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14. ABSTRACT
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1. Abstract 

Introduction and Objectives: Leptospirosis, the disease caused by pathogenic bacteria of the 
genus Leptospira, is a major health burden for humans and animals worldwide and a recognized 
risk for military personnel. Leptospira has circulated for decades in California sea lions (CSL: 
Zalophus californianus), and an outbreak of a near-identical strain was recently discovered in 
endangered island foxes (Urocyon littoralis) on Santa Rosa Island (SRI), California. This raised 
concerns about risks to island fox subspecies on three nearby Department of Defense islands. 
This project studied the ecology of Leptospira in these two species of concern, and built models 
to analyze how non-stationary conditions affect disease incidence and impacts. Our objectives 
were: (1) to identify the source of the current Leptospira outbreak on SRI, (2) to understand the 
drivers of Leptospira dynamics in CSL and build a model to make short- and long-term 
predictions, and (3) to study the ecology of Leptospira in island foxes and build a model to 
project its future impacts on SRI and assess management strategies under changing conditions. 

 

Technical Approach: With our partners, we extended long-term studies of host demography and 
Leptospira spread in both CSL and island foxes. We conducted laboratory analyses on newly 
collected and archived samples to detect current infections and prior exposure to Leptospira. We 
conducted whole genome sequencing of Leptospira isolates from marine and terrestrial hosts and 
analyzed the sequences to understand transmission routes in the coastal ecosystem. We 
developed mechanistic and statistical models to reveal underlying processes, project trends under 
changing conditions, and assess management strategies. 

 

Results: The source of the outbreak in reintroduced SRI foxes was spillover from another 
terrestrial host species on the island, almost certainly island spotted skunks. After an initial 
epidemic wave in 2006-2007, Leptospira has now established endemic circulation in SRI foxes. 
Our data-driven transmission model projects pathogen persistence under all foreseeable 
scenarios. Fortunately, the demographic impacts of the disease are moderate, and the fox 
population has continued to grow. Our models also indicate that island fox populations on other 
islands are vulnerable to invasion by Leptospira, and predict similar impacts. In the CSL system, 
we analyzed 30 years of annual leptospirosis outbreaks to show that outbreak intensity is driven 
by the combined effects of susceptible supply and fluctuations in oceanographic conditions. A 
model capturing these effects could explain 50% of interannual variability and could make real-
time predictions of upcoming outbreak intensity. The model also projected that stronger 
environmental fluctuations under climate change would cause more extreme peaks and troughs 
in Leptospira activity. This prediction was borne out by the spontaneous fadeout of Leptospira 
from 2013-2017 during a marine heatwave, followed by the largest outbreak on record in 2018. 

 

Benefits: Our project generated new knowledge and tools to support 
management of two wildlife species of concern in the California 
coastal ecosystem. By extending long-term field studies and 
analyzing the data with mathematical and statistical models to 
reveal underlying processes, we generated evidence-based guidance 
for managers and set priorities for future research. Data-driven 
modeling tools for both systems can be adapted to address future 
needs of species managers. New insights into Leptospira ecology 
will advance conservation and public health goals, and long-term 
time series data are priceless assets to study on-going global change.  
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2. Executive Summary 

Introduction 

Leptospirosis, the disease caused by pathogenic bacteria of the genus Leptospira, is a 
major health burden for humans and animals worldwide. It causes over 500,000 severe cases 
annually in humans and has long been recognized as a major threat to US military personnel. 
Despite its global importance, the ecological dynamics of leptospirosis are understudied. Our 
study investigated the ecology of Leptospira in two wildlife species of concern in California; 
both species inhabit Department of Defense (DoD) lands, and both have experienced deadly 
outbreaks of leptospirosis in recent years. Beyond its direct implications for management of 
wildlife on DoD lands, our study has advanced understanding of Leptospira ecology and control 
in many systems worldwide, and yielded broader insights for population monitoring and species 
reintroduction programs. 

The system includes the pathogen Leptospira interrogans serovar Pomona and two major 
host species: California sea lions (CSL) and island foxes. CSL are an abundant pinniped species 
that ranges along the western coast of North America. The United States stock of CSL breeds 
almost entirely on rookery sites on DoD-owned islands in the California Channel Island 
archipelago. The CSL population has been impacted by leptospirosis (the disease caused by 
pathogen Leptospira) since at least 1984. With collaborators, we have amassed a long-term time 
series of leptospirosis incidence (since 1983) and seroprevalence (since 1995) from wild CSL 
that strand on the California coast. Outbreaks occur each year, in the fall, and vary markedly in 
intensity; from 1984 to 2013, major outbreaks caused mass stranding and mortality every 3-5 
years (Figure E.1). Concurrent long-term data on CSL demography, collected via population 
surveys dating back to the 1970s and a mark-resight program that has operated since 1987, show 
a pattern of consistent growth over the decades, with substantial perturbations associated with El 
Niño events and other oceanographic and climatic anomalies (Figure E.1). Together, these long-
term datasets present a unique opportunity to study the interaction of disease dynamics and host 
population dynamics under non-stationary conditions.  

Island foxes are an endemic species native to six of the California Channel Islands, with 
each island home to a unique subspecies. Four subspecies were listed as federally endangered in 
2004 after suffering drastic declines in the late 1990s. After intensive population management, 
including captive breeding programs on SRI and two other islands, all populations are 
rebounding (and they were de-listed in 2016, after our project began). In fall 2010, evidence of 
Leptospira infection was found in two dead foxes on SRI. Our subsequent investigations 
revealed evidence of a large outbreak in the foxes (and to a lesser degree, in spotted skunks 
(Spilogale gracilis)). Analysis of banked fox sera from 2009-10 revealed high seroprevalences of 
anti-Leptospira antibodies among adult foxes across SRI, indicating a widespread outbreak 
(Figure E.2). Sampling of fox and skunk urine identified active infections in both species, with 
the infecting strain indistinguishable by VNTR genetic typing from Leptospira isolates derived 
from CSL over the period 1970-2010. When we proposed this project, there was no evidence that 
this strain of Leptospira was present on SRI before the fox population crashed, so CSL were the 
suspected source (possibly via carcass scavenging). Foxes on other islands so far appeared free 
of the pathogen, though as our proposal underwent final review, concerns arose about the fox 
population on San Nicolas Island (SNI), which underwent a mysterious decline from 2010-2015. 
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Figure E.1. California sea lion abundance and leptospirosis dynamics as of 2014, reflecting 
knowledge when our proposal was submitted. Number of CSL stranding at TMMC per month due to 
leptospirosis since 1983 (red filled curve). Seroprevalence of anti-Leptospira antibodies in stranded CSL 
(red line) tracks the patterns seen in the leptospirosis stranding record. The estimated number of CSL 
pups born each year (blue line) reflects a long-term population growth with sporadic recruitment failures 
tied to El Niño events and other oceanographic anomalies. 

 

 

Figure E.2. Summary of island fox population growth and leptospirosis outbreak, on Santa Rosa 
Island as of 2014. This figure reflects our knowledge at the time our proposal was submitted. The growth 
of the SRI reintroduced wild fox population is shown in blue. The first detection of leptospirosis-affected 
animals in 2010 is shown by the red arrow, and the inset map shows results from an early survey for 
evidence of Leptospira exposure in foxes sampled in 2010. The inset photographs show the hypothesis, 
based on pathogen genetic data, that Leptospira was transmitting between island foxes, spotted skunks, 
and California sea lions. 

Objectives 

Our project aimed to characterize the ecology of Leptospira in the California coastal 
ecosystem, and to provide evidence-based guidance for management of the pathogen in island 
fox and sea lion populations. Our work emphasized gathering long-term data sets and building 
models to characterize processes underlying disease spread, analyze how non-stationary 
conditions affect disease incidence and impact, and assess needs and future strategies for 
pathogen control and wildlife management. In addition to generating actionable knowledge on 
two federally protected species that frequent DoD lands, we aimed to learn general principles of 
disease transmission in marine and terrestrial systems which could inform species and habitat 



 4

management more broadly, improve public health, and reduce disease impacts on future species 
reintroduction programs. 

Given what was known about the system at the outset of our work (summarized above), 
our study was designed to address three major objectives:  

Objective 1. To identify the source of the current Leptospira outbreak in the endangered Santa 
Rosa Island fox. 

Objective 2. To understand how non-stationary drivers shape Leptospira dynamics in the CSL 
population, and formulate a model capable of short-term outbreak prediction and long-term trend 
projection. 

Objective 3. To characterize the ecology of Leptospira in island foxes, and develop a data-driven 
model to project impacts and assess prevention and control strategies under changing conditions. 

Technical Approach 

Our project comprised an integrative program of field, laboratory, and modeling research. 
With our partners at the National Park Service, we extended sampling of serum and urine from 
island foxes and spotted skunks on SRI, via their annual trapping surveys on 18 grids across the 
island, plus additional target trapping. We also analyzed archived serum and necropsy tissue 
samples from wild and captive foxes, as well as data from telemetry and trapping studies. We 
conducted laboratory analyses on prospective and archived samples to detect current Leptospira 
infections (via PCR and culture, from urine or kidney, and IHC of kidney) and prior exposure 
(via serology) and to assess clinical status (via serum chemistry). Taken together, our efforts 
have yielded a 15-year record of the leptospirosis outbreak on SRI. 

We have also extended long-term studies of CSL demography and Leptospira incidence. 
Our partners at the National Marine Fisheries Service’s Marine Mammal Laboratory have 
continued their program to brand and re-sight sea lions, to extend their demographic study of 
CSL to 2019. We analyzed these data using capture-mark-resight models to estimate population 
size and age structure through time, and to estimate the spatial distribution of CSL across 
resighting sites. With our partners at The Marine Mammal Center we have extended our time 
series of leptospirosis incidence and seroprevalence in CSL that strand on the California coast, 
until 2019, using serum, urine, and kidney samples as described above, along with clinical 
records of CSL in rehabilitation after stranding. These efforts have extended long-term data sets 
of leptospirosis in CSL to 37 years, and CSL demography to 33 years.  

To determine whether CSL carry Leptospira to the Channel Islands after big outbreaks, 
where spillover to foxes could occur, we sampled free-ranging sea lions at San Miguel Island. 
Combining these efforts with earlier work supported by other funders led to a 10-year time series 
of Leptospira surveillance in wild sea lions on the California coast. Finally, we sequenced the 
genomes of 49 isolates of Leptospira recovered from CSL, elephant seals, island foxes, and 
spotted skunks, and used phylogenetic tools to analyze these sequences to study transmission 
linkages in the California coastal ecosystem.  

Throughout our project, we developed statistical and mathematical models to integrate 
lines of evidence, learn about exposure risks, and make projections of future disease impacts 
under changing conditions. Many modeling approaches were used in the study, including 
survival analysis, multistate mark-resight models, semiparametric models, and two stochastic 
spatial models of Leptospira transmission dynamics. We also developed novel quantitative 
methods, including a Bayesian model of antibody titer kinetics to estimate time of infection, and 
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a resampling-based method to reconstruct movement trajectories from telemetry data. These 
tools were applied first to learn about the determinants of past patterns, and then to project how 
disease incidence and impact may change under future non-stationarities. 

Results and Discussion 

Origins of the leptospirosis outbreak on Santa Rosa Island 
Based on information available before this project, we hypothesized that the Leptospira 

strain causing the outbreak on SRI had been transmitted to island foxes from CSL between 2004 
and 2008. Our investigations revealed a very different story. By analyzing archived samples, 
including some from as far back as the 1980s, we established that Leptospira was circulating in 
SRI foxes (as well as feral pigs then present on the island) before their population crash in the 
late 1990s (Figure E.3). The last surviving foxes taken into captivity in 2000-2001 had evidence 
of exposure in the wild, but transmission was halted in the captive population. Captive-born 
foxes were naïve to the pathogen when they were reintroduced to the wild, but they quickly 
became infected and some died. In hindsight, it is clear that population managers unknowingly 
released the captive-bred foxes into a ‘hot’ landscape where undetected Leptospira was 
circulating.  

Foxes were functionally extinct from the island landscape for 4-5 years, so another host 
species must have maintained circulation of the pathogen. By testing archived samples, and 
collecting new samples where needed, we characterized the roles of other mammal species on 
the island (Figure E3). Feral swine were exposed in the 1980s, but eradicated from the island in 
the 1990s. The native deer mice and introduced mule deer (now eradicated) show almost zero 
signs of exposure. In contrast, we found that island spotted skunks were infected and shedding 
the same strain of Leptospira, and were abundant during the period that foxes were in captivity. 
Only one species, elk (now eradicated), had no samples available for analysis. These data 
suggest skunks as the likely source of exposure to the reintroduced fox population. 

 

Figure E.3. Host species presence on Santa 
Rosa Island and Leptospira test results. 
Timeline of the presence of species on Santa Rosa 
Island in colored rectangles, with the sampling 
window for each species indicated by a dot for a 
single sampling period or a line for a sampling 
window. Blue sampling windows indicate 
negative test results and red indicates positive test 
results. Spotted skunks are the only species that 
was present on SRI from 2000-2005 (when foxes 
were absent from the landscape) that tested 
positive for Leptospira.  

 

We analyzed banked samples and data from reintroduced foxes from 2004-2010 to 
reconstruct the early phase of the outbreak on SRI. By fall 2006, the first year with a substantial 
number of serum samples available, signs of exposure to Leptospira were present in the majority 
of adult foxes over most of the island’s area. We estimated the time of infection of the earliest 
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cases, using a model of serum antibody kinetics calibrated to our later data, pinpointing the first 
cases to a period in mid-late 2005. We reconstructed the movement trajectories of the early foxes 
by interpolating telemetry data, and intersected these with the times of infection to map the 
earliest cases to a region on the northern shore of the island (Figure E.4). These findings 
tentatively support multiple introductions of Leptospira into the fox population, with no 
signature of proximity to marine mammal haul-outs, lending further support to our conclusion 
that island skunks were the likely source. 

 

 

Figure E.4. Spatiotemporal reconstruction of the origin of the outbreak. Maps show the locations and 
cumulative probability of infection for the earliest known cases in the SRI outbreak. Colored grid cells 
represent the presence of foxes with a non-zero probability of having been infected by that time. The 
color scale represents the cumulative probability that an individual had been infected by the end of the 
quarter in question. The darker the color becomes, the higher the probability that an infected fox was 
present in that cell at that time. 

Analysis of whole genome sequences of 49 Leptospira isolates taken from island foxes, 
spotted skunks, CSL, and elephant seals provides independent corroboration of these 
conclusions. The genome sequence data confirmed that the skunks were carrying the same strain 
as the foxes, and that the strains carried by sea lions had diverged from the SRI outbreak strain 
decades before. At the same time, genomic data indicate that Leptospira transmission can and 
does occur between the terrestrial and marine realms – indeed we found direct evidence in the 
form of a sea lion isolate that nests within the SRI outbreak clade – so spillover between island 
species and marine mammal species is a continuing possibility (although sea lion to island fox 
transmission remains a hypothetical risk). The deeper structure of the Leptospira phylogeny 
points to the existence of an as-yet-undiscovered reservoir of Leptospira, perhaps in a terrestrial 
host on the California coast, that has seeded multiple lineages in marine mammal and island 
communities. 
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Leptospira now circulates endemically in SRI foxes, with fluctuations driven by precipitation 
We extended surveillance of the leptospirosis outbreak on SRI from its origins in 2005 

until 2019. The pathogen caused an initial wave of infection from 2006-2007, then settled into an 
endemic state with ~75% seroprevalence in adults for the last decade (Figure E.5). Since 2011 it 
has infected 4-27% of island fox pups each year, with similar percentages of foxes testing 
positive for active shedding, indicating an on-going (if fluctuating) hazard of infection on the 
island. Skunks have played a declining role in the outbreak since 2010, as their abundance has 
dropped sharply. Our analysis of risk factors for infection showed that cumulative precipitation 
over the past 24 months was associated with a marked rise in infection risk, putatively due to 
better survival (and hence better transmission) of Leptospira when the island has more water. 

 

 

Figure E.5. Fox infection prevalence and seroprevalence over time. Adult fox seroprevalence (solid 
red) and fox pup seroprevalence (solid pink) are from MAT results, and combined pup and adult infection 
prevalence (solid brown) are from PCR and IHC results, with 95% confidence intervals (dashed lines). 

From longitudinal sampling of wild foxes, we determined that island foxes can shed 
Leptospira for up to 3 years after infection, with many individuals shedding more than 1 year. 
Such chronic shedding plays a key role in enabling the pathogen to maintain an unbroken 
transmission chain in a small, isolated population like this. We constructed a stochastic, spatial, 
age-structured model of island fox transmission dynamics on SRI and found that Leptospira is 
predicted to persist on SRI for at least another decade under all foreseeable non-stationary 
conditions, including a sustained drought or a two-fold drop in island fox population size. 

 Fortunately, the island fox population on SRI has continued to grow despite the 
continuing circulation of Leptospira, indicating that the demographic impact of the disease is not 
too severe. By testing archived necropsy samples, we determined that a spike in ‘unknown-
cause’ mortalities in 2006-2007 was associated with Leptospira infection, so the disease can kill 
island foxes, but demographic impacts are harder to discern in later data. Potential interactions of 
Leptospira with other stressors, such as drought, are an important avenue for future research.  

Risks to other subspecies of island fox 
We used our SRI transmission dynamics model, and an independent model developed for 

San Clemente Island, to assess the risk that Leptospira could invade a naïve population of island 
foxes if the pathogen should be introduced. Both models showed high probability of successful 
invasion under a range of environmental conditions. We then analyzed the models to characterize 
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the expected delay before an incipient outbreak was detected, under different surveillance 
schemes. We found that delays of 12-24 months are likely under the annual passive surveillance 
schemes used on most islands (Figure E.6), though this could be accelerated with different 
sampling designs. Detection of endemic circulation would be much more rapid, for sample sizes 
of 10 or more. Both model findings align with our past experience on SRI.  

 

 

Figure E.6. Simulation of time delay to first detection of an infected fox, for different disease 
scenarios and sampling designs. Using our transmission model of Leptospira in SRI foxes, we tested 
when the first positive test would be obtained for random sampling of foxes with the sample sizes shown. 
Sampling was conducted for one month at annual intervals (but 3- and 6-month intervals were also 
modeled). Simulated scenarios were for endemic transmission (starting with 20% infected foxes and 55% 
recovered foxes) and invasion (starting with 1 infected fox and no recovered foxes), and for fox 
populations near carrying capacity (‘normal’) and at half of carrying capacity (‘half’). Filled circles show 
the median time until detection, error bars indicate central 95% quantile range. 

Leptospira in CSL: decades of endemicity, fadeout, and re-emergence 
We extended the long-term surveillance of Leptospira in the CSL population, and 

documented an unprecedented 4-year cessation in leptospirosis strands in CSL from early 2013 
to mid-2017, followed by reemergence of the disease in a small outbreak in fall 2017, then the 
largest outbreak on record in 2018 (Figure E.7). We investigated this apparent ‘fadeout’ of the 
pathogen by testing extensive samples from stranded and wild-captured CSL. All evidence is 
consistent with a spontaneous break in the endemic circulation of the pathogen after 30 years of 
uninterrupted annual outbreaks in CSL, followed by reintroduction of the pathogen 4 years later. 
This period coincided with a series of major oceanographic anomalies, centered on a marine 
heatwave in the Eastern Pacific Ocean from 2013-2015 (nicknamed “the Blob”) and an ensuing 
El Niño event in 2015-2016. 

