast of North America, which has been the subject of intensive research since the 1980’s (Notarbartolo di Sciara et al., 1998; Kraus et al., 2007). The most recent estimate for the entire western population is 366 individuals, and the species has declined in abundance since 2010 (Pace et al., 2017; Hayes et al., 2020). Environmental and anthropogenic stressors have been shown to impede the recovery of right whale populations by reducing calving rates (Christiansen et al., 2018; Christiansen et al., 2020). Recent work investigating the sub-lethal effects of ship strikes, entanglement and climate driven shifts in prey availability has shown that the lengths of individual right whales who have been entangled, and individuals whose mother was entangled during nursing, are shorter than non-entangled whales (Stewart et al., 2021). Entanglement was the one anthropogenic impact that could be definitively identified as causing stunting (Stewart et al., 2021), with per capita rates of entanglement initially peaking in 2000, though have been steadily increasing since 2007 (Knowlton et al., 2012; Stewart et al., 2021). There is a temporal component to stunting as well, with individuals born each year since 1981 becoming progressively smaller, with the difference now as large as a meter (Stewart et al., 2021). Stunted growth reduces available energy stores, resulting in individuals having less energy to invest into reproduction (Christiansen et al., 2020) as well as being less resilient to future entanglements (Stewart et al., 2021), and so increasing the risk of death. Adult female mortalities primarily caused by vessel strikes and entanglement in fishing gear also contribute to this decline, with few individuals left to contribute new members to the population (Corkeron et al., 2018).

Changes to a population, and its rate of increase, are well known to be influenced by the changes in fitness of different age groups or stage classes of individuals (Horvitz et al., 1997). In long-lived vertebrate species, such as the NARW, changes to juvenile survival are known to have a smaller influence on the population growth rate compared to an equivalent change in adult survival (Eberhardt, 1977; Gaillard et al., 2000). As such, in many large mammals, females appear to be selected to favor their own survival over reproductive events and are likely to only reproduce when in good condition (Gaillard and Yoccoz, 2003). However, temporal changes in the population growth rate can be more influenced by juvenile survival, used as a measure of recruitment into the breeding portion of the population, than by adult survival, because of the large variability that can occur within these traits (Gaillard et al., 1998). Understanding the influence of survival and the recruitment of breeding females on yearly variability in abundance is difficult, with elasticity analysis alone unable to separate the contributions, instead it must be combined with empirical estimates (Gaillard et al., 1998). Environmental variation can confound recruitment of breeders in ungulates, with unfavorable conditions leading to a large decrease in juvenile survival (Gaillard and Yoccoz, 2003). Therefore, understanding the relative influence of survival and recruitment of breeders is needed to elucidate the factors influencing changes in population trends. Changes in the survival and recruitment of individuals in different classes will influence the stage structure of a population leading to changes in the population growth rate (Baker et al., 2017). With recent declines in the abundance of the NARW, we require an understanding of how survival and recruitment of breeders have changed over time, and how these may have influenced the stage structure of the population, leading to the current state of the NARW population.

Due to the precarious state of the NARW, a number of mark-recapture models have been developed over the last 30 years aimed at improving our understanding of survival and abundance (Caswell et al., 1999; Fujiwara and Caswell, 2001; Fujiwara and Caswell, 2002; Pace et al., 2017). Historically, these mark-recapture models for the NARW imposed various life history state (referring to the assigned biological stage class, inferring the “true” biological state within the model) based upon the age and/or sighting history of an individual. Individuals were generally assigned as being juveniles if between one and nine years and had not previously bred, and adults if older than nine years, of unknown age and sighted for more than eight years, or if they had previously calved (Hamilton et al., 1998), or, in one study, as adults if 5 years of age or older (Pace et al., 2017). The life history based state used in these earlier studies approximated historic NARW life history, but more recent research indicates that female right whales are failing to calve despite being well beyond what was the presumed average age of first parturition (Kraus et al., 2007).

