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Septicaemia due to hypervirulent (HV) Klebsiella pneumoniae is the leading cause of neonatal pup mortality in endangered New Zealand sea lions (Phocarctos hookeri) at Enderby Island, in the New Zealand sub-Antarctic. Accounting for approximately 60% of annual pup mortality at this site following an epizootic event in 2001–02, HV K. pneumoniae is also emerging worldwide as a significant community-acquired human pathogen. To facilitate efficient direct mitigation to reduce pup mortality, a case-control study and prospective cohort study were conducted to identify risk factors amenable to active management. Additionally, to investigate impacts of hookworm (Uncinaria spp.), a nested treatment trial with the anthelmintic ivermectin was undertaken concurrently. During two austral summer field seasons (2016–2018), 698 pups were captured for treatment trial recruitment and the collection of morphometric measurements, biological samples and risk factor data. Gastrointestinal carriage of the virulent phenotype of K. pneumoniae was a consistent risk factor, while ivermectin treatment and higher body condition index consistently reduced risk of HV K. pneumoniae mortality. Significantly fewer ivermectin-treated pups were found dead (24.1% control, 11.1% treatment), with a trend towards a higher proportion of HV K. pneumoniae deaths amongst the control group. This study provides evidence to support ivermectin treatment as a pup mortality mitigation strategy in New Zealand sea lions at Enderby Island. If applied to larger colonies where HV K. pneumoniae and hookworm impact pup survival, this intervention could have population-scale benefits for this endangered species. Further work is required to understand how ivermectin prevents HV K. pneumoniae septicaemia, but removal of hookworms before intestinal mucosal damage occurs could limit systemic spread of virulent bacteria from the gastrointestinal tract.
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INTRODUCTION

Emerging infectious diseases impact animal and ecosystem health globally (Daszak et al., 2000). Hypervirulent (HV) Klebsiella pneumoniae is the most common cause of death in endangered New Zealand (NZ) sea lion (Phocarctos hookeri) pups at sub-Antarctic Enderby Island, Auckland Islands (Figure 1A; Michael et al., 2019). This emerging pathogen, a virulent form of an otherwise common mucosal commensal of most mammals, also causes human disease and mortality (reviewed by Paczosa and Mecsas, 2016; Russo and Marr, 2019). Infection was first discovered on Enderby Island during an epizootic event in 2001–02, continuing as enzootic disease ever since (Wilkinson et al., 2006; Castinel et al., 2007b; Roe et al., 2015; Michael et al., 2019). However, HV K. pneumoniae-associated pup mortality has since been detected at the northernmost extent of the species’ range on mainland New Zealand (Roe et al., 2015) and at the largest breeding colony – Dundas Island, Auckland Islands (unpublished data). In NZ sea lions, HV K. pneumoniae isolates causing mortality have been identified as a clonal lineage (Pinpimai, 2018), readily identified by their hypermucoviscous (HMV) phenotype, due to a major virulence factor of excessive capsule production. Hypervirulent K. pneumoniae disease and mortality is dependent on pup, pathogen, maternal, spatial and environmental factors influencing susceptibility and disease progression. Understanding risk factors for HV K. pneumoniae infection and mortality in pups is critical for determining where management can aid conservation of this endangered species.
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FIGURE 1. Summary of methodology used in data collection for analysis of risk factors for mortality in New Zealand (NZ) sea lion (Phocarctos hookeri) pups. (A) Map of NZ sea lion breeding sites including the South Island of mainland New Zealand, Stewart Island, Auckland Islands and Campbell Island. (B) Localities of Enderby Island including the study site of greater Sandy Bay area. (C) Uniquely numbered vinyl circular discs glued to NZ sea lion pups. White discs signify cohort study animals, while all other animals were deployed with yellow discs. Inset: Braille numbers were punched into the vinyl before attachment to pups to enable identification after the written number was abraded off by sand. (D) The 10 m2 overlaid GPS grid was used with a randomly selected north-south strip. (E) The 20 m2 overlaid GPS grid was used with a 40 m radius from a randomly selected cell.