We also extended the long-term demographic study of CSL and analyzed mark-resight 
data to estimate age- and sex-structured survival probabilities each year. We quantified severe 
impacts to the survival of young CSL during the Blob and El Niño event, as well as the rebound 
of the CSL population after ocean conditions returned to normal. We developed an algorithm to 
combine our long-term data on CSL demography and Leptospira incidence, to reconstruct the 
size and age structure of the population of susceptible CSL each year. 
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Figure E.7. Stranding and seroprevalence time series. Number of California sea lions stranding each 
month at The Marine Mammal Center (TMMC) with leptospirosis (solid) from 1983 to 2021 and annual 
seroprevalence of anti-Leptospira antibodies in animals stranding at TMMC from 1995 to 2019 (black 
line). Seroprevalence is excluded for 2020 and 2021 because of small sample sizes. 

Non-stationarities in intrinsic and extrinsic drivers govern Leptospira dynamics in CSL  
We modeled 30 years of annual leptospirosis incidence data prior to 2013 (when the 

fadeout occurred) and found that outbreak intensity is jointly driven by varying susceptible 
supply and environmental drivers. The supply of susceptible yearling and juvenile CSL was the 
strongest predictor of outbreak intensity each year, but three markers of oceanographic 
conditions in the CSL range also had significant influence, which we propose is mediated by 
CSL foraging and migratory behavior. Our best model explains 50% of variability in outbreak 
intensity.  

We used this model framework to explore how changing conditions can be expected to 
influence the CSL/Leptospira system over short and long timescales. We showed that the model 
can make real-time predictions of outbreak intensity, using only data that could be gathered 
months before the outbreak ramps up. These had comparable accuracy to the retrospective 
model, though the real-time model struggled to predict extreme outbreak sizes. Looking further 
ahead, we showed that changes in oceanographic drivers predicted under realistic future climate 
change scenarios are expected to lead to smaller Leptospira outbreaks, on average, but with more 
extreme peaks and troughs. 

The fadeout of Leptospira from the CSL population was an unexpected demonstration of 
the extreme outcomes possible when environmental conditions deviate too far from normal. We 
provide multiple lines of evidence that perturbations in both host demography and seasonal 
movement patterns – both driven by oceanographic anomalies – caused pathogen fadeout in the 
system (Figure E.8). When ocean conditions returned to normal after the Blob and 2016 El Niño 
event, the CSL population recovered and Leptospira was reintroduced and reestablished annual 
outbreaks, including the largest outbreak on record in 2018. This is the first known example of 
spontaneous fadeout of an endemically circulating pathogen from a large, robust host population. 
These findings complement the conclusions of our outbreak intensity analysis, demonstrating the 
powerful influence of non-stationarities in climatic and intrinsic host factors on pathogen 
transmission and persistence in a natural system. 
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Figure E.8. Fadeout of Leptospira from CSL was 
associated with simultaneous anomalies in susceptible 
supply and migratory behavior. Black points indicate 
conditions each year from 1996-2012. The year fadeout 
occurred - 2013 - is marked in blue, the years between 
fadeout and reemergence are marked in grey, and re-
emergence years are red. In 2013, both the size of the 
yearling population and the proportion leaving the rookery 
islands to migrate north were anomalously low. By 2017 
conditions had returned to ‘normal’ and by 2018 conditions 
were excellent for Leptospira transmission in the sea lion 
population.  

 

Implications for Future Research and Benefits 

Our project greatly increased our understanding of Leptospira ecology in the California 
coastal ecosystem, revealing new insights and unprecedented phenomena in the long-studied 
CSL/Leptospira system, and shedding important light on the newly discovered island 
fox/Leptospira system. Our work has clear implications for the management of these systems, as 
well as broader lessons for species management and public health, as well as impacts of climate 
on disease dynamics. In addition, our project has generated data products and analytic tools and 
models that will have lasting value. 

One straightforward but extremely valuable benefit of our work is the continuation and 
expansion of several unique long-term studies and their associated time series data. We extended 
the mark-resight study of CSL demography to 33 years, the time series of Leptospira incidence 
in stranded CSL to 37 years, the time series of seroprevalence in CSL to 25 years, and the time 
series of sampling free-ranging CSL to 10 years. We also launched analogous long-term data 
collection for the SRI fox/Leptospira system, combining retrospective and prospective studies to 
create a 15-year record of the leptospirosis outbreak on this island. Each of these long-term 
studies is a priceless resource, built on years (or decades) of foundational work laid by 
government scientists and non-profit organizations. These long-term research programs have an 
irreplaceable role in understanding how complex ecological systems are responding to our 
changing world; these are crucial lines of inquiry to support management and conservation goals, 
which simply cannot by addressed from short-term ‘snapshot’ studies. Investment in sustained 
long-term studies with consistent methodology is essential and can bear fruit in expected and 
unexpected ways. One example of the latter arose in this project, as our consistent, long-term 
study of the CSL/Leptospira system enabled us to document and understand the spontaneous, 
climate-driven fadeout of the pathogen after three decades of endemic transmission – an 
unprecedented observation for any known disease system.  

Our work produced concrete guidance to support management of island fox populations 
on SRI and other Channel Islands, including four island fox subspecies that were listed as 
endangered until 2016. We have established that the strain of Leptospira found on SRI is well 
adapted to island foxes and will circulate among foxes on SRI for the foreseeable future. 
Incidence will fluctuate in response to precipitation, but our modeling shows negligible chance 
that the pathogen will cease to persist. Fortunately, the demographic impacts of the disease are 
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not severe enough to stall or reverse growth of the SRI fox population, but we did document 
survival impacts and possible reductions in reproductive success associated with Leptospira, and 
we outlined concerns for possible interaction of this disease with other stressors. The outbreak on 
SRI does not require active intervention at this point, but continued monitoring is essential. 

For the other Channel Islands, we developed best practices to reduce risk of Leptospira 
invasion into naïve fox populations. These include intensive biosecurity measures at mainland 
ports and island landing sites to prevent introduction by terrestrial wildlife or pet dogs, routine 
surveillance and (minimally) annual serologic screening for exposure to L. interrogans serovar 
Pomona, and maintenance of collared sentinel fox populations with frequent telemetry ‘life 
checks’. These strategies could be made stronger and more precise by additional research to 
identify the unknown reservoir of Leptospira that is seeding outbreaks throughout the coastal 
ecosystem, and by further modeling analyses to optimize surveillance design in response to 
managers’ needs. We have shared (and will continue to share) our findings and recommendations 
via the annual meeting of the Island Fox Conservation Working Group, and via direct contacts 
with population managers.  

For the CSL/Leptospira system, our project yielded new insights and tools to understand 
how environmental changes affect the demography and disease dynamics of sea lions. We 
developed a model framework that can predict the risk of a major seasonal outbreak in CSL each 
year in real time, given timely provision of data. This advance warning could enable marine 
mammal stranding centers to expand their capacity to respond, island fox managers to enhance 
surveillance for Leptospira introductions, and public health officials to raise awareness regarding 
infection risk to humans and their pets. We also projected the range of dynamics to be expected 
under future climate change scenarios. These capacities and insights will be shared via the 
NOAA/NMFS West Coast Marine Mammal Stranding Network. 

Our project developed numerous modeling and quantitative tools, with applications to our 
system and to broader understanding of infectious disease ecology and epidemiology. We built 
stochastic, spatial transmission models for Leptospira in island foxes, and demonstrated their 
utility for predicting future trends and assessing management practices. As a proof of principle, 
we used our models to produce guidelines for Leptospira surveillance on SRI and other islands; 
we would welcome the opportunity to conduct further work with interested island managers to 
analyze surveillance designs or other management questions of interest. We developed new tools 
for disease ecologists, including a method to estimate time of infection from antibody titer 
kinetics and methods to integrate telemetry data with spatiotemporal risk assessments. Our team 
applied its skills to the national and global response to COVID-19, making several impactful 
contributions to support pandemic mitigation efforts. 

Long-term, major investments in field work and sample analysis, combined with cutting 
edge quantitative methods, enabled our project to characterize the ecology of Leptospira in the 
California coastal ecosystem with uncommon depth and precision. Both the island fox and CSL 
systems are being buffeted by increasingly intense environmental fluctuations. We have laid the 
foundation in data and knowledge to understand the consequences for disease spread and impact, 
and have demonstrated a playbook for responding to unforeseen events in these systems. In 
aggregate, this work puts DoD and other species managers on a stronger footing to anticipate and 
respond to consequences of future non-stationarities. 
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3. Objectives 

This project aimed to characterize the ecology of Leptospira interrogans serovar Pomona 
in two wildlife species of concern – the island fox (Urocyon littoralis) and California sea lion 
(CSL: Zalophus californianus) – with emphasis on gathering data and building models to 
analyze how non-stationary conditions affect disease incidence and impact, and on assessing 
needs and future strategies for pathogen control and wildlife management. In addition to 
generating actionable knowledge on two federally protected species that frequent Department of 
Defense (DoD) lands, we aimed to learn general principles of disease transmission in marine and 
terrestrial systems which could inform species and habitat management more broadly, and to 
gain insights to reduce disease impacts on future species reintroduction programs.  

The project addressed each of the research priorities in the SERDP Statement of Need 
RCSON-16-01 (‘Changes in pathogen exposure pathways under non-stationary conditions and 
their implications for wildlife and human exposure on Department of Defense lands’). It was 
rooted in understanding the ecology of Leptospira in its wildlife hosts and the resulting risks to 
sensitive wildlife species. Our research took place on DoD lands and the nearby ecosystem on 
Santa Rosa Island (SRI) that offered a unique opportunity to understand and anticipate 
challenges on DoD lands. Our project was designed to consider numerous scenarios of future 
change, including shifts in population dynamics of key wildlife hosts, pathogen introductions to 
new islands, and direct and indirect effects of our planet’s changing oceans and climate. 
Mathematical and statistical modeling was integrated throughout our project plan and was central 
to our scientific approach. Importantly, our findings have direct relevance to present and future 
pathogen control and wildlife management strategies. For the foxes, we aimed to clarify when 
pathogen control is warranted, based on health and conservation impacts, as well as whether and 
how population management and surveillance should be structured to reduce impacts of disease. 
For the sea lions, we aimed to understand the factors governing outbreak intensity, and hence to 
develop capacity to anticipate major outbreaks and the risk they may pose to other species, and 
potentially new sites. We also aimed to build baseline knowledge and long-term data sets to 
elucidate the causes of mass stranding events and other demographic anomalies in CSL. 

When our work began, an outbreak of leptospirosis had been discovered recently in the 
endangered subspecies of island foxes on SRI, raising fears about conservation impacts to this 
population and to other endangered island fox subspecies on nearby DoD-owned islands. 
Preliminary genetic findings indicated that the strain of Leptospira causing the outbreak was 
nearly identical to a strain that had circulated for decades in California sea lions, raising the 
hypothesis that pathogen spillover from sea lions had sparked the SRI outbreak, and that they 
could similarly spark outbreaks on DoD-owned islands. Long-term surveillance data from 
stranded CSL showed major year-to-year variation in Leptospira prevalence, indicating that the 
risk from this reservoir might be mediated by non-stationary factors.  

Given this state of knowledge about the system, our study was designed to address three 
major objectives, each with associated hypotheses: 

 
Objective 1. To identify the source of the current Leptospira outbreak in the endangered SRI 

fox. 
Hypothesis 1. Leptospira in SRI foxes originated from CSL between 2004 and 2008.  
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Objective 2. To understand how non-stationary drivers shape Leptospira dynamics in the CSL 
population, and formulate a model capable of short-term outbreak prediction and 
long-term trend projection. 

Hypothesis 2. The intensity of annual outbreaks in CSL is governed by non-stationary host 
demography, past disease exposures, and prevailing environmental conditions. 

 
Objective 3. To characterize the ecology of Leptospira in island foxes, and develop a data-

driven model to project impacts and assess prevention and control strategies under 
changing conditions. 

Hypothesis 3a. Leptospira can establish persistent circulation in island fox populations, 
causing significant demographic impacts. 

Hypothesis 3b. Introduction of Leptospira to naive island fox populations can be anticipated 
and prevented.  
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4. Background 

The study system includes the pathogen Leptospira interrogans serovar Pomona and two 
host species, island foxes and CSL (Figure 4.1), which have each experienced deadly outbreaks 
of leptospirosis. Both of these host species are federally protected, under the Endangered Species 
Act and Marine Mammal Protection Act respectively, and rely on DoD lands for their survival, 
giving strong incentive for successful species management. Leptospirosis, the disease caused by 
pathogenic bacteria of the genus Leptospira, causes over 500,000 severe cases annually in 
humans (Haake & Levett, 2015; World Health Organization, 2011) and has long been recognized 
as a major threat to US military personnel (Corwin et al., 1990; Johnston et al., 1983; Katz et al., 
1997; Leggat, 2010; Mackenzie et al., 1966; McCrumb et al., 1957; Russell et al., 2003). Thus, 
there are substantial reasons, rooted in human health, species conservation, and land 
management, to understand the routes of Leptospira transmission in this system and how they 
are influenced by non-stationary factors.  

In addition to benefits for guiding management of DoD lands and biological resources, 
this project also aimed to deliver insights on more general problems. These include new methods 
for studying and managing multi-host pathogens of wildlife, guidelines for managing infectious 
disease risk in species reintroduction or translocation programs, and new perspectives on 
infectious disease risks in island systems, including the potential for transmission between 
marine and terrestrial ecosystems. Finally, despite its global importance, the ecological dynamics 
of leptospirosis are understudied (Lloyd-Smith et al., 2009). Beyond its particular implications 
for species of concern in California, our study will advance understanding of Leptospira ecology, 
epidemiology, and control in many systems worldwide, including those where US service 
members are at immediate risk. 

Here we summarize what was known about our system at the time our study began, 
including pertinent information about the ecology of the pathogen and the two major host 
species, and the particular history of Leptospira on SRI. Further background information is 
provided at appropriate points in subsequent sections. 

Leptospira and leptospirosis 

Ecology of Leptospira  
Leptospira spp. have a complex ecology that can involve multiple host species, 

environmental reservoirs, and climatic drivers (Adler, 2015; Ellis, 2015; Ko et al., 2009). There 
are over 300 pathogenic serovars of Leptospira, which exhibit variable interactions with different 
host species, ranging from chronic and asymptomatic infection to acute and fatal disease (Ellis, 
2015; Faine et al., 1999; Heath & Johnson, 1994; Ko et al., 2009). The serovar identified in our 
system, L. interrogans serovar Pomona, has been associated with pigs, skunks, foxes, and CSL 
(Burnstein & Baker, 1954; Campagnolo et al., 2000; Dierauf et al., 1985; Gerber et al., 1993; 
Gulland et al., 1996; Hathaway et al., 1984; Kingscote, 1986; Lloyd-Smith et al., 2007; Tabel & 
Karstad, 1967; Vedros et al., 1971). Leptospira infects the kidneys and transmits via urine, 
directly or via contamination of fresh water bodies or moist soil, where the organism can survive 
and remain infectious for weeks or months (Faine et al., 1999). Trophic transmission (by eating 
an infected host) has been postulated but not confirmed. 
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Figure 4.1. Focal species in the project: Island fox (Urocyon littoralis), Leptospira interrogans, and 
California sea lions (Zalophus californianus). 

Biological samples and diagnostic assays.  
Serum and urine are the standard samples used to test live animals for evidence of 

Leptospira infection. Serum is typically analyzed using the microscopic agglutination test 
(MAT), which detects anti-Leptospira antibodies that indicate past exposure (Faine et al., 1999; 
Lloyd-Smith et al., 2007). Serum chemistry analyses can be run to assess renal compromise 
caused by the infection. Current infection status and potential infectivity can be tested from urine 
samples, using real-time polymerase chain reaction (PCR) to detect L. interrogans DNA (Wu et 
al., 2014) or by attempting to culture leptospires to confirm live and infectious pathogen. If 
kidney tissue can be collected from a fresh carcass, then PCR, culture, immunohistochemistry 
(IHC), and histopathology can be used to assess infection, kidney pathology characteristic of 
Leptospira infection, and extent of kidney damage.  

 Classification and strain typing,  
Historically, Leptospira was classified into serovars based on serological reactivity and 

clustered into serogroups based on antigenically-related serovars (Levett, 2001). However, MAT 
reactions exhibit cross-reactivity among serovars and are not a reliable indicator of the serovar 
responsible for a given infection. Reliable strain typing requires isolation through culture of live 
leptospires to conduct genetic analyses, including pulsed-field gel electrophoresis (PFGE) to 
determine the infecting serovar. This is a significant challenge, since pathogenic Leptospira are 
notoriously fastidious and slow-growing, making them difficult to culture from field samples. 
Consequently, serological classification of leptospires remains the dominant approach, despite its 
shortcomings (Faine et al., 1999; Levett, 2001). 

Further delineation of strains within a serovar is not commonly attempted for Leptospira, 
though one pioneering study used variable number of tandem repeat (VNTR) analysis to 
delineate distinct strains of L. interrogans serovar Pomona (Zuerner & Alt, 2009). Before our 
project, whole genome sequencing (WGS) and phylogenetics had not yet been used to examine 
the fine structure of Leptospira lineages within a serovar.  
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A more comprehensive overview of diagnostic assays and strain typing for Leptospira is 
provided in section 5.1.1. 

The island fox (Urocyon littoralis) 

The California Channel Islands are a chain of eight islands off the coast of southern 
California ranging in size from 2.25 km2 to 245.8 km2 (Figure 4.2) (Kinlan et al., 2003). Island 
foxes are endemic to six of the Channel Islands, with each island home to a unique subspecies. 
Four subspecies (on SRI, San Miguel Island (SMI), Santa Cruz Island (SCZ), and Santa Catalina 
Island (SCA)) were listed as federally endangered in 2004 after suffering drastic declines in the 
late 1990s. After intensive population management, including captive breeding programs on each 
island, all four populations are rebounding (Coonan et al., 2010, 2014) and were delisted after 
our project began. However, island fox populations are naturally small and prone to fluctuations 
(Bakker et al., 2009; Bakker & Doak, 2008), so all six populations are monitored closely.  

 

 

Figure 4.2. The California Channel Islands and the stranding response range of The Marine 
Mammal Center (TMMC). Showing the six islands with endemic island fox populations: San Miguel 
Island (SMI), Santa Rosa Island (SRI), Santa Cruz Island (SCZ), San Nicolas Island (SNI), Santa Catalina 
Island (SCA), and San Clemente Island (SCL). SMI, SNI and SCL are DoD lands. SRI (marked with red 
dot) is the site of the current leptospirosis outbreak among island foxes. The area of SRI is 215 km2. 
TMMC stranding range, i.e. the range within which it responds to and collects stranded marine mammals, 
is shaded in grey in the inset map of California. 