There are multiple factors contributing to this delay in first parturition, including intrinsic factors, such as failure to conceive and pregnancy loss (Browning et al., 2010). In addition, there are extrinsic factors, such as food limitation and stress from past entanglement, which can result in individuals having insufficient energy stores to reproduce (Moore et al., 2021). Imperfect observations could also confound the age of first parturition, with undetected calf mortalities biasing estimates for age at first parturition. Age at first parturition tends to be the most labile life history parameter in females of large mammals (Eberhardt, 1977; Gaillard et al., 2000). Photo-identification records indicate that in the past decade, female NARW that have previously calved have increased the years between having each calf, and females that have yet to calve are no longer doing so at around nine years of age. Shifts in breeding intervals and age at first parturition can influence the number of reproductively active individuals within the population, and influence the number of individual breeders recruited, resulting in shifts in abundance. NARW currently show greater heterogeneity around the age of first parturition than previously observed, suggesting the current approach of assigning adults as individuals nine years of age or older may no longer represent an accurate approximation of a stable stage structure (Jenouvrier et al., 2005; Jenouvrier et al., 2015). To account for this variability around age of maturation, we use three reproductive states where individuals are assigned as calves in their first year, pre-breeders for individuals older than one who are estimated to have not bred, and breeders for individuals who are known or estimated to have had one or more reproductive event.

Mark-recapture models use live sightings of individuals to investigate survival, and only incorporate known deaths as auxiliary data. In contrast, mark-recapture-recovery models include death as a known state into which an individual can transition. These models combine both live recapture and dead recovery data into a single model, which provides a more precise estimate for survival (Gilroy et al., 2012). Mark-recapture-recovery models also provide an estimate for fidelity by accounting for permanent emigrations from the study area, where fidelity is calculated as 1 – the probability of permanently emigrating the study area (Burnham, 1993; Kéry and Schaub, 2011). Emigration was included in the model to account for individuals within the population who disappear from the sighting history, though information is lacking about if the individual has died, or if they have moved to a poorly or unstudied area and are missed during survey efforts (Kraus et al., 1986; Right Whale Consortium, 2020). Traditional mark-recapture models cannot distinguish between mortality and emigration, and as such only estimate apparent survival, though by accounting for known deaths and fidelity, mark-recapture recovery models can provide a more precise estimate of survival, known as true survival (Lebreton et al., 1999). Mark-recapture-recovery analysis can improve parameter estimation and provide greater levels of precision with smaller sample sizes.

Using a multi-event framework, we fit a Bayesian mark-recapture-recovery model, which includes information on the known deaths of individuals (known as a ‘recovery’) as well as live re-sights, to investigate how survival varied with state for female NARW, and how state influenced the probability of females’ recapture and recovery. We focused on the influence of state to investigate how these parameters varied over the study period.



Methods


Photo-identification database

Photo-identification studies for North Atlantic right whales began in the 1960’s, and since the 1980’s there have been substantial aerial and boat surveys that focus on the species’ known habitats (Kraus et al., 1986; Pettis et al., 2004; Hamilton et al., 2007). The whales are individually identifiable using callosity patterns on their heads, lips, and chins, as well as unusual skin colorations and scars, making it possible to track individuals over time (Kraus et al., 1986). Surveys collect information on the sightings of individuals as well as data on location captured, entanglement history, calving events, body condition, and known deaths (referred to as recovered), forming an extensive database on the majority of animals in the western population (Right Whale Consortium, 2020). Sighting histories consisted of individuals along the full extent of their known habitat throughout the western North Atlantic. State determination was based upon the first year of sighting (Hamilton et al., 1998). Calving season is typically from December-February, so for this study we considered a year to be 1st November till 31st October to account for early births. Data on 318 female North Atlantic right whales, of which 199 were of known state (calf, pre-breeder, breeder) and 119 were of unknown or partially known state, photographically identified between 1977-2018 (Right Whale Consortium, 2020) were used for this study.