Otariid (eared) seals are commonly infected with host-adapted species of hookworm (Uncinaria spp.) resulting in enteric mucosal hemorrhage with anemia, weight loss, weakness and mortality (Lyons et al., 2001; Marcus et al., 2015a; Seguel et al., 2018). Aberrant peritoneal migration of hookworms through the intestinal wall, causing bacteremia and peritonitis has also been reported (Spraker et al., 2004; Lyons et al., 2011; Seguel et al., 2017). A hookworm enteritis-bacteremia (HEB) syndrome has been described in California- (Zalophus californianus) and South American fur seals (Arctocephalus australis) with a proposed link between submucosal enteric hookworm damage and systemic bacterial infection with enteric commensals (Spraker et al., 2007; Seguel et al., 2017). In NZ sea lions, however, although hookworm prevalence can reach 100%, infection is associated with lower burdens and a milder syndrome, with superficial mucosal damage, no significant anemia and no peritoneal migration (Castinel, 2006; Castinel et al., 2007c; Michael et al., 2019). Ivermectin, a macrocyclic lactone anthelmintic drug routinely used for parasite control in domestic animals is effective at reducing or eliminating hookworm burdens in free-ranging otariids (DeLong et al., 2009; Marcus et al., 2015b; Seguel et al., 2018), including NZ sea lions (Castinel, 2006; Chilvers et al., 2009). While the role of hookworm in HV K. pneumoniae disease is unclear, the association requires exploration given the improved survival of a small sample of pups treated with ivermectin during a high K. pneumoniae mortality season at Enderby Island (Chilvers et al., 2009). Given the species’ endangered status and the high proportion of HV K. pneumoniae- associated pup mortality annually (mean 60.2%; Michael et al., 2019), understanding risk and protective factors for pup infection and mortality is integral to active management.



MATERIALS AND METHODS

All procedures were undertaken in the greater Sandy Bay area (50.5°S, 166.28°E; Figure 1B), Enderby Island, during the 2016–17 and 2017–18 austral summers. Field season lengths were 92 and 84 days, respectively, between early December and early March. Three studies were undertaken concurrently: a randomized controlled clinical treatment trial with ivermectin, a case-control study and a prospective cohort study to investigate risk factors for pup mortality. The nested study design resulted in some pups being part of all three studies.

Procedures were permitted by the Department of Conservation, New Zealand (necropsies 39239-MAR, all other procedures permitted as species management). All methods were approved by the Massey University Animal Ethics Committee (approval number 16/89) and Department of Conservation Animal Ethics Committee (approval number 304).


Colony Monitoring and Routine Procedures

All pups at the Sandy Bay colony were flipper tagged (Jumbo Tag; Dalton Continental, Lichtenvoorde, Netherlands) as part of ongoing demographic studies in mid-January (pups approximately 3 weeks of age) in both seasons. Between mid-December and early January, date of pupping was determined for as many permanently identified females as possible, facilitating matching of pupping/birth date from mother-pup associations. The latter was facilitated between early January and mid-March by recording resights of marked pups with their mother and this time was also used to identify pups with abnormal physical or behavioral findings.



Ivermectin Clinical Treatment Trial: Animal Capture and Processing

Pups were first captured by hand or net when unattended by their mother at approximately 1 week of age and manually restrained in a customized canvas bag, typically <10 min, always <15 min. Individuals were allocated to ivermectin treatment and control groups using a random number table, aiming for approximately 50% in each group. Treatment-allocated pups were administered 0.2 mg/kg ivermectin (Ivomec 1% Injection for Cattle, Sheep and Pigs; Boehringer Ingelheim Animal Health, Manukau City, New Zealand) subcutaneously in the interscapular region; control pups were not injected. Pups were assigned permanent individual identification at first capture with a PIT tag inserted subcutaneously in the dorsal lumbar region. Temporary external identification prior to flipper tagging was achieved via a vinyl disc with a unique number attached to the lumbar region using cyanoacrylate adhesive (Loctite 454; Henkel, Kilsyth, VIC, Australia; Figure 1C). Recaptures were undertaken in conjunction with case-control and prospective cohort studies, with all captures involving collection of data as described below.



Morphometric, Physical Examination and Risk Factor Data

Risk factor data were collected (Table 1). Body mass was measured with hanging scales (WS603; Wedderburn, Auckland, New Zealand). Standard length was measured as the straight distance between the tip of the nose and tip of the tail, and girth as the circumference of the pup’s body just caudal to the pectoral flippers, on exhalation. A full physical examination for wounds or abnormalities was undertaken noting discharge or signs of infection from the eyes, nostrils, umbilicus and tag sites.


TABLE 1. Summary of risk factor data collected during and following NZ sea lion (Phocarctos hookeri) pup captures at Sandy Bay, Enderby Island.
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Case-Control Study: Design and Animal Selection