Ecology of island foxes  
The ecology and behavior of the island fox have been studied extensively (Collins, 1980; 

Coonan et al., 2010; Laughrin, 1977; Roemer, 1999); we summarize a few pertinent facts here. 
The island fox is the smallest canid in North America (mean adult weight 1.9 kg) and consumes 
a diverse diet of animal, insect, and plant matter (Crooks & Van Vuren, 1995; Cypher et al., 
2011). Foxes have been observed scavenging on CSL carcasses, and pinniped content is 
sometimes found in their scat (Cypher et al., 2011, 2014; Laughrin, 1977; P. Collins, 
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unpublished). Foxes form mated pairs that maintain stable territories (Ralls et al., 2013; Roemer, 
1999), and litters of 1-4 pups are born in April-May. By fall, juveniles either disperse away or (if 
population density is high) may remain in their parents’ home range (Roemer et al., 2001). Adult 
survival is typically high because the species has no natural predators. Survival and fecundity 
exhibit negative density dependence (Bakker et al., 2009; Coonan et al., 2010).  

Catastrophic declines on the three northern islands (SRI, SMI and SCZ) in the 1990s 
were driven by golden eagle predation, which arose from a cascade of human impacts including 
the role of introduced feral pigs and mule deer in attracting eagles (Roemer et al., 2001, 2002). 
These introduced species have been removed from SRI (in 1993 and 2012, respectively), and 
golden eagles have been relocated (Coonan et al., 2010; Knowlton et al., 2007). National Park 
Service (NPS)-led captive breeding programs were successful (Figure 4.3, Figure 4.4), and 
populations on all islands grew (Coonan et al., 2014). A population viability analysis based on 17 
years of trapping data concluded that island fox populations are naturally small and fluctuate 
dramatically due to interactions between density dependence and environmental drivers (chiefly 
ENSO-driven rainfall), but are safe from extinction in the absence of eagle predation or 
equivalent additional mortality (Bakker et al., 2009). Crucially, this analysis did not account for 
disease risks. Notably, in 1999 the island fox population on Catalina Island suffered a 90% 
decline due to a catastrophic disease outbreak, probably caused by canine distemper virus (Timm 
et al., 2009).  

 

 

Figure 4.3. Captive breeding enclosures for island foxes on SRI. 
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Figure 4.4. NPS biologists released island foxes into the wild on SRI. 
 

California sea lions (CSL) 

CSL have a US stock of approximately 300,000 that migrates seasonally between rookery 
sites on DoD-owned islands – SMI, SNI, and SCL – in the California Channel Island archipelago 
(Figure 4.2) and coastal haulout sites from central California to Washington (Carretta et al., 
2006). Since the passage of the Marine Mammal Protection Act in 1972, the US population of 
CSL has grown roughly six-fold, but is recently showing signs of density-dependent regulation 
and substantial drops in survival rates linked to oceanographic variability (DeLong et al., 2017; 
Laake et al., 2018). 

Ecology of CSL 
CSL are generalist predators whose diet and foraging behavior shift with ocean 

conditions; primary prey species include Pacific sardines, northern anchovies, Pacific hake, 
rockfish, and market squid (Melin et al., 2010; Stewart et al., 1991). Most foraging occurs in 
near-shore waters (<50 km from the coast), interspersed with time spent hauled out on coastal 
rocks and beaches, where they share space with other marine mammal species (Figure 4.5) 
(Lowry & Forney, 2005; Peterson & Bartholomew, 1967; Weise et al., 2006). Long-term 
demographic data for CSL are available from National Marine Fisheries Service (NMFS) 
population monitoring programs, which include over 40 years of population surveys. 
Furthermore, our team members at the NMFS Alaska Fisheries Science Center, Marine Mammal 
Laboratory (MML) have conducted the mark-resight study continuously since 1987, with several 
hundred CSL pups branded with unique numbers each year on SMI, and thousands of resights 
obtained in yearly surveys at SMI and Año Nuevo Island (ANI). Analyses of these data using 
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Cormack-Jolly-Seber models (Brownie & Robson, 1983) yield estimates of annual survivorship 
by sex and age class. 

 

 

Figure 4.5. CSL sharing a beach with northern elephant seal (Mirounga angustirostris) and 
Northern fur seals (Callorhinus ursinus).  
 

These analyses and on-going observations show that CSL demography is highly sensitive 
to non-stationary oceanographic conditions that have intensified in recent years (DeLong et al., 
2017; Laake et al., 2018; Melin et al., 2010; Melin, Laake, et al., 2012; Melin, Orr, et al., 2012). 
While CSL pup counts at rookeries on SMI and SNI reflect marked population growth since 
1970 (Figure 4.7), there were sharp drops in recruitment in 1984, 1993-1994, 1999, and 2004 
linked to El Niño conditions that lower the primary and secondary productivity of the California 
Current ecosystem, leading to decreased prey availability (survival of older age classes may also 
be impacted) (Carretta et al., 2012; DeLong et al., 1991; Melin et al., 2010, 2012; Trillmich et 
al., 1991). Other oceanographic anomalies, such as the upwelling failures that occurred in 2009 
and 2013, also impact CSL health and can cause dramatic reductions in pup survival (Melin et 
al., 2010). When our project was proposed, there was emerging recognition of on-going severe 
demographic impacts linked to abnormally warm sea surface temperatures (SST) in the Eastern 
Pacific Ocean beginning in late 2013. In fact, an Unusual Mortality Event (UME) was declared 
beginning in January 2013 (Fisheries, 2021), due to severe pup and yearling mortality linked to 
anomalous ocean conditions, and this UME was still on-going when our project commenced in 
2016 (Figure 4.6). 
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Figure 4.6. Malnourished CSL pups in rehabilitation at TMMC in 2014. 
 

Leptospirosis in CSL 
L. interrogans serovar Pomona was first detected in CSL in 1970 and has circulated 

persistently in CSL since at least 1984 (Buhnerkempe et al., 2013; Clark et al., 1983; Colagross-
Schouten et al., 2002; Coonan et al., 2010, 2014; Garcelon et al., 1992; Meng et al., 2009). 
Through our collaboration with The Marine Mammal Center (TMMC), we have amassed 
remarkable long-term time series on leptospirosis in CSL, tracking disease incidence and 
seroprevalence from wild CSL that strand on the California coast (Figure 4.7). Outbreaks occur 
on the California coast each year, in the fall, and vary markedly in intensity with major outbreaks 
causing mass stranding and mortality every 3-5 years (Dierauf et al., 1985; Gerber et al., 1993; 
Greig et al., 2005; Gulland et al., 1996; Lloyd-Smith et al., 2007). When our project began, the 
factors causing these periodic major outbreaks were not understood, but proposed explanations 
ranged from environmental stress due to El Niño events to fluctuations in herd immunity 
(Gulland et al., 1996; Lloyd-Smith et al., 2007). 

We had also studied Leptospira infection in free-ranging CSL, capturing and testing CSL 
every year since 2010 at haulouts on the central California coast (at ANI) and rookeries in the 
Channel Islands (at SMI). Our data showed that disease patterns in wild-caught CSL on the 
central California coast were reflected accurately by TMMC data from stranded animals, but 
patterns on the Channel Island rookeries were not (Figure 4.8). In particular, during the major 
outbreak observed in stranded CSL in 2011, seroprevalence and infection prevalence spiked in 
samples collected at ANI but remained at zero in samples collected at the SMI rookery. A year 
later, in fall 2012, a rise in infection prevalence and seroprevalence was detected at SMI, perhaps 
reflecting the migratory return of infected CSL that had been infected in the end of the 2011 
outbreak on the coast, further north. Thus, while CSL could contact island foxes at rookeries and 
haulout sites on the Channel Islands, the time period of greatest risk was not yet understood.  
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Figure 4.7. California sea lion abundance and leptospirosis dynamics as of 2014. This figure reflects 
our knowledge at the time our proposal was submitted. Number of CSL stranding at TMMC per month 
due to leptospirosis since 1984 (red filled curve). Outbreaks occur each fall but vary greatly in magnitude 
with major outbreaks every 3-5 years. Microscopic agglutination testing of serum for anti-Leptospira 
antibodies in CSL that have stranded since 1995 (red line) shows that annual seroprevalence tracks the 
patterns seen in the leptospirosis stranding record. The blue line is the estimated number of CSL pups 
born each year since 1970, showing that the population has been increasing steadily but there are major 
recruitment failures associated with El Niño events and other oceanographic anomalies. 

 

 

Figure 4.8. Number of CSL stranding per month due to leptospirosis (pink shaded; 2010-14) and 
semi-annual seroprevalence in stranded CSL (pink line; 2010-13). Seroprevalence (solid circles) and 
infection prevalence (hollow circles) of CSL captured on ANI (green) and SMI (blue) during 2-4 week 
periods in the fall (2010-2013) and spring (SMI 2014 only). 

Leptospira in Santa Rosa Island foxes 

The SRI subspecies of fox declined to only 15 individuals in 2000 due to extensive 
predation by non-native golden eagles (Aquila chrysaetos). Between 2000-2001, all remaining 
individuals were brought into an on-island captive breeding program, making this subspecies of 
fox temporarily extinct from the wild for several years (Faine et al., 1999). Recolonization of 
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SRI by the foxes began in 2003 in a multi-year reintroduction program. Foxes were released 
back into the wild each year starting in 2003; after a few years of challenges, the wild population 
began to grow, and all captive foxes were released by 2009. The NPS closely monitored the 
reintroduced population by radiotelemetry and periodic biological sampling. 

In fall 2010, evidence of Leptospira infection was identified in two juvenile foxes found 
dead on SRI. Our subsequent investigations revealed evidence of a large outbreak in the foxes 
(and to a lesser degree, in island spotted skunks (Spilogale gracilis amphiala)). Analysis of 
banked fox sera from 2009-2010 revealed high seroprevalences of anti-Leptospira antibodies 
among adult foxes across SRI, indicating a widespread outbreak (Figure 4.9). Sampling of fox 
and skunk urine in January 2011 identified active infections in both species, with the infecting 
strain indistinguishable by VNTR genetic typing from Leptospira isolates derived from CSL 
over the period 1970-2010 (Zuerner & Alt, 2009).  

 

 

Figure 4.9. Summary of island fox population growth and leptospirosis outbreak on Santa Rosa 
Island as of 2014. This figure reflects our knowledge at the time our proposal was submitted. The growth 
of the SRI reintroduced wild fox population is shown in blue. The first detection of leptospirosis-affected 
animals in 2010 is shown by the red arrow, and the inset map shows results from an early survey for 
evidence of Leptospira exposure in foxes sampled in 2010. The inset photographs show the hypothesis, 
based on pathogen genetic data, that Leptospira was transmitting between island foxes, spotted skunks, 
and California sea lions. 

Possible origins of the SRI Leptospira outbreak 

When we proposed this project, there was no evidence that the strain of Leptospira 
isolated from SRI foxes and skunks in 2011 was present on SRI before the fox population 
crashed, and foxes in the captive breeding program had appeared disease-free. Given the finding 
that the 2011 SRI fox and skunk isolates were genetically indistinguishable from CSL isolates by 
VNTR analysis, it seemed most plausible that the pathogen had been introduced to the island by 
infected CSL, possibly via foxes scavenging on CSL carcasses. Alternatively, the pathogen could 
have been present undetected in the captive foxes, or it might have come from other terrestrial 
species on SRI.  

Animal diversity is low on the Channel Islands and varies slightly from island to island. 
SRI has three species of native terrestrial mammals: the island fox, the island spotted skunk, and 
the deer mouse (Peromyscus maniculatus). In the 1800s, the islands were used for ranching, and 
livestock were imported and raised on the islands. Livestock on SRI included sheep, pigs, cattle, 
deer, and elk. Sheep were eradicated in the early 1900s, pigs were removed in the early 1990s, 
and by 1998 all the cattle were removed (Knowlton et al., 2007). By the time of the fox decline 
in the late 1990s, deer and elk were the only remaining introduced mammals on SRI. The elk 
were eradicated by 2011 and the deer by 2013, leaving only the three native terrestrial mammals. 
None of these species were known to be infected by Leptospira on SRI prior to our work. 



 23

A major objective of our project was to determine the source of Leptospira on SRI, in 
order to better assess the risk to other island fox populations. We proposed to approach this 
question by three main avenues: analyzing banked samples and data to reconstruct the 
spatiotemporal origins of the outbreak; testing samples from other potential host species on SRI 
for exposure to Leptospira; and performing WGS of all available Leptospira isolates to gain a 
higher-resolution picture of their shared ancestry, with particular focus on the time to most recent 
common ancestor (TMRCA). In our proposal, we laid out the following guidelines for how 
different findings from this work would support different conclusions regarding the hypothesized 
source of the pathogen.  

 

Hypothesized 
source 

Reconstruction of fox outbreak 
Leptospira 
in captive 

foxes 

Leptospira 
in other 

SRI species 

Genetic 
analysis 

Captive foxes 
Leptospira enters wild fox 

population with release of known-
positive foxes. 

Leptospira 
present in 

captive 
foxes 

Leptospira 
present or 

not in other 
hosts. 

TMRCA 
before 
2000 

Terrestrial 
mammal 

community 

Early appearance of Leptospira, 
especially with inland or multiple 

origins. 

Not 
present. 

Present in 
other hosts. 

TMRCA 
before 
2004 

Introduced from 
outside (CSLs) 

Spatial origin on the coast 
(especially CSL haulout), any time 

from 2004-2008. 

Not 
present. 

Not present. 
TMRCA 
in 2004 
or later 

Table 4.1. Summary of results from each aim that would support different hypotheses about 
outbreak source. 
 

Conservation concerns on SRI 

Beyond the questions about where the outbreak came from, it was important to 
understand where it was going, and what the impacts on the recovering island fox population 
might be. At the time our project began, exposure to Leptospira was still widespread among SRI 
foxes, but it was unclear whether the pathogen could establish sustained endemic circulation in 
the small host population on the island. Similarly, the on-going importance of spotted skunks in 
the outbreak was unclear, and there was no information regarding the involvement of deer mice. 
The potential influence of climate on Leptospira on SRI was unknown, but the dynamics of this 
environmentally-transmitted pathogen were known to be influenced by precipitation in other 
settings.  

When our project began, it was already clear that Leptospira was not having a severe 
impact on island fox population ecology – unlike the catastrophic epidemic of canine distemper 
virus in Catalina Island foxes in 1999 (Timm et al., 2009). Despite widespread exposure to 
Leptospira on SRI, as indicated by the 2009-2010 serosurvey results, the reintroduced fox 
population continued to grow (Figure 4.9). However, the pathogen had been associated with 
several known mortalities in young foxes, and given the rugged landscape and low proportion of 
the population covered by active telemetry-based surveillance, it was possible that many more 
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deaths had occurred undetected. It was also possible that the pathogen impacted recruitment, as 
Leptospira is associated with abortion in many host species (Adler, 2015). The growth of the SRI 
fox population had lagged that of neighboring islands (SMI and SCZ) during the post-
reintroduction period – a pattern that had been attributed to residual golden eagle predation but 
could in fact be tied to leptospirosis. Our project aimed to determine whether more demographic 
impacts had occurred, including further deaths, reductions in fecundity, or robust signals of 
reduced population growth. Even a subtle demographic impact could destabilize this small 
population, putting it at greater risk the next time it was stressed by another factor such as a 
protracted drought.  

Concerns on other islands 

The island fox subspecies on other Channel Islands, including those owned by DoD, 
appeared not to be impacted by Leptospira. In the aftermath of the discovery of the SRI 
outbreak, serum samples from the five other islands with foxes were analyzed by MAT and 
showed no patterns similar to those on SRI. (A low frequency of low-titer positive samples was 
detected on some islands, against a range of serovars; this is a common pattern in wildlife 
serosurveys for anti-Leptospira antibodies and may reflect exposure to non-pathogenic 
leptospires in the environment.) As our proposal underwent final review, concerns arose about 
the fox population on SNI, which underwent a sharp and mysterious decline from 2010-2015, 
due to increased juvenile and adult mortality of unknown cause (Coonan et al., 2015). At the 
request of the US Navy, which manages SNI, we added an investigation of a possible role for 
Leptospira in the SNI population decline to our project. 

More broadly, the concern persisted that the strain of Leptospira causing an outbreak on 
SRI could be introduced to other island fox populations, particularly if it could be transmitted to 
foxes by CSL. This emphasized the importance of understanding the origins of the outbreak on 
SRI, characterizing possible routes of introduction to other islands, and quantifying the 
probability that it could successfully invade a naïve island fox population. From a management 
perspective, there were important questions about the speed with which such an invasion would 
be detected, under current surveillance protocols, particularly given the fact that the SRI 
outbreak was not detected until it had spread island-wide. Now that Leptospira was 
acknowledged as a pathogen impacting island foxes, could an invasion be detected sooner? If so, 
were active disease control measures such as vaccination warranted? And was it possible to 
anticipate high-risk periods for new introductions by better understanding the drivers of 
Leptospira dynamics in sea lions and how they respond to changing environmental conditions? 

Our project set out to collect and analyze data to address these questions, with the 
proximate goal of informing management of the multi-host dynamics of Leptospira in the 
California coastal ecosystem, and the ultimate goal of supporting wildlife conservation, species 
management, and public health measures worldwide.  
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5. Materials and Methods 

5.1. Origins of the Santa Rosa Island Outbreak 

5.1.1. Reconstruction of the fox outbreak up to 2010 

Laboratory analysis 

Serology  
The Microscopic Agglutination Test (MAT) is the standard serologic test for anti-

Leptospira antibodies. The test involves mixing serum with live antigens of a chosen set of 
leptospiral serovars. Since there are over 300 pathogenic serovars of Leptospira, MAT analyses 
are conventionally run against panels of locally relevant serovars. These tests are read 
microscopically for agglutination to a given serovar at a specific titration, and the titer level for a 
given sample is the highest titration at which 50% agglutination occurs.  

The MAT is not an ideal test partially because it exhibits strong cross-reactivity among 
serovars, and thus does not definitively identify the infecting serovar (see section 5.3.2.4). 
Additionally, while this assay is inexpensive and demands little technology, it is time consuming 
and requires significant training as well as maintaining a collection of live antigens. A positive 
MAT test is also only a measure of past exposure and does not indicate a current infection 
because infected individuals can maintain positive antibody titers for long periods of time 
(Cumberland et al., 1999, 2001; Faine et al., 1999; Levett, 2001). Titer levels decline over time 
since exposure and can drop below the level defined as seropositive, so seronegativity does not 
necessarily imply that an animal has never been exposed to Leptospira. However, titer level may 
offer insights into the time of infection as the rate of titer decline, initial titer estimates, and 
potential antibody boosting by re-exposure become better understood.  