Capture histories

Capture histories were constructed as part of an open Jolly-Seber framework, by taking the observations of an individual in a given year and compressing them into a single value (1: seen as a calf, 2: seen as a pre-breeder, 3: seen as a breeder, 4: seen in unknown state, 5: recovered as a calf, 6: recovered as a pre-breeder, 7: recovered as a breeder, or 8: neither seen nor recovered). The occurrence of each whale during each of the 41 sample periods constitutes the capture history. The capture history is then combined with a period before the first year where all individuals were assigned the observation value of eight (neither seen nor recovered). After that initial period, individuals were assigned states, either calves for their first year following birth, pre-breeder for individuals of one or more years of age who had not calved, or breeders, who were individuals who had calved at some point over their lifespan. Once an individual was assigned as a breeder they could not transition back to pre-breeder. Individuals who could not be assigned to a state, were assigned as unknown state individuals. The unknown state was comprised of individuals who were not first sighted in their birth year, and individuals who had a sighting gap of one year or more after the age of five until sighted with a calf.



Mark-recapture-recovery model

We used a multi-event Jolly-Seber model (George, 1992; Schwarz and Arnason, 1996; Brooks et al., 2002; King, 2012) for the joint analysis of mark-recapture-recovery data (Lebreton et al., 1999; Kéry and Schaub, 2011). In this model, we considered ten true biological states: not yet entered (NE), calf alive within study site (CAI), pre-breeder alive within study site (PAI), breeder alive within study site (BAI), pre-breeder alive outside study site (PAO), breeder alive outside study site (BAO), calf recently dead (CRD), pre-breeder recently dead (PRD), breeder recently dead (BRD), and dead (†). When an individual is encountered it can be difficult to correctly identify the state, especially for things like reproductive status, leading to the use of Hidden Markov Models to analyse mark-recapture data in order to distinguish between the observation and the latent state (Gimenez et al., 2012). Numerous approaches to parameterize this type of uncertainty have been developed (Nichols et al., 2004; Conn and Cooch, 2009; Sanz-Aguilar et al., 2011). Here we use an approach based upon that described in Gimenez et al. (2012), where unknown state assignment (δ) probability for individuals whose state could not be ascertained is estimated as one minus the probability of correctly assigning an individual’s state for both pre-breeders and breeders (Gimenez et al., 2012). The focal parameters for this model are presented in Table 1.


Table 1 | List of notations and focal parameters estimated, brief description and priors used within the mark-recapture-recovery model.



The state of all individuals i at the first occasion (zi,1) was set such that they were considered to have not yet entered the population (state one):

	

The state of individual i at the second occasion (zi,2) is:

	

While subsequent states are conditional on the state at the previous time period, thus we denote the state model as

	

where Zi,t specifies the state of individual i at time t, and Ωzi,t,1…s,i,t  describes state membership over time, where s is the number of true states (Kéry and Schaub, 2011).

The observation model is denoted as

	

where Yi,t specifies the observation of individual i at time t, and Θzi,t,1…o,i,t describes the observational process, linking the true states to the observed states, where o is the number of observed states (Kéry and Schaub, 2011).

Transition probability was modelled with the individual specific coefficient of cohort, where an individual was assigned a: 1) if they were sighted pre-2000; 2) if they were born in 2000 or later; and NA) if they entered the population after 2000 in an unknown state, or younger than five, due to their inability to transition, as well as individuals added in data augmentation. Cohorts were divided at the year 2000 due to the increase in the per capita rates of entanglement (Knowlton et al., 2012). To illustrate the modeling process, multinomial tree diagrams are presented showing the stage structure and a visual representation of the model (Figure 1).




Figure 1 | Multinomial tree diagrams showing the transitions between states and the model structure. (A) Simplified stage structure of the model, with circles representing states of an individual, blue circles represent individuals alive within the study area, red represents individuals alive outside the study area, and grey represents dead individuals. Solid lines represent the movement of individuals between states from time t to t+1, and dotted lines representing possible transitions to mortality. (B) Graphical depiction of the statistical model. State Z is dependent upon removal entry probability (γ), initial state assignment (φ), transition probability from pre-breeder to breeder (ψ), unknown state assignment (δ), and recapture probability (p), all of which are dependent upon the observation (Y). Lastly, we have true survival probability (s), fidelity probability (F), recovery probability (r), and abundance (N), which are estimated as a function of individual state, informed by the available data.