The Sandy Bay colony was searched at least daily for dead pups. When found, risk factor data were collected (Table 1). Necropsy examination was undertaken as described by Michael et al. (2019). Within 24 h of finding a dead pup (case), 1–2 control live pups were selected and captured for processing. Randomization of control selection was achieved using a grid system overlaid on a map of Enderby Island, subdivided into zones with 10 m2 cells for Sandy Bay beach and 20 m2 cells for the greater Sandy Bay area (Figures 1D,E). The grid was determined in the field using a handheld GPS (Garmin GPSMAP 64sc; Eastern Creek, NSW, Australia) to locate waypoints at the southwest corner of each cell. During pupping when all pups are on the beach, a random number table was used to select a column of 10 m2 north-south grid cells, allowing marking of the east-west boundaries in the field (Figure 1D). A count of all available pups in the selected area was undertaken and a random number selected to enable a pup to be nominated based on a count of a second researcher blinded to the number chosen. Following dispersal of pups from the beach, the 20 m2 grid was implemented in conjunction with the “distance to destination” function on a handheld GPS allowing visualization of a 40 m radius from the randomly selected point (Figure 1E). If one pup was present in the area, it was chosen as a control. When more than one pup was present, the nearest pup to the waypoint was chosen unless it was part of a group of pups. In this case, a fraction from a random number table was generated and multiplied by the number of pups in the group to select the control. Again, a researcher blinded to the number chosen counted the pups until the designated number was reached and the pup selected. If no pup was present in the area, another point was selected randomly, and the process repeated. Further criteria were exclusion of pups from selection that were actively nursing at the time and pups that had been captured in the preceding 24 h. The selected pup was identified, then samples (oral and rectal swabs, feces) and morphometric and risk factor data were collected (Table 1 and Supplementary Table 1).



Prospective Cohort Study: Design and Processing

Pups were recruited into the cohort study at first capture, by selecting every sixth pup processed in 2016–17 (n = 50) and every third pup in 2017–18 (n = 100). These pups were recaptured approximately fortnightly to collect serial samples and risk factor data (Table 1 and Supplementary Table 1).



Sample Collection, Handling and Field Processing

Oral and rectal swabs were collected by rubbing a dry rayon swab (155C; Copan, Brescia, Italy) in the oral cavity and oropharynx, and a second into the rectum to later determine the presence of HMV K. pneumoniae. Swabs were frozen in liquid nitrogen within six hours of collection and stored at −80°C prior to culture.

Fecal samples were collected on every capture except the first (Supplementary Table 1), using a modified fine tipped swab (160C; Copan) technique (Marcus et al., 2014). Fecal volume was subjectively scored (scant, moderate, or heavy) and a smear made on a microscope slide with a drop of saline if needed. Presence or absence of hookworm ova under light microscopy at 4× or 10× objectives was recorded (Figure 2A).
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FIGURE 2. Parasitology and microbiology analysis of samples collected from New Zealand sea lion (Phocarctos hookeri) pups on Enderby Island. (A) Hookworm (Uncinaria spp.) eggs under light microscopy (20× objective) on a direct fecal smear. (B) Pure culture of hypermucoviscous Klebsiella pneumoniae on horse blood agar plate showing large mucoid off-white to translucent colonies. (C) Positive string test on a hypermucoviscous K. pneumoniae isolate, determined by production of a viscous string >5 mm.




Microbiology Laboratory Techniques

Oral and rectal swabs were thawed, subjectively scored on saliva or fecal coverage (scant, moderate, or heavy) and incubated aerobically at 37°C in Luria broth for 18–24 h. The broth was streaked onto differential agar plates (CHROMagarTM Orientation, Fort Richard Laboratories, Auckland, New Zealand) and incubated aerobically at 37°C for 18–24 h. Representative colonies consistent with Klebsiella spp. (mucoid, dark blue, to turquoise) were subcultured onto MacConkeys agar (Fort Richard Laboratories, Auckland, New Zealand) and incubated aerobically at 37°C for a further 18–24 h. Colonies suggestive of Klebsiella spp. (mucoid, positive lactose fermentation) were then subcultured onto horse blood agar (Fort Richard Laboratories) and incubated aerobically at 37°C for another 18–24 h.

Resultant pure cultures (Figure 2B) were then processed as an ethanolic suspension for identification by matrix assisted laser desorption/ionization – time of flight mass spectrometry (MALDI-TOF MS) by homogenizing approximately 2 mm3 of pure bacterial colony in 300 μl sterile water, then mixing with 900 μl high grade 100% ethanol. Targets were prepared according to manufacturer’s recommendations and spectra were measured using the Bruker Biotyper and Bruker isolate database version 7 (7311 RUO). The string test for hypermucoviscosity (Fang et al., 2004) was carried out on representative colonies with a positive recorded if a viscous string >5 mm was produced (Figure 2C).



Statistical Analysis

All data were entered into an Access database (Microsoft Corporation, Auckland, New Zealand), then exported for coding using R (Version 3.6.0) and RStudio (Version 1.2.1335) (R Core Team, 2018). All plots were created using the ggplot2 package (Wickham, 2016). The chi-squared (χ2) test was used to determine associations between categorical variables, with p < 0.05 as the threshold for statistical significance.