In this study, serum samples were tested for presence of antibodies against Leptospira 
using MAT at the Centers for Disease Control in Atlanta, Georgia. Our genetic analyses have 
shown that the Santa Rosa Island outbreak strain is Leptospira interrogans serovar Pomona, but 
in order to characterize serovar cross-reactivity profiles, and to allow for the possibility of other 
strains circulating in the system, samples were tested against broader panels. In particular, all 
samples collected in 2012 and earlier were tested for antibodies against 10 or 20 serovars. The 10 
serovar panel always included the following serovars: Autumnalis, Bratislava, Cynopteri, 
Djasiman, Icterohaemorrhagiae, Mankarso, Pomona, Pyrogenes and Wolffi. In most runs, the 10 
serovar panel also included serovar Canicola; however, in one batch of samples, the panel 
included serovar Australis instead of Canicola. The 20 serovar panel always included the same 
serovars as the standard 10 panel (i.e. with Canicola instead of Australis) as well as the following 
serovars: Australis, Ballum, Bataviae, Celledoni, Grippotyphosa, Borincana, Javanica, Georgia, 
Alexi and Tarassovi. All samples were titrated to end-point titer to gain insight into the strength 
of the antibody response.  

Island fox and skunk samples were considered seropositive against the outbreak strain if 
they had a titer of 1:100 or greater against either serovar Pomona or Autumnalis, because serovar 
Pomona has been identified as the strain that infects these two species, and the sera from island 
foxes exhibits strong cross-reactivity with serovar Autumnalis (see section 6.3.2.4). For analyses 
of quantitative titer levels, we used the titer for serovar Pomona unless specified otherwise. In 
the other host species studied here, test samples were considered positive if they had a titer of 
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1:100 or greater to any one of 5 serovars in a focal panel containing serovars Pomona, 
Autumnalis, Bratislava, Icterohaemorrhagiae or Djasiman, and interpreted in light of the 
reactivity profile. 

Polymerase chain reaction (PCR)  
Polymerase chain reaction (PCR) assays have been developed for leptospirosis testing, 

and PCR can be run on any tissue or fluid that may contain leptospires. It does not require 
successful culture of Leptospira isolates. With carefully chosen primers, PCR can accurately 
identify the pathogenic Leptospira species causing an infection, but cannot distinguish finer 
classifications such as serovars (Wu et al., 2014). Quantitative real time PCR (qPCR) can 
determine the amount of leptospiral genetic material present in the substance tested. Positive 
PCR and qPCR results indicate the presence of leptospires in the tissue or fluid analyzed and 
thus also indicate a current or recent infection. However, because PCR and qPCR cannot 
distinguish between living and dead leptospires, and nonviable DNA may remain present for 
some time in host tissues, some caution is required when interpreting these results as active 
infections (Wu et al., 2014).  

In our studies, urine and frozen kidney samples were processed and tested for pathogenic 
Leptospira via qPCR. Whole frozen kidneys were sent directly to the diagnostic laboratory (see 
next paragraph). Urine was spun into a pellet and washed with phosphate buffered saline on the 
day of collection. The resulting pellet was stored frozen until it could be sent to the lab for the 
remainder of the analysis. Archived kidney samples that were stored in formalin fixed paraffin 
embedded blocks had 25 um scrolls of kidney tissue cut from the blocks and sent to the lab for 
extraction and testing. 

Samples collected between 2010-2016 were tested at the Hollings Marine Laboratory and 
tested using methods from Wu et al., 2014. All other samples were tested at the Colorado State 
University Veterinary Diagnostic Laboratory (CSU). Samples tested at CSU were tested first 
using a slightly modified version of the methods developed by Wu. These modifications were to 
use QIAamp DNA Mini Kit Protocol instead of QIAmp Viral RNA Mini Kit Protocol for the 
extraction for both tissues and urine and to use VetMAXTM-Plus Master Mix (4415327) as the 
Master Mix Kit instead of TaqMan Universal PCR Master Mix, no AmpErase UNG (4324018). 
The modifications were shown to be slightly more sensitive in a comparison of the methods 
conducted at CSU (unpublished). Samples that tested positive using the modified protocol were 
tested again using the Wu protocol so the results could be directly compared to results from 
previous testing done at the Hollings Marine Laboratory.  

Immunohistochemistry (IHC) 
Immunohistochemistry (IHC) is an assay that tests for antigens in infected tissues and is 

Immunohistochemistry (IHC) is an assay that tests for antigens in infected tissues and is another 
available method to test for Leptospira infection (Szeredi & Haake, 2006). Two main benefits of 
IHC is the ability to visualize the distribution and location of leptospires in tissues and its ability 
to detect infections of Leptospira in formalin fixed tissues (thus enabling retrospective testing) 
(Szeredi & Haake, 2006). 

Formalin fixed kidney tissue from mice, deer and skunks was sliced and placed into 
cassettes that were sent to Colorado State University Veterinary Diagnostic Labs, where they 
were placed on slides, stained, and tested via IHC. Formalin fixed paraffin embedded tissue from 
archived fox carcasses was cut and placed onto slides and sent to Colorado State University 
Veterinary Diagnostic Labs, where they were stained and tested via IHC. 
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Bacterial culture 
Culture is the most specific test available for leptospiral infection, but its sensitivity is 

very low (Faine et al., 1999; Levett, 2001). Cultures can be attempted from blood, urine, or 
kidney samples, though leptospires are only found in blood for a short period of time following 
initial infection. Cultures of Leptospira are difficult to grow because leptospires grow very 
slowly and have complex environmental and nutrient requirements. Consequently, it is common 
that an individual with an active infection will have a negative culture result (Adler, 2015). 
However, cultures are the only current method of definitively strain typing leptospires and one of 
a few assays that indicate a current infection. Traditionally, isolates have been strain-typed using 
molecular techniques such as pulsed-field gel electrophoresis (PFGE), restriction fragment 
length polymorphism (RFLP), or variable number of tandem repeat (VNTR) analysis. The 
techniques used have been advancing rapidly with several whole genome sequences of 
Leptospira species being completed since 2003 (Ahmed, et al., 2012; Ko et al., 2009; Zuerner & 
Bolin, 1997).  

Sterile urine samples collected via cystocentesis were cultured by placing 1cc sterile 
urine into transport media then inoculating culture media with 0.1cc of the urine/transport media 
blend (Adler, 2015). Cultures were stored with lids lightly open in a dark room at room 
temperature until they were sent to the lab. Cultures from the 2010 season were sent to the 
USDA National Animal Disease Center in Ames, IA. Cultures from the 2012 season on were 
sent to the CDC in Atlanta, GA. Cultures from the 2011 season were sent to both USDA and 
CDC.  

Bacterial strain typing and sequencing 
Isolates were obtained from positive cultures grown in the lab following the methods of 

Fouts (Fouts et al., 2016). When sufficient genetic material was available for an isolate, 
extractions were taken for PFGE and whole genome sequencing (WGS). For PFGE analysis, 
agarose plugs embedded with leptospiral DNA were prepared from each cell suspension. A slice 
was cut from each plug and the DNA was digested in 30 U NotI restriction enzyme at 37° for 2 
hours. Salmonella serotype Braenderup H9812 was digested with 50 U XbaI for use as a DNA 
size standard. Plug slices containing the digested DNA were placed in the wells of a 1% agarose 
gel and electrophoresed in a Bio-Rad CHEF Mapper XA or CHEF-DRIII for 18 hours at 14°C 
with recirculating TBE buffer. The gel was stained with ethidium bromide following PFGE 
(Galloway & Levett, 2008). 

Sample collection and population monitoring: island foxes and spotted skunks 

Timeline of island fox population on Santa Rosa Island 
The captive program began in 2000 and continued until 2009. Between 2001 and 2003, 

there were no wild foxes on the island, but, as the captive population bred successfully and 
external threats were reduced, foxes were reintroduced to the island in a series of releases 
beginning in 2003. After a rough start, the reintroduced population grew quickly, and the captive 
program was ended in 2009 (Figure 5.1.1.1). In fall 2010, evidence of Leptospira infection was 
identified in two juvenile foxes found dead on Santa Rosa Island, and, in January 2011, a field 
investigation led by our team confirmed the outbreak by obtaining isolates of Leptospira 
interrogans serovar Pomona from both island foxes and island spotted skunks. This section 
(5.1.1 and 6.1.1) focuses on the pre-decline wild foxes, the founding foxes, the captive foxes, and 
the post-reintroduction wild foxes through the 2010 season. For foxes, a season spans from 
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March of the given year through February of the subsequent year, which we refer to as the “fox 
year.” 

 

Figure 5.1.1.1. Timeline of events on Santa Rosa Island, and population trajectories of captive and 
wild foxes until 2010. 
 

Island foxes in captivity, 2000-2009 
A total of 102 foxes were part of the captive breeding program on Santa Rosa Island 

between 2000 and 2009, including a total of 17 brought in from the wild and 85 born in captivity. 
Fifteen foxes, the founding foxes, were brought into captivity between March 2000 and May 
2001. These founding foxes consisted of 12 adults and 3 pups, including 10 females (8 adults, 2 
pups) and 5 males (4 adults and 1 pup). Three of these adult females were pregnant and gave 
birth when they were brought into captivity, yielding 8 pups, 4 male and 4 female. An additional 
2 wild born foxes, namely a female pup in 2004 and a male yearling in 2007, were brought into 
captivity after reintroduced foxes began breeding in the wild again. Foxes began being released 
back into the wild in late 2003, the final year of captive breeding was 2008, and the final captive 
fox was released in 2009. A total of 96 foxes were released because 5 foxes died while in 
captivity and 1 fox was permanently transferred to the Santa Barbara Zoo.  

The captive facilities consisted of 26 wire mesh pens ranging from 45-60 m2 in size 
located on Santa Rosa Island. Occasionally, foxes were housed individually; however, foxes 
were most often housed in mated pairs and with their current young pups if they had pups. Pairs 
were rearranged as needed depending on genetic recommendations and temperament. All pen 
moves, pairings, and reproduction were recorded in detail.  

Captive foxes were given health exams at least twice a year during which body condition, 
weight, and reproductive status were recorded and blood samples were taken and archived. For 
this study, we tested 363 serum samples from 98 of the 102 captive foxes, including samples 
from 14 of the original 15 founding foxes (Table 5.1.1.1). We located 333 serum samples in the 
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National Park Service archives and tested these at CDC via MAT using the 10 serovar panel. We 
also had access to the samples tested in an earlier serological study (Clifford et al., 2006), which 
included 42 samples from foxes in captivity on Santa Rosa Island, of which 18 were collected in 
2001 and 24 in 2002. 14 of these samples were from the founding foxes and 28 were from 
captive-born foxes. All of these samples were tested at Cornell Diagnostic Lab against 6 
serovars, including Pomona and Autumnalis, and 12 were tested both at Cornell and CDC. These 
samples were used to compare the two labs, and we found Cornell to be less sensitive than CDC. 
Thus, when samples had been tested at both labs, we used the CDC results. The 10 serovar panel 
was used on all captive fox samples and all were titrated to end point titer. Formalin-fixed 
paraffin-embedded kidney samples from tissue blocks were obtained from the 5 foxes who died 
in captivity, and these samples were tested via IHC and PCR.  

 

Season N 
Individuals  
w/ Serum 

Total  
Serum 

2000 22 0 0 
2001 33 22 22 
2002 45 34 36 
2003 56 29 28 
2004 58 39 40 
2005 51 51 65 
2006 43 42 64 
2007 37 36 50 
2008 33 33 57 
2009 1 0 0 

Table 5.1.1.1. Captive fox population size (N), the number of individual foxes with test results, and 
the total number of serum samples analyzed in captivity. Many individuals have multiple samples 
within a season.  

Wild island foxes: telemetry and mortality collection 
Foxes were fitted with VHF radio telemetry collars with mortality sensors and tracked 

regularly, beginning with the first releases in 2003 and continuing to the present. From 2003-
2006, all reintroduced and wild born foxes were collared and tracked via radio telemetry, with 
the goal of obtaining a specific location with GPS coordinates on each fox once per week, and 
detecting the radio signal from each fox as often as possible. For clarity, all foxes, both 
reintroduced and wild-born, that were living in the wild post reintroduction in 2003 will be called 
“wild” foxes when referring to this group collectively. In cases that require a distinction between 
these groups, they will be called “reintroduced” and “wild born”. By 2007, the wild population 
had grown to over 60 animals, so a subset of the population was collared and tracked weekly via 
radio telemetry. In most years once the population was large enough, 40-50 individuals were 
collared at any given time; however, as animals died or collars failed, this number fluctuated. 
New collars were deployed on a rolling basis, with a peak of 92 individual foxes collared in a 
single year (Table 5.1.1.2). The carcass of any fox whose collar switched into mortality mode 
was collected as soon as possible and sent to UC Davis for a necropsy exam. Between 2005 and 
2009, we recovered kidneys from 9 non-founder (captive-born reintroduced and post 
reintroduction wild-born) wild fox mortalities, which were preserved either in formalin-fixed 
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paraffin-embedded blocks or frozen. We tested these samples for evidence of Leptospira 
infection using PCR and or IHC.  

 

Season # Collared Foxes 
2003 12 
2004 23 
2005 38 
2006 55 
2007 63 
2008 92 
2009 72 
2010 63 

Table 5.1.1.2. Total number of actively-collared foxes during each season (fox-year). Not all collars 
were active throughout the season, on average 40-50 collars were active at one time.  

Island foxes and spotted skunks: trapping and sampling 
The National Park Service has conducted annual trapping of foxes and skunks on Santa 

Rosa Island since 2004. From 2004-2008, when the wild populations were still very small, 
annual trapping was conducted on an as-needed basis in locations known to be occupied by 
target foxes. In 2009, the National Park Service began running 18 trapping grids spread across 
the island (Figure 5.1.1.2) each year to estimate densities and population sizes of the foxes and 
spotted skunks. Additional target trapping efforts were conducted to allow for the installation of 
radio collars, targeted sample collection, and administration of vaccines not completed on the 
grids. Each of the ladder grids was run for 6 consecutive nights in July or August each year, and 
target trapping occurred from July to January. Between 2003 and 2008, the wild fox population 
size was estimated by calculating the minimum number of foxes known to be alive through 
telemetry and trapping. Beginning in 2009, population sizes were estimated in the program 
DENSITY using the grid trapping data (Coonan et al., 2015). 

Each captured fox was marked with a PIT tag and given a physical examination including 
sex, weight, body condition, age class, and reproductive status. Samples including blood, 
whiskers, parasites, and scat were collected from all foxes. Late in the 2010 season, when the 
Leptospira outbreak was detected, urine began being collected via cystocentesis.  

In 2004 and 2005, captured spotted skunks were released without being tagged, 
examined, or sampled. In 2006-2008, spotted skunks were marked with PIT tags when captured 
and given a brief exam including weight, sex, and age class, but they did not have samples 
collected. In 2009 and most of 2010, only skunks caught on the grids were marked with PIT tags 
and examined. At the end of the 2010 season, after the Leptospira outbreak had been detected, 
serum and urine samples began being collected from skunks. From then on, any skunk captured 
that had samples collected was marked with a PIT tag and given a full examination. 

Between 2003 and 2010, in 8830 trap nights, a total of 281 individual foxes were 
captured in 1384 total fox capture events. A total of 373 serum samples were collected, from 242 
of the 281 individual foxes that were captured during this period (Table 5.1.1.3). Between 2004 
and 2010, a minimum of 1085 individual skunks were captured in 2330 total skunk captures 
(Table 5.1.1.4). True numbers of individual skunks captured are unknown, since not all skunks 
were marked upon capture resulting in an unknown number of re-captures. We include 
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information on biological samples collected from 2010-2012 (i.e. beyond the focal period for this 
section), to support conclusions about the role of skunks as a competent host for Leptospira 
infection. From 2010-2012, 107 serum samples and 28 urine samples were collected from 
spotted skunks to test them for leptospirosis via MAT, PCR, and culture (Table 5.1.1.5). 

 

 

Figure 5.1.1.2. Map of the 18 ladder grids on Santa Rosa Island. These were run annually for 6 nights 
beginning in 2009 to mark and recapture Channel Island foxes and skunks.  

 
 

Season 
Population 
Estimate 

Captures 
Total 

Captures 
Individuals 

Serum 
Total 

Serum 
Individuals 

2003 12 25 9 0 0 
2004 24 64 18 2 2 
2005 41 51 23 2 2 
2006 58 111 39 33 31 
2007 64 115 49 37 37 
2008 122 262 96 46 46 
2009 313-466 296 140 99 99 
2010 233-351 460 164 154 144 
Total  1384 281* 373 242* 

Table 5.1.1.3. Trapping data and sample collection for island foxes. Data ranges from 2003 to 2010 
and includes the wild fox population estimate, the number of total fox captures, the number of individual 
foxes captured, the total number of serum samples, and the number of individual foxes with serum 
samples. For 2003-2008, the population estimates are the minimum known number of foxes alive during 
that season from telemetry and trapping data. For 2009-2010, the population estimates are adult and pup 
combined 80% confidence interval population estimates from grid trapping. *Total number of individuals 
captured and sampled is the number of unique individuals from 2003-2010 and is not the sum of the 
number of individuals within each season.  
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Season 

Trap  
Nights 

Captures 
Total 

Captures 
With ID 

Captures  
NoID 

Unique  
IDs 

2004 542 161 0 161 0 
2005 368 68 1 67 1 
2006 995 448 417 31 343 
2007 682 293 293 0 255 
2008 1612 629 614 15 443 
2009 2089 445 282 163 179 
2010 2542 286 122 164 91 
Total 8830 2330 1729 601 1085* 

Table 5.1.1.4. Trapping data for island spotted skunks. Data ranges from 2004-2010 and includes the 
number of trap nights, the total number of skunk captures, the number of captures with IDs, the number of 
captures without IDs, and the number of unique IDs captured. The number of unique individuals is 
unknown for years where there are captures that were not given an ID (i.e. for all years except 2007). 
*The total number of unique IDs is the number of unique IDs between 2004-2010 and is not the sum of 
the number of unique IDs within each season.  

 
Season MAT PCR Culture 
2010 9 0 8 
2011 31 1 1 
2012 67 19 15 
Total 107 20 25 

Table 5.1.1.5. Samples collected from island spotted skunks. Number of samples collected for MAT, 
PCR, and analysis from island spotted skunks in 2010-2012.  

Additional sample collection 

Retrospective samples: feral pigs, 1987 
Nettles et. al. collected serum from 60 pigs on Santa Rosa Island in 1987 (Nettles et al., 

1989). We located these samples and tested them for antibodies against Leptospira via MAT 
analysis. The 20 serovar panel was used for these samples and all were titrated to end point titers. 
No location data or individual metadata such as age or sex were available for these samples.  

Retrospective samples: island foxes, 1988 
Garcelon et. al. collected samples from all 6 island fox subspecies in 1988 (Garcelon et 

al., 1992). We located 48 of these samples collected from Santa Rosa Island in July 1988. Sex, 
age class, weight, and reproductive status were available for most of these samples. Exact 
location data was not available, though these samples were collected in two trapping sessions in 
the Northern and Eastern sections of the island. The 20 serovar MAT panel was used for these 
samples, and all were titrated to end point titers.  