Therefore, the general structure of joint posterior for this multi-state mark-recapture-recovery model is:

	

Vague Uniform prior distributions were used to allow for a natural parametrization of the model, as per Royle and Dorazio (2008). Dirichlet priors were used for initial state and unknown state assignment to ensure they were in the interval [0,1] and sum to 1, followed by the relation:

	

Initial values were provided for the assignment of unknown individuals within the observation matrix. Different initial values were provided for each of the three chains, with one assigning all unknowns as breeders, another assigning all unknowns as pre-breeders and finally, one with half unknowns randomly assigned as breeders and half as pre-breeders.

Model fitting was done using the program JAGS (version 4.3) (Plummer, 2003), run in R (R Core Team, 2017), via the package r2jags (version 0.6-1) (Su and Yajima, 2020). The model was run for 200000 iterations, consisting of three chains, with 100000 iterations discarded as burn-in, and no thinning. Fitting the model was computationally expensive, taking ~11 days to run on an Intel Core i5-8400 processor with 8GB RAM. Convergence was assessed both visually using trace plots, as well as by the  statistic (Brooks, 1998; Brooks and Gelman, 1998; Korner-Nievergelt et al., 2015). Posterior predictive checks were used to assess the fit of the model. Further detail on the model structure and R code can be found in the SI.



Fecundity

Detection of calving events occurs when a female is sighted accompanying a calf in the southern calving grounds. The calving grounds are intensively surveyed, with the number of individuals into the catalog who are of unknown age decreasing since 1990, suggesting that calving events are rarely missed (Right Whale Consortium, 2020). Using the annual calving data and estimates for females in the breeding population, we calculated fecundity as:

	

Where the number of reproductively available females is the number of breeders in a given year minus the number of calves born in the previous two years. We used this definition of reproductively available to account for the three year reproductive cycle of NARW’s, thus excluding individuals who would be unavailable to calf in a given year.

An annual per capita productivity index (API) was also calculated as:

	

Where Nt is the estimated female abundance for time t from the MRR output. We compared annual estimates for survival, fecundity and API to help understand trends in abundance and productivity over time.




Results

Abundance steadily increased until 2010, then remained relatively stable with minor fluctuations until 2013, after which estimated abundance decreased (Figure 2A). In 2018 total abundance of female right whales was estimated at 142 individuals (95% CI: 135-150). The population saw a peak in female abundance in 2010/11, estimated at 185 (95% CI: 183-188) in 2010 and 184 (95% CI: 183-187) in 2011 (Figure 2A). In 2018 breeding females made up just slightly more than half of the female population (73 individuals, 95% CI: 67-81), compared to a peak in proportional abundance in 2010, when they were approximately 60% of the female population (112 individuals, 95% CI: 108-116) (Figure 2B). Estimates for mean abundance of pre-breeders remained relatively stable from 1990 until 2009 (range: 29-47), after which it increased in 2010 and plateaued until 2018 (range 49-73) (Figure 2B). Peaks in the number of female calves were seen in 2001 and 2005 with 13 calves born each year, and again in 2009 with 18 calves born (Figure 2B).




Figure 2 | Abundance estimates for female North Atlantic right whales from 1977-2018. (A) Abundance estimates for female North Atlantic right whales, mark-recapture-recovery (MRR) model estimates (grey), compared to minimum number alive (MNA) for each year (black). (B) The breakdown of abundance into state with calf (squares), pre-breeders (circles) and breeders (triangles). Error bars indicate the 95% credible intervals. Calf abundance was derived from counts of female calves sighted yearly, and are not estimated.



Estimated true survival, i.e., accounting for permanent emigration as opposed to apparent survival [see (Kéry and Schaub, 2011)] for pre-breeders and breeders showed little fluctuation between years from the mid 1980’s until 2018, with a mean survival estimate of 0.96 (range: 0.92-0.98) and 0.97 (range: 0.94-0.99) respectively (Figure 3A). Yearly fluctuations in the estimates of true survival were greatest for calves, with a mean true survival of 0.79 (range: 0.50-0.92) (Figure 4). Estimates for calf true survival showed greater uncertainty in years with fewer individuals born (Figures 2B, 3A) (SI). Fidelity estimates for both breeders and pre-breeders remained consistently high from the mid 1980’s until 2015, after which uncertainty in the estimates for breeders increased (Figure 3B).