For pups with unknown date of birth, “date first seen” was used. This was either the date that an identifiable mother was first seen with a pup if the birth itself was not observed, the date of the pup’s first capture if the mother was not identifiable or the date of tagging if not individually seen before then. Exact ages (calculated from date of birth) and estimated ages (calculated from date first seen) were used in models. Growth rates were calculated by linearly regressing age on mass and standard length for live known-age pups only. Body condition index (BCI) was derived by linearly regressing body mass against standard length, with residuals used as the BCI (Guinet et al., 1998).

Physical examination data was incorporated into wound and discharge scores to indicate extent and severity (Supplementary Table 2). Generalized pair plots and principal component analysis were used to determine correlations between variables so indicative indices representing those parameters could be used in analyses. Due to correlations and the low variability amongst wound variables indices, these were combined into a “wound score” by the addition of all wound categories (head, body, flippers, tag sites, and umbilicus) to indicate degree of skin barrier damage. An overall “wound discharge” score characterized any discharge present (Supplementary Table 2). Models were also run with a “modified wound score” (wound scores of head, body, flippers, and umbilicus only), with interaction terms including tag wound score, wound discharge, and age.

Klebsiella pneumoniae carriage was assigned by whether K. pneumoniae was determined on MALDI-TOF MS speciation of an isolate from an oral or rectal swab. HMV K. pneumoniae carriage was designated for those with a positive K. pneumoniae swab where the isolate had a positive string test. Carriage in models for HMV K. pneumoniae was true when the pup had ever had a swab test positive.

Models were produced using biologically relevant variables for the outcomes of death due to HV K. pneumoniae infection “KlebCase” and death of any cause. Two methods were used to determine the most important factors contributing to risk or protection. Firstly, a series of generalized linear models using the glm function were generated and then stepwise model selection using the step function to assess important contributing factors and interactions (R Core Team, 2018). Regression coefficients included in the candidate models were plotted using the plot_summs function in the jtools package (Long, 2019). The Akaike information criterion (AIC) statistic, which balances goodness of fit and parsimony, was used to compare models (R Core Team, 2018). Generalized mixed effects models were generated using the glmer function in the lme4 package, using individual pup ID as a repeated measure (Bates et al., 2015). Further, cumulative survival rates for HV K. pneumoniae cases and death of any cause were assessed using the NestedCohort package with the Cox proportional hazards regression (coxph) clustered by individual pup ID and Kaplan-Meier survival analysis (nested.km) functions, allowing for missing covariate data (Katki and Mark, 2008) and plotted using the survival (Therneau, 2014) and ggfortify packages (Tang et al., 2016). For both analyses, study time was extrapolated from either date of pup birth or date first seen and date of death or date last seen based on daily colony resighting. Survival after approximately 75 days was censored due to few records following the field season conclusion and expected poor resightability of juvenile sea lions until 4 years of age (Roberts and Doonan, 2016).




RESULTS

A total of 698 pups were captured a total of 1,397 times including 657 first captures, 211 control captures, 383 cohort captures, 126 cases and 20 combined captures (first capture/control or control/cohort). Mean number of captures was four for pups in the cohort study and two for all other pups (range 1–7 captures). All pups were born at Sandy Bay except for two Dundas Island tagged pups and 23 untagged pups presumed to have originated from Dundas Island. Actual dates of birth were determined for 31.4% of pups (211/673) born on Enderby Island (n = 65, 2016–17; n = 146, 2017–18); the remainder estimated based on date first seen.


Ivermectin Clinical Treatment Trial

In 2016–17, 341 Enderby-born pups were randomly recruited into the treatment trial at first capture between 16 December and 15 January. Of these, 163 (47.8%; 83 females, 80 males) were treated and 178 were controls (80 females, 98 males). In 2017–18, 325 pups were recruited between 21 December and 22 January, where 180 (55.4%; 96 females, 84 males) were treated and 145 were controls (66 females, 79 males). Median age of treatment for known age pups was 7 days (n = 107; range 2–19 days).

Overall, 301 pups had at least one fecal sample tested for hookworm ova (n = 295, 2016–17; n = 410, 2017–18) as part of case-control and prospective cohort study recaptures. Of untreated retested Enderby-born pups, 45.5% (50/110) were hookworm positive on at least one test. Of treated retested pups (n = 181), all were negative, except one pup in 2016–17. Detection of hookworm ova in fecal smears was significantly influenced by fecal volume extracted (χ2 = 38.18, p < 0.0001). Moderate or heavy volume fecal samples were more than three times more likely to be positive than when scant feces were collected (37%, 30.1–44.3% 95% CI moderate to heavy; 9.4%, 6.7–12.8% 95% CI scant).



Growth Rate

Calculated daily mass gain including both sexes and treatment groups was 195 g (178–221 g 95% CI). There was no significant difference between sexes, but consistent with sexual dimorphism, males gained more weight per day (male 207 g, 182–233 g 95% CI; female 173 g, 150–198 g 95% CI; Supplementary Figure 1). Within each sex cohort, there was a non-significant trend of increased mean daily growth rate with treatment (male treatment 216 g, 191–243 g 95% CI; male control 197 g, 173–223 g 95% CI; female treatment 181 g, 158–206 g 95% CI; female control 161 g, 139–185 g 95% CI).