Other terrestrial mammals: deer mice, 2012-2015 
Opportunistic collection of 72 adult and 20 juvenile Santa Rosa Island deer mice 

(Peromyscus maniculatus) occurred between 2012 and 2015. Island foxes tend to provision their 
mates and pups during fox trapping efforts. Especially in the summer months when the pups are 
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young, provisions of dead mice, birds, and occasionally skunks are left outside the trap. From 
2012-2015, all mice provisioned to traps were collected. During the same period, all mice that 
were killed with snap traps during pest management efforts in National Park Service buildings on 
Santa Rosa Island were collected. Upon collection, the sex, age class, date, and location for each 
mouse was recorded and both kidneys were removed. One kidney per mouse was preserved in 
10% buffered formalin to test for Leptospira via IHC. The second kidney from all but three of 
the mice was frozen and later tested for Leptospira via PCR. The mice consisted of 36 adult 
males, 35 adult females, 1 unknown sex adult, and 20 juvenile mice. Of these, 24 of the adults 
and 9 of the juvenile mice were collected during pest management, which was concentrated in a 
small section of the Eastern corner of the island where the few buildings are located. The 
remaining 48 adult and 11 juvenile samples were scattered across the northern half of the island.  

Other terrestrial mammals: mule deer, 2012-2013 
Urine, kidney, and serum samples were collected opportunistically from the last 

remaining deer on Santa Rosa Island by the National Park Service during the course of their deer 
removal efforts in 2012 and 2013. We were able to access these samples and test 27 individual 
deer (8 males, 19 females) for Leptospira. In particular, we tested urine from 21 of the deer via 
PCR and kidneys from 6 of the deer via IHC and PCR. Each deer had either urine or kidney 
tested (but not both), with the following two exceptions: one deer had both urine and kidney 
tested, while another deer had neither. We tested serum from 25 deer via MAT analysis using the 
20 serovar panel, and all were titrated to endpoint titers. Ages were estimated for 5 of the deer 
sampled, and ranged from 1.5 – 6.5 years old. No location data were available for these samples; 
however, some of the last surviving deer were radio collared and tracked for over a year, and 
they were observed ranging over the entirety of the island.  

Data analysis 

Pedigree analysis of captive foxes 
To assess opportunities for vertical or pseudo-vertical transmission of Leptospira 

between foxes in captivity, a pedigree of all captive island foxes was created using parentage 
data from the captive breeding records using the package kinship2 in R. Results from the 
serology MAT analyses were used to determine the pathogen exposure status of each of the 
individuals in the pedigree. 

Survival analysis 
Annual survival estimates for the fox year (March-February) were produced using radio-

collar data described above. Estimates were made using the Kaplan-Meier estimator with 
staggered entry protocols described by Pollock (Pollock et al., 1989). Animals were added to the 
analysis when they were fitted with collars and censored when their collars were not functioning. 
All mortalities were confirmed upon carcass collection.  

Serological cross-reactivity profiles 
Given our focus on determining the origins of the current Leptospira outbreak on Santa 

Rosa Island, we were interested in identifying whether past serum samples from foxes and other 
host species reflect exposure to the same pathogen strain. The infecting strain cannot be 
determined directly from MAT results, due to the well-known issue of MAT cross-reactivity 
among Leptospira serovars. We sought to turn this problem into an opportunity (and a new tool), 
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by analyzing cross-reactivity profiles to assess whether different groups of samples could be 
attributed to the same infecting serovar.  

To enable quantitative comparisons of cross-reactivity patterns, we first refined the MAT 
datasets to focus on a core set of 9 serovars (Autumnalis, Bratislava, Cynopteri, Djasiman, 
Icterohaemorrhagiae, Mankarso, Pomona, Pyrogenes and Wolffi). We retained only those 
samples for which all 9 serovars were tested, and we excluded samples for which all MAT 
results were negative since they gave no information on past exposure. MAT titers were log-
transformed (via the transformation 1+log2(titer/100) to convert the raw scale of 1:100, 1:200, 
1:400… to 1,2,3…) prior to all analyses. Titers of <1:100 were recorded as 0. 

For a given host population of interest, the cleaned and transformed MAT data from all 
sampled individuals were converted into a heat-map of MAT titers using the R package 
ComplexHeatmaps (Gu et al., 2016). These heatmaps depict the different serovars as columns, 
and different individual samples as rows, with colors indicating titer magnitude. The columns 
(i.e. serovars) were clustered using complete linkage hierarchical clustering, based on the 
Euclidean distance between the log-transformed titer values.  

We sought to test whether samples derived from other host species (e.g. spotted skunks, 
feral pigs) or from foxes in other time periods (e.g. 1988 samples) reflected exposure to the same 
strain of Leptospira as the one causing the outbreak among Santa Rosa Channel Island foxes. To 
characterize the MAT cross-reactivity profile arising from the outbreak strain, we analyzed the 
hierarchical clustering patterns among serovars in the MAT results from wild island foxes from 
2006-2013. The defining characteristic of these data was the presence of two distinct clades of 
serovars, based on titer levels: clade 1 included serovars Pomona, Djasiman and Autumnalis, 
while clade 2 included serovars Mankarso, Wolffi, Pyrogenes, Bratislava, Cynopteri and 
Icterohaemorrhagiae. 

To assess whether MAT profiles from other sampled populations were consistent with the 
Santa Rosa Island outbreak strain, we tested whether those datasets exhibited a statistically 
significant separation into the same two serovar clades, using a permutation-based test of the null 
hypothesis that there was no significant difference between the two clades (Manly, 2017). To do 
this, we first calculated a statistic D which measures how strongly the two clades differ in a 
given dataset, while accounting for differences in overall MAT reactivity (which could arise 
from age of the sample or freeze-thaw cycles, or from differences among host species (see 
section 6.3.2.4)). From the MAT results from each individual serum sample, we calculated a net 
distance metric reflecting between-clade separation: 
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where C1 is clade 1, C2 is clade 2, Si,j is the distance in log2 units between the titers against 
serovars i and j, and the summations run over all serovars in the stated clades. The aggregate 
statistic D for a full sample set was the sum of all d scores from individual samples.  

We then generated a null distribution of D values, by computing D for each of 1000 
datasets where serovar labels were permuted (shuffled randomly) for each dataset. From this null 
distribution of D values, the P-value for the observed data was derived by computing the 
probability of observing a D value equal to or larger than the observed value under the null 
hypothesis. This P-value represents the probability of obtaining a D statistic of this magnitude or 



 35

greater under the null hypothesis where the sample pool does not exhibit the same two-clade 
structure as the fox outbreak strain.  

5.1.2. Reconstructing the spatiotemporal origins of the SRI outbreak 

Telemetry of reintroduced foxes 
From 2003-2006, all wild foxes were collared and tracked with very high frequency 

(VHF) radio telemetry collars. Precise GPS locations were collected weekly and supplemented 
with opportunistic detections (known throughout as survival checks). During and after 2007, 
only a subset of the wild population (40-50 individuals) was tracked due to growing population 
size. After the captive breeding program closed and the wild population was recovering, 
telemetry efforts shifted from weekly to biweekly. 

Our location information consists of two data types: data with specific GPS locations 
(GPS data) and less precise location data without GPS coordinates (telemetry data). GPS data 
were collected for individual foxes at release, trap capture, carcass collection, or at a sighting and 
confirmation of a collared fox. GPS data were also generated via triangulation telemetry and 
estimated using the program Locate II (Nams, 1990). Our less precise telemetry data were 
generated via directional “Yagi” antennas or nondirectional “Omni” antennas, which were both 
used for routine telemetry life checks. During telemetry surveillance when a collar signal was 
heard but the fox was not seen or triangulated, the individual, date, and verbal description of the 
general area of the signal were recorded. If the received radio signal was very strong or came 
from a well-defined landscape feature such as a canyon, the location was recorded as that 
specific area. If the signal was heard with the directional antenna, the location at which the signal 
was detected and the direction from which it came were recorded. However, when the 
nondirectional antenna was used, only the location at which the signal was detected was 
recorded. 

Given that the telemetry data was a written list of locations, landscape features, and 
directions rather than a set of GPS coordinates, the recorded descriptions were converted to a 
digital format for geospatial analysis. Each unique place description (n=10898) was converted to 
a spatial polygon, mapped using the ‘add polygon’ tool in Google Earth Pro, and saved as a .kml 
file (Figure 5.1.2.1). 

Trapping and sampling 
In addition to radio collars and telemetry survival checks, the National Park Service 

(NPS) has conducted annual trapping of foxes since 2004 to monitor the reintroduced fox 
population on SRI. From 2004-2008, target trapping was conducted on an as-needed basis in 
locations known to be occupied by foxes while the wild population was still small. In 2009, the 
NPS began a structured 18-grid trapping program on SRI to estimate densities and population 
sizes of the foxes. Additional target trapping efforts were conducted to install radio collars, for 
targeted sample collection, and to administer vaccines not completed on the grids. Each of the 
ladder grids was run for 6 consecutive nights in July or August each year, and target trapping 
occurred from July to January. The trapping dataset from 2004 to 2010 includes 8830 trap nights. 
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Figure 5.1.2.1. Spatial polygons converted from telemetry data. Verbal descriptions of telemetry 
locations were mapped in Google Earth Pro and exported to R as a .kml file for analysis 

Estimating the spatiotemporal origin of the outbreak 
To identify the spatiotemporal origin of the outbreak, we focused on foxes with location 

data in the early reintroduction period between 2004 and 2006, that also had anti-Leptospira 
antibody titers from a positive MAT test in 2006 or 2007. These antibody titers were used to 
estimate posterior distributions for each fox’s time of infection (TOI) using the titer kinetics 
model developed in our project (section 6.3.2.2). Twelve foxes have TOI estimates and location 
data available between 2004 and 2006 (Figure 5.1.2.2). Individuals who lack location data at the 
beginning of their TOI interval (e.g. Fox 26210; Figure 5.1.2.2) only provide partial information 
and do not inform where the beginning of the outbreak occurred. Additionally, many of these 
foxes have insufficient location data prior to 2006 to accurately interpolate their position during 
that time. Thus, our dataset only included the seven foxes with TOI intervals that were 
completely contained within the range of their available location data (e.g. Fox 14125; Figure 
5.1.2.2) and had sufficient location data to estimate their movements through time. 
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Figure 5.1.2.2. Foxes with time of infection estimates and location data between 2004 and 2006. 
Time of infection intervals were estimated using the titer kinetic model (section 6.3.2.3; yellow). Date 
ranges of location data for each fox are shown in blue. 

Interpolation of fox location data 
Fox location sequences contain both GPS and telemetry data. To represent the spatial 

error surrounding these measurements, we iteratively resampled the locations for each location 
date. If the location was GPS data, then a location was sampled from a 1km2 buffer around the 
original GPS location, representing the spatial scale of fox movements for foraging and other 
purposes. If the data was telemetry, then a location was uniformly randomly sampled from 
within the telemetry polygon. To limit the variance in these samples, telemetry polygons were 
filtered to be less than 2 km2 and have a length-to-width ratio less than 6. 

Fox location data are sparse through time and consist of varying data types and levels of 
error. To address both of these challenges in tandem, we interpolated the fox locations through 
time using a generalized additive model (GAM) using a two-dimensional multivariate normal 
link (Wood et al., 2016; Wood, 2017). The GAM estimates a location for each date within the 
location interval using cubic regression splines, where the number of knots was chosen through a 
generalized cross-validation procedure (Wood, 2017). The fitting of the model was iteratively 
performed, resampling the locations of the foxes to account for the error surrounding the 
measurements. The R package mgcv was used for fitting (Wood, 2017). 
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5.1.3. Whole genome sequencing and phylogenetics 

Whole genome sequencing 
When sufficient genetic material was available for an isolate, DNA was extracted using 

Qiagen Blood Tissue Kit for whole genome sequencing (WGS). RNase was added before 
shipping the extractions to USDA National Animal Disease Center, where they were sequenced 
using Illumina MiSeq, targeting 80-fold coverage across the genome. Sequencing was conducted 
in three separate runs and produced 2x250 bp paired-end reads. 

Genome assembly 
Raw short reads were error-corrected and assembled using the shovill pipeline 

(https://github.com/tseemann/shovill). Briefly, the depth of the FASTQ files was reduced and 
adapters were trimmed using Trimmomatic version 0.39. Read sequencing errors were corrected 
and paired-end reads were pre-overlapped prior to assembly. Reads were assembled using 
SPAdes (Bankevich et al., 2012). Assembled contigs were error corrected by mapping the reads 
back to the contigs; low quality and short contigs were removed. The resulting contigs were 
annotated using PROKKA (https://github.com/tseemann/prokka), requiring a minimum contig 
length of 200 to ensure Genbank compliance. Core and accessory genes were identified using 
Roary (Page et al., 2015). In turn, Roary produced a core genome multi-FASTA alignment using 
MAFFT v7.475. All sites were required to have a base call in the final multi-sequence alignment, 
which ultimately contained 3,188,030 sites. 

Isolate selection 
In total, seventy-two isolates were sequenced from forty-nine unique hosts (Table A.1). 

We have duplicates in two ways: some hosts have two isolates from different tissues, and some 
isolates were resequenced in the last sequencing run. One isolate for each unique host was 
selected for analysis. When a host had two isolates from different tissues (7 CSL; 1 Northern 
elephant seal (NES)), the urine-cultured isolate was selected for the sea lions while the kidney 
isolate was selected for the elephant seal (since all other elephant seal isolates were from kidney 
tissue). Nearly all of these dual isolates were in the second sequencing run, and this selection 
resulted in a more even across-batch selection for the phylogenetic analyses. For resequenced 
isolates, the isolate sequenced in the third sequencing run was selected. This resulted in 13, 13, 
and 12 CSL isolates being selected from each sequencing run. We did not see substantial 
differences between any two isolates from the same individual host. Isolate selection is 
summarized in Table A.1. 

Multi-locus strain typing 
Multi-locus strain typing was performed by scanning the assembled contigs against three 

Leptospira PubMLST typing schemes using mlst (https://github.com/tseemann/mlst) (Ahmed et 
al., 2006; Boonsilp et al., 2013; Varni et al., 2014). 

Phylogenetic reconstruction of L. interrogans over time 
We reconstructed the evolutionary relationships among L. interrogans serovar Pomona 

isolates by incorporating molecular sequence and temporal data using a Bayesian Markov chain 
Monte Carlo (MCMC) analysis in BEAST v1.10.1 to estimate a time-calibrated phylogeny 
(Suchard et al., 2018). We applied a Hasegawa, Kishino, and Yano nucleotide substitution model 
with gamma-distributed rate heterogeneity and a proportion of invariant sites (HKY + Γ + I), and 
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we also selected an uncorrelated relaxed molecular clock model as the clock model prior in these 
phylogenetic analyses (Drummond et al., 2006; Hasegawa et al., 1985). Three independent 
MCMC chains were run for 100 million generations, and posterior distributions were sampled 
every 1,000 generations. Independent chains were combined using LogCombiner and the first 
10% of each independent chain was discarded as burn-in. Model parameters were assessed for 
convergence and sufficient effective sample sizes (>200) in Tracer v1.7.1 (Rambaut et al., 2018). 
The maximum clade credibility tree was identified in TreeAnnotator (Suchard et al., 2018).  

5.2.  Leptospira in California Sea Lions 

5.2.1. Extend long-term time series of leptospirosis in stranded CSL 

The Marine Mammal Center collected data and samples from 3420 California sea lions 
that stranded along the central and northern coast of California (Figure 5.2.1.1) and were 
admitted for rehabilitation between January 1, 2015 and December 31, 2020. Of these, 391 were 
diagnosed with leptospirosis using characteristic serum chemistry results, clinical signs, and 
post-mortem findings when appropriate (Colagross-Schouten et al., 2002; Greig et al., 2005; 
Gulland et al., 1996). Clinical, morphometric, and demographic data as well as blood and urine 
were collected from all sea lions during the course of routine clinical care, and kidney samples 
were collected in those that died or were euthanized (as described in Prager et al. 2020). Samples 
were analyzed using MAT (N=1373) to assess prior exposure; PCR of urine or kidneys (N=304), 
or culture (N=634) and Leptospira isolation (N=65) from urine and kidney, to assess current 
infection; and serum chemistry analyses (N=2787) to assess clinical impact of leptospirosis 
(Table 6.2.1.1). 
 

Figure 5.2.1.1. Map of California sea lion 
sampling locations. The map includes the Marine 
Mammal Center stranding range (in bright green), 
the California Channel Islands of the coast of 
southern California, and the three locations where 
wild, free-ranging sea lions were sampled – ANI 
(Año Nuevo Island), SMI (San Miguel Island), 
OR.WA (Oregon and Washington - shown in the 
inset). The area of the coast colored in orange 
indicates the California sea lion range. 
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Serum chemistry analyses were performed on an ACE Clinical Chemistry System (Alfa 
Wassermann Inc., West Caldwell, New Jersey, USA). Serum MAT was performed at the 
California Animal Health and Food Safety (CAHFS) laboratory, Davis, California, or at the 
CDC, Atlanta, Georgia, using live cultured Leptospira spp. (reference strains) to measure serum 
anti-Leptospira antibody titers. Samples run at CAHFS were run against a 1 or 6 serovar panel 
and samples run at the CDC were run against a 2 or 19 serovar panel (as described in (Prager et 
al., 2015, 2020)). We only report MAT titer results against L. interrogans serovar Pomona as 
historically this is the strain that elicits the highest MAT titer in the majority of California sea 
lions tested (Lloyd-Smith et al., 2007), and it is the only serovar ever isolated from this host 
species over five decades of study (Prager et al., 2013; Zuerner & Alt, 2009). Serum samples 
were tested at doubling dilutions starting from 1:100, and agglutination was read using dark field 
microscopy. Endpoint titers were reported as the highest dilution that agglutinated at least 50% 
of the cells for the strain tested (Dikken & Kmety, 1978). Titer results were log transformed for 
ease of interpretation using the following formula: log2(titer/100) + 1, thus a titer of 1:100 = 1, 
1:200 = 2, etc. Titers reported as <1:100 were set equal to 0 on both the log and regular scale. 
Throughout this section, “antibody titer” refers to this log transformed titer value. All animals 
with a detectable titer (i.e. ≥1:100) were considered seropositive and assumed to have been 
infected with Leptospira at some point. 

We assessed leptospiral DNA shedding in urine using real-time PCR (Wu et al., 2014). 
Because urine was collected under anesthesia, and anesthesia can pose a health risk to 
compromised animals, urine was collected only from sea lions undergoing anesthesia for other 
clinical purposes or during necropsy; anesthesia was never performed for the sole purpose of 
collecting a study sample. Individuals shedding leptospiral DNA were considered infected and 
infectious because the primary mode of transmission of Leptospira is by either direct or indirect 
contact with leptospires shed in the urine of infected individuals (Ellis, 2015). 

All California sea lion samples were collected under authority of Marine Mammal 
Protection Act Permits No. 932-1905-00/MA-009526 and No. 932-1489-10 issued by the 
National Marine Fisheries Service (NMFS), NMFS Permit Numbers 17115-03, 16087-03, and 
13430. The sample collection protocol was approved by the Institutional Animal Care and Use 
Committees (IACUC) of The Marine Mammal Center (Sausalito, CA; protocol # 2008-3), the 
University of California Los Angeles (ARC # 2012-035-12), and the Marine Mammal 
Laboratory (Alaska Northwest 2013-1 and 2013-5). The Marine Mammal Center and the Marine 
Mammal Laboratory adhere to the national standards of the US Public Health Service Policy on 
the Humane Care and Use of Laboratory Animals and the USDA Animal Welfare Act. UCLA is 
accredited by AAALAC International and adheres to the national standards of the US Public 
Health Service Policy on the Humane Care and Use of Laboratory Animals and the USDA 
Animal Welfare Act. Isoflurane gas was used to anesthetize all wild-caught, free-ranging sea 
lions for sampling, and from all stranded sea lions from which urine was collected. 