Figure 3 | State specific parameter estimates from 1985-2018 with 95% credible intervals (95% CI), for pre-breeders (dark circles) and breeders (light triangles). (A) The true survival probability (B) Fidelity probability (C) The recapture probability. Windows show a detailed view of the last ten modelled years.






Figure 4 | The true survival probability for calves from 1985 – 2018. Error bars represent the 95% credible intervals.



Recapture probability was consistently higher for pre-breeders compared to breeders from the mid 1980’s until 2010 (Figure 3C). In 2013, the recapture probability declined for both pre-breeders (0.66, 95% CI: 0.55-0.77) and breeders (0.61, 95% CI: 0.51-0.70), with a gradual increase since 2016 (Figure 3C). Individual heterogeneity in recapture probabilities can lead to underestimation of abundance estimates when not accounted for (Kéry and Schaub, 2011). Additional models were analyzed, which included individual heterogeneity to account for the potential bias. Abundance estimates did not differ between the two versions of the model, with the model accounting for individual heterogeneity discarded due to overparameterization and computational time.

Individuals assigned as pre-breeders who were born between 2000 and 2018 had an average probability of 0.04 (95% CI: 0.03-0.06) of transitioning to a breeder per year, while individuals born pre-2000 had an average transition probability of 0.08 (95%CI: 0.06-0.1). Fecundity, or the proportion of calves born per reproductively available female per year, was seen to decline post 2011 to a low of 0.04 in 2017, following a relatively stable period from 2001-2011 (range: 0.15-0.30) (Figure 5A). Calf production, measured as the annual per capita productivity index (API), showed large variability over the study period with a mean of 0.11 (range: 0.00-0.23) (Figure 5B).




Figure 5 | Reproductive measures for population growth for female North Atlantic right whales from 1990 – 2018. (A) The yearly fecundity rate, measured as the proportion of calves detected to the number of reproductively available females in the population per year. The vertical dotted line (red) indicates 2010, after which abundance of female breeders started to decline. (B) Annual productivity index (API) calculated as the total number of calves detected in a given year/average abundance estimate per year (Nt). The horizontal dotted line (red) indicates the average API of 0.11 for this population.



Individuals whose state could not be ascertained were more likely to be assigned as breeders with a probability of 0.53 (95% CI: 0.51-0.56) than to pre-breeder. Initial state probability, i.e., the probability of any individual being captured for the first time, and assigned to a particular state when first observed was highest for calves with average of 0.60 individuals assigned as calves (95% CI: 0.55-0.66), followed by breeders with an average of 0.35 (95% CI: 0.29-0.41), pre-breeders at 0.03 (95% CI: 0.01-0.08) and calves recovered dead at 0.01 (95% CI: 0.002-0.02).



Discussion

North Atlantic right whales live in one of the most industrialized habitats of any whale species (Kraus et al., 2007), and so there are a number of biological and anthropogenic factors influencing survival, including reproductive events, food availability, vessel strikes, and entanglement (Kraus, 1990; Knowlton and Kraus, 2001; van der Hoop et al., 2017; Corkeron et al., 2018; Christiansen et al., 2020). Understanding how demographic parameters have changed over time, and the influence of anthropogenic and intrinsic pressures on these changes, is important to understand how the parameters influence trends in population structure and size, which in turn can help inform management strategies. The recent reclassification of NARW to Critically Endangered on the IUCN Red List (Cooke, 2020) highlights the importance of a robust understanding of population demographics. With any free-ranging populations, obtaining reliable detections and sightings of enough individuals to collect this demographic information is difficult. Here, by combining multiple sources of information -re-sightings, and dead recoveries - we provide the most unbiased estimates yet available for survival, recapture probabilities, and abundance estimates for different states of NARWs (Barker, 1995; Barker, 1997).