There was no significant difference between sex or ivermectin treatment group on growth rate in length, with an overall mean of 3.4 mm per day (male treatment 3.5 mm, 3.2–3.9 mm 95% CI; male control 3.2 mm, 2.9–3.5 mm 95% CI; female treatment 3.3 mm, 3.0–3.6 mm 95% CI; female control 3.4 mm, 3.1–3.7 mm 95% CI; Supplementary Figure 1).



Survival

Of all ivermectin-treated pups in both seasons, 11.1% (38/343) were found dead, significantly fewer than 24.1% (78/323) of untreated controls (χ2 = 18.86, p < 0.001). There was a higher proportion of HV K. pneumoniae deaths in the untreated group (44/78; 56%) than the treated group (16/38; 42%), but this was not significant (χ2 = 1.56, p = 0.21). These analyses exclude untagged untreated pups presumed to originate from Dundas Island that also died at Enderby Island (n = 10), of which 60% died due to HV K. pneumoniae.



Risk Factor Analysis

Standard length correlated well with age (Pearson’s r = 0.86, 0.84–0.88 95% CI), and was included in further analyses as a surrogate index. Of six initial models including biologically relevant predictor variables for HV K. pneumoniae deaths (“KlebCase”; Table 2), model 2 accounted for 78.3% of weight in AIC analysis. In model 2, significant protective factors (or factors reducing risk) included ivermectin treatment, higher BCI, the 2017–18 season, sand substrate and an interaction between wound score and length (Table 3 and Figure 3A). Significant risk factors for death due to HV K. pneumoniae included gastrointestinal HMV K. pneumoniae carriage, greater length (and therefore age), higher wound score, water substrate and higher nasal discharge scores (Table 3 and Figure 3A). Model 3 accounted for 15% weight in AIC analysis (the second highest) and contained identical variables excluding the interaction term between wound score and length.


TABLE 2. Summary of predictor variables used in six candidate models for generalized linear model analysis and Akaike information criterion (AIC) statistics for hypervirulent Klebsiella pneumoniae mortality in New Zealand sea lion (Phocarctos hookeri) pups at Sandy Bay, Enderby Island.
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TABLE 3. Summary results of generalized linear models 2 and 7, analyzing risk factors for hypervirulent Klebsiella pneumoniae mortality in New Zealand sea lion (Phocarctos hookeri) pups at Sandy Bay, Enderby Island.
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FIGURE 3. Summary plots of risk factors for mortality in New Zealand sea lion (Phocarctos hookeri) pups at Sandy Bay, Enderby Island. (A) Coefficients from the best generalized linear model selected by AIC for pup mortality due to hypervirulent Klebsiella pneumoniae (Model 2) and adjusted model to investigate wound score uncertainty (Model 7). 95% confidence intervals are shown. (B) Coefficients from the Cox proportional hazards model for pup mortality due to hypervirulent K. pneumoniae, clustered by individual pup for Model 2 and Model 7. 95% confidence intervals are shown. (C) Proportion of surviving New Zealand sea lion pups in ivermectin treatment and control groups with shaded 95% confidence intervals. Outcome has been censored to include only mortality due to hypervirulent K. pneumoniae. (D) Proportion of surviving New Zealand sea lion pups in ivermectin treatment and control groups with shaded 95% confidence intervals. Outcome includes all causes of mortality.


Due to the uncertainty surrounding the large confidence interval on wound score, components were analyzed in groups to investigate potential intrinsic interactions. Modified wound score included all wounds not inflicted through tagging, while tag wound and wound discharge scores were examined separately. Stepwise model selection using AIC determined the best model to be:

[image: image]

Model 7 results mirrored Model 2, however, male sex became protective in terms of reducing risk and there was a significant protective association between tag wound and wound discharge, such that all wound parameters (modified wound score, tag wound and wound discharge) became non-significant (Table 3 and Figure 3A). Generalized linear mixed effects models incorporating repeated measures were attempted but failed to converge.

When the same covariates were used in the same six generalized linear models for all causes of death (Supplementary Table 3), Model 2 was again the best model according to the AIC analysis, accounting for 92.7% of weight with similar significant factors determined (Supplementary Table 4).