5.2.2. Extend long-term time series of CSL demography 

California sea lion mark-resight-recovery efforts were conducted from 2015 through 
2018 (as described in (DeLong et al., 2017)), extending this long-term time-series to 33 years 
(1987-2019; Table 6.2.2.1). Briefly, approximately 300 California sea lion pups were weighed 
and branded on San Miguel Island each year in late September or early October (i.e. at roughly 4 
months old). A subset of branded pups were reweighed in February of the following year (i.e. at 
roughly 8 months old), and mean weights were calculated by age and sex. Brand-resights of all 
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age and sex classes were conducted on San Miguel Island and Año Nuevo Island at key 
timepoints throughout the year. These data were then analyzed using a Cormack-Jolly-Seber 
model to estimate age-specific survival. The modeling approach is as described in DeLong et al. 
(DeLong et al., 2017), however the R (R Core Team, 2019) package markedTMB (Laake, 2020), 
a derivative of marked (Laake, 2013), was used rather than RMark (Laake, 2013), and a multi-
state model was used to estimate movement between locations. Survival estimates and pup 
counts were then used to numerically reconstruct the population by age and sex class as 
described previously (Laake et al., 2018), with the exception that density-dependent effects were 
not included.  

5.2.3. Understand how intrinsic and extrinsic non-stationarities drive leptospirosis 
outbreaks in CSL 

5.2.3.1. The endemic period 

Leptospirosis data 
Since 1983, California sea lions (Zalophus californianus) stranding along the central 

California coast (3742'N, 12305'W to 3559'N, 12130'W) have been rescued and treated by 
TMMC. Weight, sex, and estimated age class of all sea lions are recorded. Leptospirosis 
diagnosis was based on a combination of clinical symptoms and serum chemistry analysis, as 
described in (Gulland et al., 1996; Lloyd-Smith et al., 2007). Annual case numbers were 
calculated as the total number of cases that strand between July 1st of the current observation 
year and June 30th of the following year. Such July-June years are typically used as sea lions 
observation years because they correspond more closely to their biological breeding cycle 
(DeLong et al., 2017).  

To derive a normalized, continuous measure of leptospirosis outbreak intensity, we 
divided the total number of leptospirosis cases by the total size of the sea lion population that 
year (excluding pups), taken from the demographic reconstruction conducted by (Laake et al., 
2018). To obtain a categorical classification of outbreak intensity, years were divided into "weak 
outbreak", "medium outbreak", or "strong outbreak" years using threshold values 0.00045 and 
0.0011 cases/population size, determined using k-means clustering (using core R (R Core Team, 
2018) function kmeans). 

Susceptible reconstruction 
The supply of susceptible hosts is a crucial driver of the dynamics of immunizing 

infections. It is often called an ‘intrinsic driver’ since it arises from factors intrinsic to the host-
pathogen system. We estimated temporal changes in relative susceptibility of the sea lion 
population by combining long-term datasets on sea lion recruitment, survival, and leptospirosis 
cases, building on a method developed for human childhood infections (Finkenstädt & Grenfell, 
2000). The existing method does not account for survival as this effect is generally negligible for 
humans. For most animals, however, variation in survival is likely to impact demography. 
DeLong and colleagues found strong interannual variation in survival of young sea lions, which 
likely have a significant effect on how many susceptible sea lions are present in the population 
each year (DeLong et al., 2017). We therefore extended the existing method (Finkenstädt & 
Grenfell, 2000) so that it could take into account age- and sex-specific survival. We combined 
the annual cases time series (see section 6.2.1.1, Figure 6.2.1.1) data with a recent time series of 
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estimates of sea lion population size (see section 6.2.2, Figure 6.2.2.2) for all age and sex classes 
(Laake et al., 2018), and computed the quantity: 

𝑆௔,௧ ൌ 𝑆௔ିଵ,௧ିଵ𝜎௔ିଵ,௧ିଵሺ1 െ
ଵ

௉೚್ೞ

஼ೌషభ,౪షభ

ௌೌషభ,౪షభ
ሻ , 

where S is the number of susceptibles, a is the age of the animals in the S cohort being 
calculated, t is the year for which S is being estimated, 𝜎௔ିଵ,௧ିଵ is the proportion of animals aged 
a-1 in year t-1 that survives to year t (and thus become age a), 𝑃௢௕௦ is the probability of 
observing a leptospirosis case, 𝐶௔ିଵ,௧ିଵ is the number of stranded leptospirosis cases of age a-1 
in year t-1, and 𝑆௔ିଵ,௧ିଵ is the number of susceptibles of age a-1 in year t-1.  

For any given year t, this method estimates the number of susceptible individuals of age a 
that remain in the population after accounting for loss due to infection and mortality (using 
survival estimated in (DeLong et al., 2017)). All individuals were assumed to be susceptible in 
1983, based on the fact that no confirmed cases of leptospirosis in CSL were observed from the 
start of observations at TMMC in 1975 until mid-1984. 

We do not know the value of parameter 𝑃௢௕௦, which is the proportion of infected 
individuals that end up stranding and being detected within the operating range of TMMC. 
Because 𝑃௢௕௦ affects estimation of the absolute number of susceptibles, we tested a range of 
values for 𝑃௢௕௦, and found that for all values that do not result in over-estimates of the number of 
susceptibles (i.e. returning values larger than the population size), the patterns of the 
susceptibility index were highly similar after scaling to mean 0 and standard deviation 1, and 
normalizing susceptibles by dividing by population size. We therefore arbitrarily chose a mid-
range value of 𝑃௢௕௦ = 0.01 and used the normalized and scaled (mean = 0, SD = 1) proportion of 
susceptibles, as this represents the relative changes in susceptibility over time that we are 
interested in. 

Analysis of sex and age classes associated with Leptospira transmission 
A key question is which sex and age classes are most important for driving Leptospira 

transmission. We tested this by calculating several versions of the proportion of susceptibles, 
each of which includes a different combination of sex and age classes (Figure 6.2.3.2). For each 
of these reconstructions, a univariate regression model (generalized linear model with log link 
function and Gamma error distribution) was fit with the number of cases divided by population 
size as outcome variable. Model fits were compared using cross-validation statistics (as 
described below in the section on model selection), and these fits were used as a basis for 
assessing which sex and age classes might be the most important determinants of susceptibility 
in the population. The tested combinations are shown in Table 6.2.3.1. 

Testing for indirect influence of the environment via demographic processes  
The main goal of this study is to disentangle the relative contributions of susceptibles and 

environment to outbreak size. There are two pathways through which environment could affect 
transmission: (1) directly through effects on body condition or behavior that alter an individual’s 
immune function or the contacts between individuals, and (2) indirectly by affecting the 
proportion of susceptibles through effects on sea lion survival and birth rate. Here, we assessed 
evidence for the latter by creating a new estimate of susceptibles that removes observed 
interannual variation in survival and birth rate caused by environmental and other factors. This 
variable was then compared with the original susceptible reconstruction in order to estimate 
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whether demographic variation is an important contributor to variation in outbreaks of 
leptospirosis.  

The new estimate of susceptibles was calculated using the same method used for the 
original susceptible reconstruction, but instead using new estimates of population size that were 
based on smoothed birth rates and survival. Smoothed annual birth rates are the values predicted 
by a linear regression fitted to the full birth rate time series, which effectively smooths out 
annual variation while retaining the observed overall increase in birth rates. Smoothed survival 
was calculated by taking the overall mean for each age class, which removes annual variation but 
retains age-specific differences in survival. Finally, this estimate of susceptibles was divided by 
the smoothed population size (calculated using the smoothed birth rate and survival estimates).  

The contributions of the two estimates to outbreak size were then compared by fitting a 
model for each estimate, using the approach described above.  

Environmental covariates 
Out of many potential environmental variables, we selected a small number that may be 

important for different aspects of sea lion biology. This selection was based on existing 
knowledge on sea lions and hypothesized influences on Leptospira transmission dynamics.  

Coastal upwelling is crucial for ecosystem productivity, as upwelling currents transport 
nutrients to the coastal ecosystem (Bograd et al., 2009). Optimal nutrient availability occurs 
when downwelling and upwelling are intermittent, due to a trade-off between nutrient transport 
from deep currents to the surface and oceanward removal of nutrients already at the surface, 
analogous to a conveyer belt (Menge & Menge, 2013). Upwelling conditions have rapid effects 
on the abundance and location of fish, including prey species such as anchovy and sardine 
important to sea lions (Chavez et al., 2003). In the short term, the location of prey species is 
strongly linked to local upwelling conditions, while conditions over longer periods will affect 
both the location and abundance of fish (Chavez et al., 2003). Down- and upwelling are seasonal, 
and the earlier in the year the period dominated by upwelling starts, the higher that year’s 
ecosystem productivity tends to be (Bograd et al., 2009). This annual start of the upwelling 
season is called spring transition. Both coastal upwelling and timing of spring transition are 
therefore likely to be important for sea lion survival (prey abundance) and movement/mixing 
(prey location). Like upwelling, sea surface temperature (SST) is known to affect fish abundance 
and location, and significant correlations between SST and sea lion foraging behavior, as well as 
survival, have been observed (Melin et al., 2008). Upwelling, spring transition, and SST are three 
potentially important abiotic variables affecting sea lion condition and movement. We further 
include two biotic variables as proxies for cumulative environmental conditions experienced by 
sea lions over the course of the year preceding an outbreak. Pup survival is a proxy for 
conditions affecting lactating females, and yearling survival is a proxy for conditions affecting 
young sea lions that forage independently. 

Sea surface temperature (SST) data are freely available from the National Data Buoy 
Center (NOAA) at www.ndbc.noaa.gov. To represent the southern sea lion range, we used data 
from buoy 46025 (33.749N, 119.053W). For the center of the range, there is no single buoy for 
which data are available for the entire study period, so instead we had to use a combination of 
buoys 46026 (37.755N, 122.839W), 46028 (35.712N, 121.858W), and 46042 (36.785N, 
122.398W). For the north of the range, we used a combination of buoys 46010 (46.200N, 
124.200W), 46029 (46.143N, 124.485W), and 46089 (45.925N, 125.771W) (Figure 5.2.3.1). 
Upwelling index data are freely available from the Pacific Fisheries Environmental Laboratory 
(NOAA) at www.pfeg.noaa.gov. These were used as a measure of upwelling conditions and to 
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calculate the timing of spring transition, calculated as the day of the first half of the calendar year 
on which the cumulative upwelling index reaches a minimum, following (Bograd et al., 2009). 
Upwelling data measured at latitudes 36N and 39N were used to represent conditions in the 
south and center of the sea lion range. Figure 5.2.3.1 shows the location of each buoy and each 
oceanographic variable that is under consideration for model selection. In order to allow direct 
comparison of fitted effect sizes of each variable in a model, anomaly data were used. Monthly 
SST and upwelling anomalies were calculated by subtracting the overall mean value of a month 
from the observed value for that month, so that only the relative variation over time was used for 
each variable. For each of the two periods considered for these two variables (Jun-Jul and Aug-
Sep-Oct), the mean for those two or three months was used. Annual anomaly data were used for 
the timing of spring transition and for pup and yearling survival.  

 

Figure 5.2.3.1. Map of the US 
West Coast, the occurrence range 
of CSL, and buoy locations. 
Shows most of the occurrence range 
of California sea lions (source: 
IUCN Red List), buoy locations of 
all buoys used for environmental 
data (source: National Data Buoy 
Center, NOAA), and the location of 
environmental variables used for 
model selection (SST = sea surface 
temperature, ST = timing of spring 
transition, Upw = Upwelling index). 
Map created using packages rgdal 
(Bivand et al., 2018), ggmap (Kahle 
& Wickham, 2013), ggplot2 
(Wickham, 2016) in R (R Core 
Team, 2018).  

 

 

 

Model fitting and model selection 
The main goal of this study is to identify important demographic and environmental 

drivers of Leptospira transmission, as represented by interannual variation in outbreak size. To 
determine which combination of variables is best able to explain annual outbreak size, we used 
generalized additive models that allow for nonlinear effects of variables. Natural splines were 
used as nonlinear functions, limiting the number of knots to 1 in order to ensure that variable 
effects can be interpreted in a meaningful way. A Gamma error distribution and log link function 
were used to account for over-dispersed proportional data (number of cases divided by 
population size) constrained to be larger than 0 (Hardin & Hilbe, 2002). In order to limit model 
complexity and retain biological interpretability, the number of variables in a model was 
restricted to be between one and four. 
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Selection of top models was done using cross-validation to assess out-of-sample 
predictive accuracy. Owing to the autocorrelated nature of time series data, regular leave-one-out 
cross-validation would not be appropriate, so instead we used hv-block cross-validation, where 
one focus (h) datapoint as well as two (v) prior and two following datapoints were removed from 
the training set, and the focus point was predicted with the model trained on the remaining 
datapoints (Racine, 2000). This was repeated for each datapoint in the time series. The out-of-
sample predictions for all datapoints were stored, and this full set of predictions was compared 
statistically with the observed data. 

We used a combination of two statistics to assess model fit and to rank models. Adjusted 
R2 (adjusted to penalize for larger numbers of variables (Mittlböck & Heinzl, 2002), using 1 െ
ವ೐ೡ೔ೌ೙೎೐೔
೙ష೛షభ

ವ೐ೡ೔ೌ೙೎೐೙ೠ೗೗
೙షభ

, where Deviancei = the deviance of model i, Deviance0 = deviance of the null model, 

n = sample size and p = number of parameters) captures the overall fit of the model to 
observations, but R2 is sensitive to large differences between observed and predicted values. This 
means that even if the model would, for example, predict all outbreak years accurately except for 
one year with a large outbreak, the R2 value might be much lower than that of a model that 
results in worse predictions for most years but predicts one very large outbreak year well. It is 
therefore not optimal for situations with over-dispersed data. In order to balance this effect and 
introduce more biological relevance into the model selection procedure, we implemented an 
additional “Feature Mismatch” (FM) statistic. To calculate the FM value, outbreak years were 
first categorized into "weak", "medium" and "strong" outbreaks as described above. Each 
predicted datapoint was then given a mismatch score to indicate how strongly its outbreak 
category differs from the observed category for that year, receiving 0 when the outbreak was in 
the same category, 1 when they differ by one degree (weak vs. medium or medium vs. strong), 
and 2 when strong was predicted for a weak-outbreak year or vice versa. The FM value for a 
model is the sum of mismatch scores for all predicted datapoints (i.e. the lower the FM value, the 
better the correspondence between predicted and observed time series of outbreak categories). 
Finally, the models were ranked taking into account both Adjusted R2 and FM by summing the 
relative ranks within each statistic. 

After this initial model selection step using cross-validation, the 20 top-ranked models 
were fit to the full dataset, and Akaike weights (Burnham & Anderson, 2002) were computed for 
all models. Akaike weights use AIC values to calculate a relative measure of importance of each 
model in a selection of models 

Environment and body condition 
Spring transition is suspected to influence transmission through effects on sea lion body 

condition and immunity. As a preliminary look at the biological mechanisms that link 
environment and transmission, we tested the correlation between body condition and spring 
transition south. As a proxy for body condition, we used body mass index (BMI; body weight 
(kg) / body length (m)2). Gaussian linear regression and ANOVA were used to test the 
correlation between the dependent variable, BMI, and spring transition. Because BMI is 
dependent on age, the interaction between age class and spring transition was tested and, if 
significant, a regression model was fit for each age class. Sea lions can experience significant 
morbidity from causes other than leptospirosis (Greig et al., 2005), which can affect body 
condition and possibly the correlation between environment and body condition. We therefore 
tested the interactive effect of the most important co-morbidities (pneumonia, domoic acid 
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toxicity, malnutrition) on the relationship between environment and body condition by including 
each of these comorbidities separately in the regression models. 

There was a significant negative correlation between BMI and spring transition south for 
all age classes except adults (test statistics for regression incl. all ages: effect est. = -0.5  0.2, F-
value = 49.1, df = 8759, P-value < 0.0001; also reported in section 6.2.3.1). Analyses and results 
on the effects of comorbidities (i.e. having been diagnosed with pneumonia, domoic acid 
toxicity, or malnutrition) on the correlation between BMI and spring transition can be found in 
the appendix for 6.2.3.1. These results are provided for completeness, but together indicate that 
the effects of comorbidities are inconsistent and only seen for some age classes. 

Real-time prediction 
A model that can adequately predict outbreak size ahead of time would not only increase 

confidence in the selected variables, but would also help the preparedness of rescue centers along 
the US Pacific Coast and the pathogen control and risk communication strategies of agencies 
working to mitigate risk to humans, their pets, and species of conservation concern that share the 
coastal environment where sick sea lions strand. We therefore tested how well different models 
were able to predict outbreak size ahead of the outbreak season. We aimed to predict outbreak 
size of year t using models fitted to all data up to year t - 1, which would resemble a realistic 
situation where all past data are available. The starting dataset for this one-step ahead prediction 
consisted of the first 14 years (1984-1997) and was used to predict year 15 (1998). The second 
dataset then included the first 15 years (1984-1998) and was used to predict year 16 (1999), and 
so on until 2012. This resulted in a dataset of 15 predicted years (1998-2012).  

Candidate variables for the prediction models included all variables available before or at 
the start of the outbreak season (August): susceptibles, spring transition (south, central, north), 
SST (south, central), yearling and pup survival, and the number of cases in the preceding year. 
We fit generalized linear models with Gamma error distribution and log-link function (as 
opposed to a generalized additive model, which was no longer required because the only 
nonlinear function that had been estimated was for upwelling and this variable was not a 
candidate variable here). A maximum of three variables in one model was allowed. Adjusted R2 
and FM scores of the combined dataset of all predicted years were used as model selection 
statistics. The five top scoring models were then used to calculate a model-averaged prediction 
for each year. This was done for each year by first calculating the AIC values for the fit of each 
of the five models to the years preceding the predicted year and then using these AIC values to 
calculate Akaike weights, which then allowed the calculation of a weighted average prediction. 

Long-term prediction of climate change impacts  
The finding that leptospirosis outbreaks in sea lions are driven by environmental 

conditions provides an opportunity for assessing potential effects of climate change on future 
outbreak size. Existing research on climate change effects on the California Current system 
provides a solid basis for simulating the effects of different climate change scenarios on 
leptospirosis outbreak size. 