Earlier studies have applied stage-structured models to NARW (Fujiwara and Caswell, 2002), however, these matrix population models assume the population has a stable stage structure (Hoy et al., 2020), which is no longer the case for NARW, making their continued application inappropriate. Recent work on several vertebrate species found that age structure dynamics are often non-stable, and can be an important mechanism influencing fluctuations in abundance (Hoy et al., 2020). Ignoring non-stable population structures can result in the failure of management efforts, due to substantial differences in the estimated growth rate when compared to models that assume a stable age or stage structure (Hoy et al., 2020). Changes in the population structure for female NARW highlights that many females are delaying reproduction, or failing to reproduce, indicating that assuming maturity based upon age, as used in earlier studies (Fujiwara and Caswell, 2002; Pace et al., 2017; Meyer-Gutbrod and Greene, 2018; Linden, 2020), no longer appropriately represents reproduction for this species. Therefore, projections on future population trajectories for NARWs based on these models (e.g (Meyer-Gutbrod and Greene, 2018; Linden, 2020) are likely to be incorrect, including those projections that underpin NOAA’s recent Biological Opinion (NOAA Fisheries, 2021a) on the impact of fisheries on NARW (Linden, 2020).

Our abundance estimates show subtle but important differences from previous work (Pace et al., 2017). We found that the abundance of female right whales increased over the 41 year study period from 81 in 1985, peaking at 185 individuals (95% CI: 183-187) in 2010 (Figure 2A), after which their abundance plateaued to 2013, then declined from 184 individuals in 2013 to 142 individuals at the beginning of 2018 (95% CI: 135-150). This coincides with a post-2010 change in the general distribution of NARW (Davis et al., 2017), and with an influx of NARW into the Gulf of St Lawrence post-2014 (Simard et al., 2019), and increased use of a foraging area in offshore, southern New England in recent years, particularly 2017-2018 (Quintana-Rizzo et al., 2021). Both of these sites, when NARW started using them, lacked spatially-explicit management programs to minimize NARW morbidity and mortality. While management measures aimed at mitigating human impacts have been instituted in Canadian waters in the Gulf of St Lawrence (Davies and Brillant, 2019), minimal actions have occurred in the US waters off southern New England (NOAA Fisheries, 2021b).

In 2018, pre-breeders composed an estimated 49% of the population and breeding females 51%. Moreover, females compose less than half the population of NARWs, with a male biased sex ratio (Pace et al., 2017; Harcourt et al., 2019). The reduction in the number of breeding females has two contributing factors, a decline in the number breeding females post-2010, and a decline in the transition rate for non-breeding individuals to becoming breeding individuals. Female survival has been considered the key driving factor contributing to the recent decline (Corkeron et al., 2018); these results show that lack of pre-breeders starting to calve and so recruiting into the breeding cohort is also driving the decline, a point that has been missing from consideration of NARW conservation efforts, with current abundance estimates and population growth projections assuming maturity based upon an individual’s age (Pace et al., 2017; Meyer-Gutbrod and Greene, 2018). By assuming maturity by age, individuals who delay first reproduction or never reproduce are grouped with breeding individuals which can bias projections by assuming a higher reproductive potential for the species. The sublethal stressors causing stunting (Stewart et al., 2021) and failure to start calving require as much attention as do anthropogenic causes of NARW mortality.

True survival estimates from our model remained relatively stable across years for both pre-breeders and breeders with a mean true survival estimate of 0.96 (range: 0.92-0.98) and 0.97 (range: 0.94-0.99) respectively between 1985 and 2018. Estimates for true survival of calves was more variable with an average of 0.79 (range: 0.50-0.92) between 1985 and 2018. These survival estimates for NARW are low compared to the congeneric southern right whale (Eubaleana australis), with adult survival estimates of 0.99 (95% CI: 0.98-0.99) in South Africa (Best et al., 2001), and another balaenid, the bowhead whale (Balaena mysticetus) with estimated survival at 0.98 (95% CI: 0.95-1.00) (Zeh et al., 2002). Estimates for the southern right whale and the bowhead whale represent apparent survival rather than true survival. Apparent survival is likely to be biased low due to unaccounted emigration, and is lower than true survival unless fidelity is equal to one (Schaub and Royle, 2014).