Cox Proportional Hazards Analysis

The Cox proportional hazards analysis, clustered for individual pups, with the response variable of HV K. pneumoniae mortality, mirrored those found in models 2 and 7 described above. Figure 3B and Table 4 show the Cox analyses for these models with consistent findings in both analyses of ivermectin as protective along with BCI and the 2017–18 season. Wound coefficients again produced variable results, with overall wound score a significant risk factor in model 2 (4.79, 0.60–8.97 95% CI), but when separated in model 7, tag wounds were the only component with statistical significance, albeit with a broad confidence interval (8.05, 1.47–14.63 95% CI). Sand substrate was no longer significant in either analysis. The same trend is present with HMV K. pneumoniae carriage, nasal discharge and water substrate being a risk factor for both analyses. Length and mud substrate were significant risk factors only in model 7.


TABLE 4. Summary results of Cox proportional hazards models 2 and 7, analyzing risk factors for hypervirulent Klebsiella pneumoniae mortality in New Zealand sea lion (Phocarctos hookeri) pups at Sandy Bay, Enderby Island.
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Survival Analysis

The risk for a pup dying due to HV K. pneumoniae as determined by the Kaplan Meier survival analysis was 9.6% (5.1–14.0% 95% CI) higher for controls compared to those pups treated with ivermectin, during the first 3 months of life (Figure 3C). The risk of dying due to any cause was 10.8% (4.5–17.0 95% CI) higher for controls, compared to ivermectin-treated pups (Figure 3D) during the same time period.




DISCUSSION

Ivermectin treatment significantly improved NZ sea lion pup survival in the first 3 months of life, in the largest reported controlled trial of anthelmintic treatment in free-ranging pinnipeds, consistent with previous small sample size experiments in the species (Chilvers et al., 2009; Michael et al., 2015). Further, gastrointestinal carriage of HMV K. pneumoniae was a consistently significant risk factor for systemic infection and mortality. Consequently, we hypothesize that the enhancement of pup survival by ivermectin treatment is not solely due to removal of direct hookworm effects, rather the disruption of a synergistic relationship between hookworms and HV K. pneumoniae. This relationship resembles the HEB syndrome previously reported (Spraker et al., 2007; Seguel et al., 2017), however, there are distinct contrasts. Unlike in the American otariids, hookworms have relatively mild systemic effects in NZ sea lions with no evidence of enteric submucosal penetration or peritoneal migration (Castinel et al., 2007a, b): the proposed entry route for HEB infections (Spraker et al., 2007). In other otariid species diagnosed with HEB, a range of enteric microbiological isolates cause bacteremia, including E. coli, non-HMV K. pneumoniae and Salmonella spp. (Spraker et al., 2007; Seguel et al., 2017). In NZ sea lion pups at Enderby Island, however, the vast majority of bacterial infections are due to HV K. pneumoniae and most of those that are not, occur during the hookworm pre-patent period (Michael et al., 2019), making hookworms an unlikely mediator in these cases. Although the link between hookworm and HV K. pneumoniae accounts for a major proportion of infection and mortality, ivermectin-treated pups still died from HV K. pneumoniae bacteremia, suggesting pups were infected via alternative routes such as the respiratory tract or cutaneous wounds, where hookworm removal would have no effect.

Infection of pups with HV K. pneumoniae via alternative routes, and initial gastrointestinal tract colonization requires an environmental reservoir. Several studies investigating reservoirs at Enderby Island including adult NZ sea lions (Gonzalez Argandoña, 2017), substrate (Pinpimai, 2018) and sympatric species [sub-Antarctic skua (Catharacta antarctica lonnbergi) and yellow-eyed penguins (Megadyptes antipodes) (unpublished data; Pinpimai et al., 2018b)] have confirmed presence of HV K. pneumoniae in all to varying degrees, with a temporal pattern reflecting the onset of HV K. pneumoniae deaths in pups on the cusp of January and February.

Gastrointestinal carriage of HMV K. pneumoniae was a significant risk factor for pup mortality, particularly for HV K. pneumoniae-associated mortality. This is consistent with human cases, where colonized individuals are at greater risk of developing infection (Martin et al., 2016; Gorrie et al., 2017). The mechanisms behind this, including contributing host factors, relative virulence of K. pneumoniae strains and threshold burden of colonizing organisms are poorly understood. In the present study, the earliest positive swabs from live pups occurred on 31 January in 2016–17, the day before the first HV K. pneumoniae death and interestingly in 2017–18 on 22 December near the peak of pupping, with detection in an 8-day old pup. While this may represent colonization from the mother in the perinatal period, in 2017–18, two HV K. pneumoniae deaths occurred in early January, well before the expected onset of cases, such that environmental contamination in 2017–18 may have occurred earlier than usual. Substrate samples were not collected in that season, so this is unable to be confirmed. These three positive pups survived, two were later captured and still culture-positive, so whilst carriage of HMV K. pneumoniae is a risk factor for mortality, colonized pups also survive and likely contribute to environmental contamination, potentially serving as a source of contamination for localities preferentially inhabited by pups, including freshwater ponds and streams.