The top model resulting from the main model selection procedure was used to predict 
outbreak size under various simulated environmental conditions based on published literature. 
We considered two types of scenarios – altered mean conditions and increased variation – 
separately as well as in combination. First, simulated values were generated for each of the three 
environmental variables in the top model. For each year of the existing dataset, outbreak size was 
then predicted using the fitted functions of the top model, but in a stepwise manner in order to 
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realistically reconstruct susceptibles. For the first year, the original proportion of susceptibles 
was used as input for the model, combined with that year’s simulated values for the three 
environmental variables. This resulted in a predicted outbreak size for the first year. In order to 
predict the next year, we first performed susceptible reconstruction taking into account the 
observed survival and population size data, but, instead of using the observed number of cases 
for the preceding year, we used the predicted number of cases instead. This new value for 
susceptibles was then used as input for the model in order to predict outbreak size in the second 
year. This procedure was applied to all remaining years. Note that the environment is also known 
to directly affect sea lion survival, which may in turn affect transmission rates and outbreak size. 
This effect was not included in these models because the correlation between the different 
environmental variables and sea lion survival is unknown.  

Simulations of the environmental variables were based on published predictions. 
Upwelling in the south of the sea lion range was predicted to become weaker during summer 
(Brady et al., 2017), and spring transition was predicted to start later in the year (Bakun et al., 
2015; Barth et al., 2007; Schwing et al., 2006). As SST correlates inversely with upwelling 
(upwelling water lowers SST), SST was expected to increase (Brady et al., 2017).  

Software 
All data manipulation, statistics and plotting were done using R software (R Core Team, 

2018), and R packages ggplot2 (Wickham, 2016), ggmap (Kahle & Wickham, 2013), mgcv (S. 
Wood, 2011), gganimate (Pedersen & Robinson, 2019), dplyr (Wickham et al., 2019). 

5.2.3.2. Fadeout and re-emergence 

Datasets compiled in other sections of this report were used to characterize the observed 
fadeout and reemergence of Leptospira in the California sea lion population (first described in 
6.2.1) and to identify the underlying mechanisms driving these events. These datasets include the 
long-term time-series of Leptospira in stranded California sea lions (6.2.1), of sea lion 
demography, movement, and pup weight (6.2.2), and of Leptospira in wild-caught, free-ranging 
California sea lions (6.3.6). 

5.3. Understanding the Santa Rosa Island outbreak 

5.3.1.  Long-term surveillance of the leptospirosis outbreak on Santa Rosa Island 

Sample collection and population monitoring: island foxes and spotted skunks 

Trap set-up 
Foxes and skunks were trapped on grids annually from 2009 through 2020 on 18 twelve-

trap grids, each run for 6 consecutive nights (Figure 5.1.1.2). Grids were run in July and August 
most years, with two years extending slightly later into the fall. Tomahawk live traps 
(Tomahawk Live Trap, Tomahawk, WI, USA; 0.66m X 0.23 m X 0.23m) were baited with dog 
kibble and had loganberry lure placed on and around each trap each day. Traps were checked 
once a day every morning and left open for 24 hours (Figure 5.3.1.1). In addition to the annual 
grid trapping, supplemental target trapping to administer vaccinations, fit radio collars, and 
collect additional samples was conducted between July and February of each fox year from 
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2003-2020. As in section 5.1, a fox year is defined as March through February, and corresponds 
with the beginning of the fox breeding season (since pupping begins each year in March). 

 

 

Figure 5.3.1.1. Island fox in a Tomahawk trap. 
 

Fox sample and data collection 
Upon capture all foxes were scanned for a passive integrated transponder (PIT tag) to 

uniquely identify each individual. If it was the first time a fox was captured, the fox was injected 
with a PIT tag. During handling, foxes were weighed, sexed, assessed for overall condition, 
parasite load, reproductive status, body condition, and age class. Body condition was assessed on 
a scale of 1-5, where 5 is obese, 1 is emaciated, and 3 is optimal. Age class was determined by 
tooth wear on a scale of 0 to 4 with 0s being pups and age classes 1-4 being adults (Wood, 1958). 
Female reproductive status was classified into three categories: not active, lactating, and signs of 
lactation. Blood was collected from as many foxes as possible during trapping with 1-3 samples 
collected per fox throughout the trapping season. Up to 10 ml of blood per adult fox and 4 ml of 
blood per pup was collected by venipuncture with a 22 gauge, 1 inch needle (Figure 5.3.1.2). 
Urine was collected from foxes when possible beginning in 2011. Urine was collected via 
cystocentesis using a 22 gauge, 1 inch needle (Figure 5.3.1.2), or on occasion via “free catch” 
opportunistically during the examination 

Foxes began being released back into the wild in 2003 and were closely monitored from 
the beginning. Therefore, during the course of this long-term study, an impressively large and 
comprehensive database was assembled, which provides the foundation for our investigations 
into Leptospira dynamics in foxes on SRI. This database consists of 18 years of trapping data, 12 
years of grid trapping data, 18 years of sample collection, and 16 years of test results from 
samples collected from wild (vs. captive foxes during the breeding program, which ended in 
2009) Channel Island foxes (Table 5.3.1.1, Table 5.3.1.2). These data represent 7854 captures of 
1653 individual wild foxes. Serological analysis by MAT has been conducted on 2898 serum 
samples, from 1385 unique individuals; PCR results have been obtained from 993 urine samples, 
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from 598 unique individuals; culture results have been obtained from 834 urine samples, from 
518 unique individuals (Table 5.3.1.2). 

 

 

Figure 5.3.1.2. Collecting blood and urine samples from island foxes. (Left) Blood collection by 
venipuncture. (Right) Urine collection by cystocentesis. 

The long-term nature of the study, combined with the fact that the SRI island foxes are a 
relatively small population on an isolated island, means that many individual animals have been 
repeatedly trapped and sampled over multiple years (Table 5.3.2.1). 1385 individual foxes were 
tested for evidence of antibodies against Leptospira via MAT; of those, 221 were tested at least 
four times, and 1 was tested 11 times. 598 individual foxes were tested for evidence of infection 
and shedding via urine PCR; of those, 243 were tested more than once, and 1 was tested 8 times. 
Thus, the data set provides the rare opportunity to explore longitudinal patterns within individual 
foxes, as well as the cross-sectional patterns traditionally used to investigate most wildlife 
disease systems.  
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Fox 
Year 

Captures 
Total 

Individuals 
Total 

Captures 
Grids 

Individuals 
Grids 

2003 25 9 NA NA 
2004 64 18 NA NA 
2005 51 24 NA NA 
2006 111 39 NA NA 
2007 115 49 NA NA 
2008 262 96 NA NA 
2009 296 140 126 67 
2010 472 166 132 63 
2011 282 164 171 86 
2012  370 191 317 152 
2013 668 307 371 152 
2014 688 304 418 148 
2015 727 292 589 219 
2016 731 285 671 239 
2017 742 363 561 235 
2018 862 377 694 274 
2019 750 316 642 245 
2020 638 308 570 267 
Total 7854 1653* 5262 1047* 

Table 5.3.1.1. Trapping data for Channel Island foxes, including the number of total captures and 
unique individual wild foxes captured from 2003 to 2020. The first two columns show the total 
numbers combining target trapping and grids, while the last two columns show the numbers for grid 
trapping only. *Total number of individuals captured is the number of unique individuals from 2003-2020 
not the sum of number of individuals within each season.  
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Fox 
Year 

MAT 
Total 

MAT 
Individuals 

PCR 
Total 

PCR 
Individuals 

Culture 
Total 

Culture 
Individuals 

IHC 
Total 

IHC 
Individuals 

SerumChem 
Total 

SerumChem 
Individuals 

2004 2 2 1 1 0 0 1 1 6 6 
2005 2 2 0 0 0 0 0 0 17 16 
2006 33 31 4 4 0 0 3 3 40 33 
2007 37 37 3 3 0 0 0 0 32 32 
2008 46 46 2 2 0 0 2 2 5 5 
2009 99 99 1 0 0 0 1 1 22 22 
2010 154 144 1 1 11 11 1 1 34 29 
2011 161 153 33 33 36 36 0 0 53 51 
2012 184 181 45 44 39 38 0 0 53 51 
2013 341 292 186 166 158 122 0 0 102 88 
2014 336 303 217 198 198 182 0 0 80 73 
2015 309 283 191 175 178 160 0 0 73 64 
2016 266 265 56 56 56 56 0 0 0 0 
2017 299 296 75 75 67 67 0 0 0 0 
2018 341 328 55 53 50 48 0 0 0 0 
2019 288 284 123 120 41 41 0 0 0 0 
Total 2898 1385*  993 598* 834 518* 8 7* 517 207* 

Table 5.3.1.2. Samples from wild Channel Island foxes. Data includes the number of samples collected for MAT, PCR, Culture, and IHC 
analysis by total samples collected (Total) and by unique individual island fox (Individuals) in 2004-2019. *Total number of individuals sampled 
is the number of unique individuals sampled per test type from 2004-2019 not the sum of number of individuals within each season. 
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Skunk sample and data collection 
Upon capture during grid trapping, all skunks were scanned for PIT tags and newly 

captured skunks were injected with PIT tags. During target trapping, however, not all skunks 
were individually marked in all years. Skunks were not tagged in 2004-2005. Most skunks were 
individually tagged in 2006-2008 and again in 2011-2020. However, during target trapping in 
2009-2010, many skunks were not individually tagged. PIT tagged skunks were weighed, 
assessed for overall condition, parasite load, tooth wear, and age class. Skunks were classified as 
either adults or juveniles as determined by weight and tooth wear. When possible, blood was 
collected via jugular venipuncture using a 23 gauge 1 inch needle, and urine was collected via 
free catch, expression (via palpation of the bladder and exertion of gentle pressure), or 
cystocentesis. These procedures are very challenging in the field due to the skunks’ small size, 
therefore sample sizes are lower than trapping events.  

Between 2003 and 2020, during the course of 25743 trap nights, there were 3392 skunks 
captured (Table 5.3.1.3), of which at least 1638 were unique individuals. However, the true 
number of unique individuals is unknown since some skunks were not PIT tagged. Of samples 
collected between 2011 and 2019, 336 skunk sera have been analyzed for anti-Leptospira 
antibodies by MAT (excluding duplicates of samples that were retested), 75 urine or kidney 
samples have been analyzed for Leptospira DNA via PCR, and culture and Leptospira isolation 
has been attempted on 32 urine samples (Table 5.3.1.4). 

 Sample processing in the field 
After collection in the field, blood was placed into a red-top tube and then into a cooler 

with ice. Usually between 3-5 hours after collection, blood samples were centrifuged to separate 
the serum and red blood cells. Serum was aliquoted into 2 ml cryovials, and samples were then 
placed immediately into a -20C freezer. Beginning in 2010, all stored samples were transferred 
to a -80C freezer, and new samples were placed into the ultra-cold freezer within 1-6 months of 
collection. 

Upon collection, 1cc of sterile urine was placed into transport media, and then 0.1cc of 
the urine/transport media mixture was inoculated into culture media (Adler & de la Peña 
Moctezuma, 2010). The remaining urine was placed into a red top tube and immediately placed 
into a cooler of ice. Within 3-5 hours of collection, the whole urine was centrifuged for 20 
minutes until a pellet formed. The supernatant was discarded, and the pellet retained. The pellet 
was then resuspended in 1cc of phosphate buffered saline and centrifuged for an additional 20 
min. The rinsed pellet was then immediately stored in a -20C freezer (Wu et al., 2014). 
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Fox 
Year 

Trap 
Nights 

Captures 
Total 

Captures 
With ID 

Captures 
No ID 

Unique 
IDs 

2004 542 161 0 161 0 
2005 368 68 1 67 1 
2006 995 448 417 31 343 
2007 682 293 293 0 255 
2008 1612 629 614 15 443 
2009 2089 445 282 163 179 
2010 2573 291 122 169 91 
2011 1689 199 167 32 129 
2012 1592 221 204 17 168 
2013 2045 257 239 18 177 
2014 2005 201 192 9 146 
2015 1710 51 51 0 41 
2016 1477 32 30 2 26 
2017 1656 20 19 1 19 
2018 1678 16 16 0 15 
2019 1538 17 17 0 16 
2020 1492 43 43 0 37 
Total 25743 3392 2707 685 1638* 

Table 5.3.1.3. Trapping data for island spotted skunks, 2004-2020. Data includes the number of trap 
nights, the total number of skunk captures, the number of captures with IDs, the number of captures 
without IDs, and the number of unique IDs captured. Number of individuals is unknown in years where 
there are captures that were not given an ID. *The total number of unique IDs is the number of unique 
IDs between 2004 – 2020 not the sum of the number of unique IDs captured each season. 

Fox Year MAT PCR Culture 
2010 9 0 8 
2011 31 1 1 
2012 70 19 15 
2013 89 31 6 
2014 94 18 2 
2015 25 2 0 
2016 7 2 0 
2017 0 0 0 
2018 4 0 0 
2019 7 2 0 
Total 336 75 32 

Table 5.3.1.4. Samples from island spotted skunks, 2010-2019. Data includes the number of samples 
collected for MAT, PCR, and Culture analysis from island spotted skunks in 2010-2019.  
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Sample analysis  

Microscopic agglutination test (MAT) 
Serum samples were tested for the presence of antibodies against Leptospira using MAT 

as described in section 5.1. Fox serum samples collected prior to 2016 were tested at the CDC. 
However, the CDC lab became overwhelmed with public health emergencies, and so fox 
samples from 2016-2019 were tested at the Animal Health Diagnostic Center (ADHC) in Ithaca, 
New York. To calibrate between the labs, 90 samples were tested at both CDC and ADHC. All 
samples analyzed at CDC were titrated to endpoint against serovars Pomona and Autumnalis, 
while samples analyzed at ADHC were only taken to endpoint against serovar Pomona (see 
sections 5.3.2.5 and 6.3.2.5 for more detail). Due to variation in MAT results between the two 
labs (analyzed in section 6.3.2.4), fox samples were considered to have a positive MAT test if 
they had a titer equal to or greater than 1:100 against either serovar Pomona or Autumnalis at 
CDC, or a titer greater than 1:100 against serovar Pomona at ADHC. For quantitative analyses of 
MAT titer levels, the samples tested at ADHC were corrected to match the sensitivity of CDC 
data by subtracting one two-fold dilution.  

All skunk serum samples were tested at CDC and were considered positive if they had a 
titer of 1:100 or greater against either serovar Pomona or Autumnalis. Skunk samples collected 
in 2016 and later were also tested at ADHC, however the two labs returned vastly different 
results for skunk samples. For all longitudinal analyses of skunk samples, the results from CDC 
were used to maintain consistency. Results from ADHC, which had a much higher sensitivity in 
the skunk samples, are presented in Table A.5.  

Polymerase chain reaction (PCR)  
Urine and frozen kidney samples were processed and tested for pathogenic Leptospira via 

real-time PCR as described in section 5.1.1.  

Bacterial culture 
Sterile urine samples collected via cystocentesis were cultured by placing 1cc sterile 

urine into transport media then inoculating culture media with 0.1cc of the urine/transport media 
blend (Adler, 2015). Cultures were stored with lids partially unscrewed to allow in a small 
amount of air, and they were kept in a dark room at room temperature until they were sent to the 
lab. Cultures from the 2010 season were sent to the USDA National Animal Disease Center in 
Ames, IA. Cultures from the 2012 season on were sent to the CDC in Atlanta, GA. Cultures from 
the 2011 season were sent to both USDA and CDC.  

Immunohistochemistry (IHC) 
As described in 5.1.1, IHC analysis was conducted on tissue from a small number of fox 

carcasses that were recovered in suitable condition. Formalin fixed paraffin embedded tissue 
from archived fox carcasses was cut and placed onto slides and sent to Colorado State University 
Veterinary Diagnostic Labs to be stained and tested via IHC. 

Calculation of seroprevalence and prevalence 
Seroprevalence and infection prevalence were calculated for each fox year (March – 

February). Seroprevalence was calculated from MAT data using the thresholds defined above, 
and infection prevalence was calculated from PCR and IHC data for foxes and PCR and culture 
data for skunks. Skunk tissue was not examined via IHC, and there was never a fox that had a 
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positive culture that did not also have a positive PCR, so those tests were not used for those 
species in calculating prevalence. For each individual and each diagnostic test type, one test 
result was used per fox year to compute seroprevalence (MAT) or infection prevalence (PCR or 
IHC). If an individual had mixed test results within a year, the positive test result was used. 
Uncertainties were calculated as 95% binomial confidence intervals.  

 
5.3.2. Analyze data to understand the ecology of leptospirosis in island foxes 

5.3.2.1. Longitudinal data 

Fox sample and data collection 
The long-term nature of this study, combined with the fact that the SRI island foxes are a 

relatively small population on an isolated island, means that many individual animals have been 
repeatedly trapped and sampled over multiple years (Table 5.3.2.1). 1385 individual foxes were 
tested for evidence of antibodies against Leptospira via MAT; of those, 221 were tested at least 
four times, and 1 was tested 11 times. 598 individual foxes were tested for evidence of infection 
and shedding via urine PCR; of those, 243 were tested more than once, and 1 was tested 8 times. 
Thus, the data set provides the rare opportunity to explore longitudinal patterns within individual 
foxes, as well as the cross-sectional patterns traditionally used to investigate most wildlife 
disease systems.  

 
N Tests 1 2 3 4 5 6 7 8 9 10 11 

N Foxes MAT 1385 638 378 221 127 70 37 22 10 5 1 
N Foxes PCR 598 243 93 36 14 5 1 1 0 0 0 

Table 5.3.2.1. Number of individual foxes with longitudinal data on exposure (MAT) and infection 
(PCR) status. The numbers shown indicate how many foxes were tested at least N times by a given 
assay. For example, 127 individual foxes have been tested at least 5 times by MAT and, of these, 70 have 
been tested at least 6 times, and so on. This table only includes samples collected while each fox was in 
the wild. Captive-born foxes that were released to the wild were tested many more times while in 
captivity.  

5.3.2.2. Modeling antibody kinetics to estimate time of infection 

Knowing when individuals got infected with a pathogen can dramatically boost insights 
into infectious disease dynamics, both within and between hosts (Handel & Rohani, 2015; Pepin 
et al., 2017). This knowledge allows estimation of incidence (the number of new infections over 
time) and force of infection (the rate at which susceptible individuals become infected), which 
are quantities that are fundamental to modeling and predicting transmission dynamics (Heisey et 
al., 2006; Weitz et al., 2020) as well as developing mitigation strategies (Caley & Hone, 2004; 
Weitz et al., 2020). 

Knowledge of individual infection times is also relevant to a wide range of pathogen-
related factors, including interpretation of the time course of clinical signs of disease (Hawley et 
al., 2011), vaccine efficacy (Antia et al., 2018), risk factors for infection (Borremans et al., 2011; 
Pepin et al., 2019), pathogen spillover (Smith et al., 2014), effects of disease on wildlife health 
and survival (Tersago et al., 2012), pathogen immunity (Epstein et al., 2013), and tracing 
infection sources (Craft, 2015). However, even though a variety of data sources can theoretically 



 56

be used to estimate infection time (e.g. clinical signs of disease, antibody concentration, outbreak 
seasonality, contact tracing), there are a number of significant challenges that limit the 
widespread adoption of time-of-infection approaches, particularly in wildlife. Key challenges 
include determining methods to incorporate individual variation in response to infection 
(Simonsen et al., 2009; Teunis et al., 2002), integrate different data sources (Borremans et al., 
2016), address interval-censored data (Wilber et al., 2020), model the anamnestic response to 
reinfection (Pothin et al., 2016), and deal with antibody cross-reactivity. A currently unresolved 
major challenge is how to model biomarker dynamics when there is no population of individuals 
with a known infection time, which is particularly common in wildlife studies. 