Recent work (Pace et al., 2017) estimated apparent survival, not true survival, for females 5+ years (considered adults in that model) at 0.968 (± 0.0073), and 0.955 (± 0.0127) for calves (which included both sexes, and were defined as up to 4 years of age). These estimates, being of different cohorts of whales from our model, are not directly comparable. Our survival estimates, likes those in (Pace et al., 2017) have substantial uncertainty around them, but our point estimates of true survival show greater fluctuation. Calf survival estimates were robust, given the level of survey effort of the calving and nursing grounds, missed calving events are unlikely (Kraus et al., 1986; Corkeron et al., 2018; Record et al., 2019). Estimates for calf survival show yearly variability with no notable declines consistent with the decline in abundance, suggesting consistent variability in calf survival for this species. Calf survival approximates to only four out of five calves surviving their first year of life, adding to the conservation dilemma posed by poor calving. First-year (and so, pre-breeder) mortalities were more likely to be missed, as individuals would not be added to the photo-identification catalogue, possibly biasing pre-breeder survival slightly high. No discernible difference in the true survival estimates of pre-breeder and breeder states over this time were seen in our estimates, suggesting that survival has less of an influence on the current decline of the NARW population when compared to recruitment of breeding females.

The decline in the abundance of breeding females is caused by a mix of mortality (of both breeders and pre-breeders that die before they can transition to breeding), and a failure to start breeding by pre-breeders. We show that individuals born from 2000 onward who were assigned as pre-breeders have a mean probability of 0.04 of transitioning to a breeder annually, half that of individuals born pre-2000, whose mean probability of transitioning was 0.08. Individual NARW born now are smaller than they were in past decades due, at least in part, to entanglements in fishing gear, with per capita rates of entanglement initially peaking in 2000 then declining until 2006, with rates steadily increasing since 2007 (Knowlton et al., 2012). Individuals who have been entangled in their life, or whose mother was entangled during nursing are, on average 0.64 m and 0.69 m shorter respectively than those who have not been affected by entanglement (Stewart et al., 2021). This helps explain the failure of females to gain sufficient condition to start calving, as smaller female right whales have less capacity to gain sufficient condition to calve than larger females (Christiansen et al., 2020). So, while the death of breeding females is driving the decline in the female population more than the death of pre-breeders, it is the lack of females joining the breeding cohort, with a plateau in pre-breeders abundance since 2010, that is a contributing factor to the population’s decline in recent years.

The change in the rate of recruitment into the breeding population has important implications for our understanding of anthropogenic impacts on NARW. The number of calves born per reproductively available female was seen to decrease post 2011, suggesting a reduction in fecundity in recent years (Figure 5A). Since 2012, the calving rate has also been depressed (Figure 5B), demonstrating that the failure to breed is not restricted solely to the lack of pre-breeders approaching maturity (Figure 2B). Reproduction is energetically expensive, with the failure to breed or the undernourishment of offspring being linked to poor body condition of mothers (Gaillard and Yoccoz, 2003). Female NARW that calve are in poorer body condition than congeneric southern right whales (Christiansen et al., 2020). The body condition of juvenile NARW is also poorer than their southern counterpart, which can lead to reduced energy for growth and delayed sexual maturity (Christiansen et al., 2020). Stunting of NARWs caused by sub-lethal effects is likely the biological driver for this shift in recruitment of breeding females shown by our model, with smaller individuals having less energy stores to invest in reproduction (Stewart et al., 2021).

Mortality and reproductive failure caused by entanglement can be eliminated by appropriate fisheries management, but failure caused by poor foraging quality due to climate change (Meyer-Gutbrod et al., 2021) is more intractable. The stunted growth of the individuals alive now can never be reversed. With the current finding of this model, combined with the new insights into the sub-lethal effects of entanglement, the importance of mitigating these effects is critical for the recruitment of breeding females, and the growth of the population. Half of the non-calf females have yet to calve, and with three males for every two females (Pace et al., 2017), reproductive females currently comprise only one-fifth of the species. This proportion of calving females will only decrease unless the impacts of both lethal and sub-lethal entanglements can be stopped. Failure to reverse this trend will leave a species whose numbers may remain at best a few hundred, but which will be functionally extinct within our lifetime.
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