The voluminous viscous capsule of HMV K. pneumoniae aids resistance to the host’s immune system, and a wide range of other virulence factors could allow this pathogen to take advantage of a hookworm alliance. Pinpimai (2018) showed that NZ sea lion HMV K. pneumoniae isolates were virulent in vitro, being more resistant to phagocytosis, serum-mediated and oxidative-mediate killing than non-HMV K. pneumoniae and E. coli human isolates. Whilst the HMV phenotype was initially used as the hallmark of K. pneumoniae hypervirulence, further work has shown this to be less sensitive and specific than first thought; rather a suite of biomarkers on a large virulence plasmid are more reliable indicators (Lin et al., 2011; Catalan-Najera et al., 2017; Russo et al., 2018). K. pneumoniae isolates from pup mortality cases at Enderby Island were HMV phenotype, K2 capsule serotype and sequence type 86, with likely clonality (Pinpimai, 2018; Pinpimai et al., 2018a), so the string test for hypermucoviscosity (Fang et al., 2004) was conducted to indicate these in this study. Further work would involve analyzing isolates from this study for virulence biomarkers including rmpA, which could detect virulent K. pneumoniae isolates without a HMV phenotype.

Several risk factor variables returned inconsistent results, most likely due to intrinsic biological, spatial and temporal correlations. At Enderby Island, pupping is tightly synchronized, with 69% of pups born in a 2 week period on Sandy Bay beach, centered approximately around 26 December (Chilvers et al., 2007). Pups are tagged in mid-January corresponding with the beginning of dispersal from the beach (Augé et al., 2009). Consequently, substrate is linked with pup age and since HV K. pneumoniae mortality occurs late in the season once pups have dispersed (Michael et al., 2019), sand substrate is a protective factor. Water was a significant risk factor, likely due to pups dispersing to this area later in the season and the relationship between drowning deaths and underlying HV K. pneumoniae infection, with sick pups hypothesized to have difficulty exiting pools and streams due to neurological and musculoskeletal lesions (Michael et al., 2019). Similarly, the association between wound scores and risk of death was difficult to interpret due to age-linked events. Newborn pups had higher wound scores due to their fresh umbilicus, then all pups were tagged over a 2-day interval, followed by a variable period of tag-site discharge, granulation, and healing (pers. obs). When modified wound score was considered, removing effects of tag wounds and discharge, wound scores became statistically insignificant. Likewise, higher nasal discharge score as a risk factor for HV K. pneumoniae death may be confounded as purulent discharge in the nasal turbinates was a common finding at necropsy in HV K. pneumoniae cases but was difficult to detect in live pups. Whilst wounds and nasal discharge were included in the analysis as semi-quantitative measures to investigate potential entry points for environmental HV K. pneumoniae, it is difficult to ascertain their contribution to pathogenesis.

Field season had a significant effect in all models with higher pup mortality in 2016–17, partly due to a stochastic event where an adult male crushed seven pups over a 2 day period, however, this did not fully explain the 6% difference in mortality rate, especially given the proportion of HV K. pneumoniae cases was lower in 2016–17 (Michael et al., 2019). The contribution of inter-annual climatic variation is unclear, with similar temperature and wind speed extremes between years but higher rainfall in 2016–17 (Enderby Island automatic weather station, K92900; National Institute of Water and Atmospheric Research, 2019). For future mitigation, this annual variation in pup mortality demonstrates the importance of monitoring over multiple seasons to determine the effectiveness of ivermectin for improving pup survival.

Calculated growth rates were slightly but not significantly higher than previously reported (195 g/day versus 178 g; Chilvers et al., 2009). Unexpectedly, higher BCI was protective against HV K. pneumoniae death, a counterintuitive finding since pups that die from HV K. pneumoniae are generally in excellent body condition as measured by axillary blubber depth (Michael et al., 2019).

The evidence for the significantly protective effect of ivermectin against NZ sea lion pup mortality at Enderby Island is promising, as treatment can be practically implemented. As a management tool, ivermectin treatment should be continually reassessed for intended outcomes in improving pup survival, which can be balanced to prevent the development of anthelmintic resistance. Near 100% effectiveness of ivermectin against hookworm as shown in the current study, accurate subcutaneous dosing following precise body mass measurement and several life history traits of NZ sea lions enabling natural refugia all contribute to delayed selection of anthelmintic resistance. Refugia, a population of parasites that have not experienced selective pressure by anthelmintic treatment would be likely at Sandy Bay, even if all Sandy Bay-born pups were treated, due to dispersal of untreated pups during the hookworm patent period from nearby Dundas Island (unpublished data). In addition, females are unlikely to return to colonies every year, maintaining anthelmintic-susceptible dormant larvae in their blubber.

In conclusion, this study provides further evidence for interactions between hookworms and HV K. pneumoniae in NZ sea lion pups at Enderby Island. By manipulating this relationship, pup mortality can be significantly decreased. These results provide a practical mitigation option for NZ sea lion conservation, and address a key knowledge gap, improving our understanding of a complex system of risk and protective factors for NZ sea lion pup mortality overall, and specifically for HV K. pneumoniae-associated pup mortality.
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Variable Model 2 Model 7
Coefficient (SE) p Coefficient (SE) P
Ilvermectin treatment —1.28 (0.34) <0.001 —1.07 (0.38) 0.007
HMV K. pneumoniae 1.22 (0.32) <0.001 1.19 (0.38) 0.005
carrier
BCI —0.37 (0.08) <0.001 —0.40 (0.09) <0.001
Length 0.05 (0.03) 0.11 0.08 (0.03) 0.02
Sex: Male —0.06 (0.31) 0.87 0.04 (0.33) 0.92
Season 2017-18 —0.72 (0.32) 0.04 —0.79 (0.39) 0.04
Wound score 4.79 (2.63) 0.03 - -
Modified wound score - - 2.16 (2.81) 0.34
Tag wound - - 8.05 (3.65) 0.02
Wound discharge - - 0.50 (0.62) 0.27
Nasal discharge 1.87 (0.23) <0.001 1.86 (0.26) <0.001
Substrate type: Sand —0.94 (0.50) 0.09 —1.00 (0.57) 0.12
Substrate type: Water 1.84 (0.38) <0.001 2.24 (0.45) <0.001
Substrate type: Soil 1.22 (0.53) 0.03 1.05 (0.62) 0.13
Substrate type: Mud 0.59 (0.67) 0.45 2.29 (0.74) <0.001
Wound —0.06 (0.03) 0.01 - -
score x Length
Tag wound x Wound - - —-1.89 (0.71) <0.001
discharge
Tag wound x Length - - —0.09 (0.04) 0.02
Modified wound - - —0.03 (0.03) 0.23

score x Length

Bold text indicates statistical significance of p < 0.05.

SE, standard error.





OPS/images/cover.jpg
, frontiers
in Marine Science

Risk Factors for New Zealand
Sea Lion (Phocarctos hookeri)
Pup Mortality: lvermectin
Improves Survival
for Conservation Management





OPS/images/fmars-08-680678-t001.jpg
Location and
environmental
variables

Pup variables

Pup morphometrics

Maternal variables
Clinical variables

Risk factor

Location*

Site

Habitat type*

Substrate type
Skua” presence*

Colony of origin

Age

Sex

Recent nursing”

Body mass
Standard length

Axillary girth*

Body condition

Age of mother*

Physical examination

HMV K. pneumoniae

carriage

lvermectin treatment
Hookworm infestation

Variables or units

GPS coordinates

Sandy Bay, Teal Lake, South East
Point, East Bay, Derry Castle

Beach, rock platform, sward,
forest

Sand, mud, grass, water, soil
Within eyesight of candidate pup;
none, 1-2, 3+

Enderby Island, Dundas Island,
unknown

Based on known or estimated
date of birth to nearest day

Male, female, unknown if
scavenged in necropsy cases

Based on abdominal palpation;
yes, no, unknown

Kilograms (to nearest 100 g)

Centimeters (to nearest
centimeter)

Centimeters (to nearest
centimeter)

Subjective and calculated body
condition index

Years or unknown

Bite wounds, tag wound
infections, omphalitis,
conjunctivitis, nasal discharge
Present, absent — oral and/or
rectal

Untreated (control), treated
Present, absent, severity of
enteritis in necropsy cases

*Categories were not used in further analyses for this study.
ASub-Antarctic skua (Catharacta antarctica lonnbergi).
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Model

KlebCase ~ Ivermectin treatment + BCI + Sex + Season + HMV K. pneumoniae carrier +
Wound score + Length + Nasal discharge

KlebCase ~ Ivermectin treatment + BCI + Sex + Season + HMV K. pneumoniae carrier +
Wound score x Length + Substrate type + Nasal discharge

KlebCase ~ Ivermectin treatment + BCI + Sex + Season + HMV K. pneumoniae carrier +
Wound score + Substrate type + Length + Nasal discharge

KlebCase ~ Ivermectin treatment + BCI + Sex x Season + HMV K. pneumoniae carrier +
Wound score + Substrate type + Length + Nasal discharge

KlebCase ~ Ivermectin treatment x BCI x Sex + Season + HMV K. pneumoniae carrier +
Wound score + Substrate type + Length + Nasal discharge + K. pneumoniae carrier
KlebCase ~ Ivermectin treatment x BCI x Sex x HMV K. pneumoniae carrier + Season +
Wound score + Substrate type + Length + Nasal discharge + K. pneumoniae carrier
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