Models of the dynamics of serological biomarkers, such as antibodies or pathogen 
DNA/RNA, constitute the foundation of most time-of-infection estimation methods (Brookmeyer 
& Gail, 1988; Gilbert et al., 2013; Teunis et al., 2016) in the rapidly expanding field of 
quantitative serology (Boni et al., 2019; Pepin et al., 2017; Teunis et al., 2012). The presence and 
concentration of such biomarkers can contain information about whether and when an individual 
has been infected (Borremans et al., 2016), the degree of immunity (Röltgen et al., 2020), 
infection severity (Vaughn et al., 2000), and whether and for how long they are infectious 
(Hardestam et al., 2008; Prager et al., 2020). Crucially, a biomarker can be used for such 
purposes only after its relevant properties have been quantified and when a model exists for how 
its presence or concentration correlates with the information of interest (e.g. time since 
infection). For example, a model of immunity to reinfection with rabies virus in vaccinated 
wildlife suggests that protective immunity should occur when the level of specific neutralizing 
antibodies is above a certain threshold (Moore et al., 2017). While biomarker models can range 
from purely conceptual to mathematical, they must exist before interpretation of new data is 
possible. 

Antibody dynamics can be a particularly rich source of information about time of 
infection. Following infection, the humoral immune response results in the production of 
different types of antibodies that are produced at different rates and in different quantities. 
Antibody levels decline after reaching a peak level shortly after infection, and this decay happens 
at a certain rate. When this rate is known, antibody levels measured at some later point can 
potentially be used to determine how long ago an individual was infected (Boni et al., 2019; 
Teunis et al., 2012). This in turn opens up the possibility to improve difficult-to-collect data on 
incidence in the population (Pepin et al., 2017; Wilber et al., 2020) and to estimate whether and 
for how much longer an individual is immune to reinfection (Borremans et al., 2015). 

Antibody dynamic models typically consist of three parts: (1) increasing phase (often 
ignored because it is typically short), (2) peak level, (3) decay phase (Teunis et al., 2016). Each 
of these parts needs at least one parameter to describe the functional shape of the antibody 
dynamics, and there are specific data requirements for estimating these parameters. The optimal 
situation for parameter estimation is the availability of experimental data where the time of 
infection is known for multiple individuals, combined with frequent longitudinal sampling of 
each individual until antibodies are no longer detectable. For example, experimental infection of 
the African rodent Mastomys natalensis with an arenavirus, followed by frequent sampling for 
the entire lifetime, enabled the development of an antibody dynamic model that could then be 
used to estimate time of infection of wild rodents based on a limited number of samples 
(Borremans et al., 2015, 2016). Similarly, experimental data on influenza A in snow geese and 
mallards have been used to model the antibody response following infection, and subsequently 
estimate infection times and population-level force of infection (Pepin et al., 2017).  
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Unknown infection times are particularly problematic for studies on wildlife infectious 
disease dynamics, where the periods between sampling can be long, sampling sizes are typically 
low, and experimental infections followed by longitudinal sampling are not feasible (Gilbert et 
al., 2013). This has likely been a major reason that quantitative serology methods have not yet 
been widely adopted in wildlife disease ecology (Gilbert et al., 2013). A standard approach to 
determining an animal’s time of infection is to take the midpoint between the interval bounded 
by the most recent time at which an individual is known to be antibody-negative and the first 
positive sample, or to consider this interval as a uniform distribution for infection. For example, 
a study on cowpox virus in field voles (Microtus agrestis) assumed a uniform infection 
probability of 2 weeks prior to the last negative result and 2 weeks prior to the first positive 
result, based on the assumption (i.e. a model) that antibodies are detectable 2 weeks after 
infection (Begon et al., 2009). Similarly, the time of seroconversion to Rift Valley fever virus in 
livestock used the midpoint between negative and positive samples taken at 1- to 2-month 
intervals (van den Bergh et al., 2019), which were subsequently used to estimate incidence over 
time. As the potential error on this estimate can be large (up to two months), improved estimates 
of infection or seroconversion time obtained through quantitative serology could result in 
dramatic reductions in incidence estimation error. 

Here, we present a general approach for modeling antibody dynamics when sampling is 
sparse and infection times are unknown (Figure 5.3.2.1). The approach uses Bayesian MCMC 
inference to integrate different sources of information about model parameters, with full 
consideration and propagation of uncertainty. Additionally, we show how the simultaneous 
integration of the dynamics of other biomarkers can lead to synergistic improvements in 
parameter fitting and infection time estimation. We apply this approach to Channel Island foxes 
(Urocyon littoralis) infected with Leptospira interrogans serovar Pomona. The framework 
presented here provides a way to deal with unknown infection times when modeling biomarker 
dynamics, which we hope will stimulate the more widespread use of quantitative serology in 
disease ecology. 

Antibody titer data  
This analysis used quantitative antibody titer data derived from MAT assays performed 

on serum samples from island foxes on SRI, as described in section 5.3.1. Antibody levels were 
log-transformed so that each unit change corresponds with a two-fold dilution step 

(𝑙𝑜𝑔ଶ ቀ
ௗ௜௟௨௧௜௢௡

ଵ଴଴
ቁ ൅ 1). 

Here, we used Leptospira interrogans serovar Pomona and serovar Autumnalis for 
antibody decay modelling and peak antibody time estimation. While the study population is 
known to be infected with serovar Pomona, MAT assays can cross-react strongly (sections 
5.3.2.4 and 6.3.2.4), which means that MAT tests can also test positive for other serovars 
(Levett, 2003). As antibodies of foxes infected with serovar Pomona show a strong MAT signal 
for both serovar Pomona and serovar Autumnalis, we leveraged both data sources to improve 
model parameter fitting and infection time estimation. 
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Figure 5.3.2.1. Schematic of antibody kinetic model and the use of informative data. Bayesian 
inference offers a framework to use multiple sources of information to construct biomarker models and 
estimate individual peak antibody time. Panel (A) illustrates observed antibody level data (circled levels) 
for two individuals that are used to estimate model parameters 𝛽 (peak level) and 𝜆 (decay rate), with the 
ultimate goal of estimating peak antibody time 𝜃௜ for each individual i. Dotted lines show possible 
unobserved models. Intervals between the last negative and first positive samples can be used as prior 
information to bound possible peak antibody times 𝜃௜ (Panel B: posterior probabilities indicating the most 
likely peak antibody times). Model parameters can be estimated at the individual level (𝛽௜ and 𝜆௜), while 
simultaneously estimating the mean and variation of these parameters at the population level (𝛽଴, 𝜎ఉ଴, 𝜆଴, 
𝜎ఒ଴) in a hierarchical way (C). When available (not in our study), other types of information can be used 
to improve estimates of the different model parameters, e.g. seasonal fluctuations in infection risk provide 
information about 𝜃௜ (D), while age-dependent infection risk (E) or a continuous covariate such as body 
weight (F) can provide information about 𝛽௜ or 𝜆௜. 

Candidate models  
Prior to model fitting, candidate models of antibody decay had to be chosen based on 

preliminary exploration of the data. Generally, aspects to keep in mind when selecting candidate 
models are the possible shapes a function can have and the number of unknown function 
parameters. A model with more parameters results in higher flexibility, but this can increase the 
risk of overfitting and lower the predictability of new data (Bolker, 2008). There are several 
functions that have been used to model antibody decay, with the single (i.e. constant decay rate) 
and double (i.e. gradually decreasing decay rate) exponential functions being the most common 
(Boni et al., 2019; Teunis et al., 2016). When initial decay is significantly faster than later decay, 
alternative functions such as a power function can be used (Teunis et al., 2016). As shown in 
(Teunis et al., 2016), the power function may be particularly useful as it can accommodate a 
wide range of decay shapes with only two decay parameters. Additionally, the specifics of a 
power function support hypothesized underlying biological processes such as variation in the rate 
at which different sites in the body produce antibodies (Teunis et al., 2016). When empirical 
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antibody kinetics do not resemble any existing functions, a flexible function such as a smoothed 
spline may need to be used (Borremans et al., 2016).  

Based on initial data exploration and visualization we selected three candidate functions. 
Single exponential: 𝜇௜,௧ ൌ 𝛽௜𝑒ିఒ೔ሺ௧ାఏ೔ሻ; double exponential: 𝑙𝑜𝑔 ሺ𝜇௜,௧ሻ ൌ 𝑙𝑜𝑔 ሺ𝛽௜ሻ𝑒ఒ೔ሺ௧ାఏ೔ሻ; power: 

𝑙𝑜𝑔 ሺ𝜇௜,௧ሻ ൌ
ଵ

ଵି௥೔
𝑙𝑜𝑔 𝑙𝑜𝑔 ቀ𝛽௜

ሺଵି௥೔ሻ െ ሺ1 െ 𝑟௜ሻ𝜈௜ሺ𝑡 ൅ 𝜃௜ሻቁ ; where 𝜇௜,௧ is the observed antibody level 

of individual i sampled at time t. Here, t is defined as the time since an individual’s first positive 
sample, but this can be any time unit, including calendar time, as long as it is consistent across 
individuals. 𝛽௜ and 𝜆௜ are the peak antibody level antibody decay rate of individual i. 𝑟௜ and 𝜈௜ are 
the shape and scale parameters of the power function. 𝜃௜ is the time of peak antibody level 
relative to the first observed positive sample of individual i (i.e. the number of days between an 
individual’s estimated time of peak antibody level and its first observed positive sample), 
resulting in negative 𝜃௜ values up to 0 (which would mean that the peak antibody level coincides 
with the first positive sample). Note that we estimated the peak antibody level time and did not 
attempt to model the preceding period during which antibody levels increase, which is a 
limitation imposed by the low temporal resolution of our data relative to the increase period. In 
situations where data do allow quantification of the increase period, the increase and decrease 
phases are typically modeled as two different functions connected at the peak antibody level time 
(de Graaf et al., 2014; Teunis et al., 2016). 

Bayesian MCMC model fitting 
Model fitting was done using a Bayesian Markov Chain Monte Carlo (MCMC) approach, 

as implemented in the software rJAGS (Plummer, 2019). A log-normal error distribution was 
assumed for antibody levels. Six parallel chains were run for 60,000 iterations, assessing chain 
convergence visually and with the Gelman-Rubin diagnostic (Brooks & Gelman, 1998). 
Following a burn-in period of 10,000 iterations, posterior estimates were calculated for the last 
50,000 iterations. 

The key advantage of using a Bayesian approach for modelling antibody decay with 
unknown times of infection is the explicit incorporation of prior information as informative prior 
distributions for parameters. Here, we used informative priors for peak antibody level time 𝜃௜ 
and peak antibody level 𝛽௜, as described below. We further aimed to capture the biological 
variation in the model parameters across the population, so that we would have individual 
estimates as well as estimates of the mean and variation at the population level. This was 
possible by extending the Bayesian framework to a hierarchical structure, where the population-
level parameters (now called hyperparameters) were estimated explicitly, and the individual-
level parameters were drawn from these population-level distributions (Gelman & Hill, 2007). 
This meant that individual-level parameters were modeled using prior distributions 
𝑝ሺ𝑙𝑜𝑔 ሺ𝛽௜ሻሻ~𝑁൫𝛽଴,𝜎ఉబ൯, 𝑝ሺ𝜆௜ሻ~𝑁൫𝜆଴,𝜎ఒబ൯, 𝑝ሺ𝑙𝑜𝑔 ሺ𝑟௜ሻሻ~𝑁൫𝑟଴,𝜎௥బ൯ and 
𝑝ሺ𝑙𝑜𝑔 ሺ𝑣௜ሻሻ~𝑁൫𝑣଴,𝜎௩బ൯, where 𝛽଴, 𝜎ఉబ, 𝜆଴, 𝜎ఒబ , 𝑟଴and 𝜎௥బ are the hyperparameters of the 
hierarchical model: population-level means and standard deviations (sd) of peak antibody level 
(mean 𝛽଴, sd 𝜎ఉబ), exponential decay rate (mean 𝜆଴, sd 𝜎ఒబ) and power function shape (mean 𝑟଴, 
sd 𝜎௥బ) and scale (mean 𝑣଴, sd 𝜎௩బ). Each of these hyperparameters had their own (hyper-)prior 
distribution (listed in Supplementary Information).  

Parameter estimation and overall model performance can be greatly improved by 
combining data from multiple biomarkers or other covariates such as age, incidence seasonality, 
and other infection risk factors (Borremans et al., 2016). As an example, we therefore 
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implemented an additional biomarker: antibody levels against L. interrogans serovar 
Autumnalis. This was possible using a joint-likelihood approach within the hierarchical Bayesian 
framework (Isaac et al., 2020). This is a simple extension of single-biomarker fitting, where two 
separate models (in this case, one for serovar Pomona and one for serovar Autumnalis) are fitted 
simultaneously while sharing the same individual peak antibody time parameter 𝜃௜. This 
increases the likelihood of accepting parameter values that are supported by the different 
biomarker datasets, and can result in more precise posterior estimates. Last, because Pomona and 
Autumnalis antibody levels are correlated, this potential correlation was implemented in the 
model by using a multivariate normal distribution for both Peak antibody parameters. 

Because samples were processed at two different labs over the course of the study, an 
additive lab effect parameter was added to the model. This allows for antibody levels of the labs 
to be higher or lower. 

The JAGS code used for model fitting has been provided as supplemental information for 
5.3.2.2 in Appendix C. Posterior 95% credible intervals (CrI) were calculated as highest density 
intervals using the function ‘dens’ of R package HDInterval (Meredith & Krushke, 2018). 

Prior distribution of peak antibody time  
Peak antibody time 𝜃௜ was bound by the interval between the most recent negative 

sample (a negative test result or birth date) and the first positive sample (“peak antibody 
interval”). When available for an individual, this information was incorporated as a uniform prior 
distribution for 𝜃௜ with minimum 𝜃௠௜௡ and maximum 0: 𝑝ሺ𝜃௜ሻ~𝑈ሺ𝜃௠௜௡, 0ሻ. Alternative data to 
inform 𝜃௜ include age (birth date), average lifespan when age data are not available, known 
seasonality in infection risk, onset of clinical signs of disease, and any other variable that 
provides information about when infection was more or less likely. The probability distribution 
translating this information to a prior distribution can assume any shape and is not restricted to a 
uniform distribution as used here for the bounded peak antibody interval. 

Prior distribution of peak antibody level 
Another source of information that was used to improve model fitting is the distribution 

of peak antibody levels of recently infected foxes, which informs population-level mean and sd 
𝛽଴ and 𝜎ఉబ . This was done by selecting a subset of foxes that were infected as recently as 
possible (prior to their first positive sample), balancing the trade-off between sample size, which 
must be sufficiently large to provide a useful distribution, and recent infection time. We chose a 
maximum time of 250 days between the first positive and last negative sample as “recently 
infected”. Although this was still a large window, this was a limitation resulting from the field 
sampling frequency. While far from ideal, it does provide a good opportunity to illustrate the 
strength of the approach in improving peak antibody time estimation. The limit of 250 days 
resulted in 54 foxes that were used to get an informed sense of the distribution of peak antibody 
levels at the population level. Normal distributions were fitted to the frequency distribution of 
the antibody levels of the first positive samples. Fitted parameters were mean 7 and sd 3 𝑙𝑜𝑔ଶ 
dilutions for serovar Pomona and mean 6.8 and sd 2.7 𝑙𝑜𝑔ଶ dilutions for serovar Autumnalis. 
Normal distributions were fitted using the fitdistr function in R package MASS (Venables & 
Ripley, 2002). More details are provided in Appendix C for this section.  

Model fitting 
Model fitting was done using data from foxes that had at least 2 positive samples 

preceded by a negative one that determines the peak antibody interval. There were 34 foxes that 
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exhibited signs of antibody boosting (possibly due to re-exposure to the pathogen), defined here 
as an antibody level increase > 2 𝑙𝑜𝑔ଶ units between samples. Because the antibody model does 
not accommodate secondary increases in antibody level, these samples were removed from the 
dataset, starting from the sample preceding the increase. These filtering rules were applied to 
both serovars, with boosting samples only removed when the signal was present for serovar 
Pomona.  

Model fits were compared using the leave-one-out cross-validation information criterion 
LOOIC (Vehtari et al., 2017) using R package loo (Vehtari et al., 2020). Additionally, we used 
two measures that show the degree to which a model improves estimation of peak antibody time 
𝜃௜ relative to the uniformly distributed peak antibody interval bound by the last negative and first 
positive sample. The first is “% peak antibody interval reduction,” which is the percentage by 
which the peak antibody interval size was reduced when taking the 95% CrI of the posterior 
distribution as the new interval. For example, if the original interval size is 250 days (i.e. number 
of days between the most recent negative and first positive samples), and the model results in a 
posterior distribution of 𝜃௜ for which the 95% CrI ranges from 200 to 20 days prior, the % 

reduction would be 100 െ ቀଶ଴଴ିଶ଴
ଶହ଴

ቁ ∗ 100 ൌ 28%. While this measure is useful because it is 

easy to interpret, it does not consider the fact that probabilities within the 95% CrI are not equal, 
and some 𝜃௜ will have a higher probability than others. We therefore used a second measure that 
does, which is relative entropy (or Kullback-Leibler divergence) (Kullback & Leibler, 1951). 
Relative entropy (units = “bits”) quantifies the difference in information content between two 
distributions, which in this case are the uniform prior distribution (peak antibody interval) and 

the posterior distribution of 𝜃௜. Relative entropy 𝐷௄௅ሺ𝑃||𝑄ሻ ൌ ∑ 𝑃ሺ𝑥ሻ𝑙𝑜𝑔ଶ
௉ሺ௫ሻ

ொሺ௫ሻ௫ , where 𝑃ሺ𝑥ሻ 

and 𝑄ሺ𝑥ሻ are the posterior and prior distributions defined over the same range of values 𝑥 
(Burnham and Anderson, 2002). The values of 𝑥 are individual-specific and adopt every possible 
value of 𝜃௜ as determined by the uniform prior peak antibody interval. The higher the relative 
entropy value, the more information was present in the posterior distribution relative to the 
uniform prior.  

Sensitivity analysis using simulated data 
To assess model performance given the limitations of our dataset, we simulated data 

resembling what was observed. Antibody levels were simulated for 75 individuals, where peak 
antibody level and decay rate were randomly sampled from a normal distribution and 2 to 5 
samples (random sample size) were generated for sampling times up to 2,000 days after peak 
antibody level. Random noise was added to antibody levels to simulate real variation (see 
Appendix C for details). For model fitting using simulated data, the peak antibody sample was 
excluded from the simulated dataset, again to simulate what was observed. To test model 
sensitivity to different assumptions, parameter estimation was done for multiple simulated 
datasets that were generated using a range of standard deviations for peak antibody level and 
decay rate simulation. Details are provided in Appendix C. We then tested how different 
combinations of peak antibody level variation and decay rate affect model performance, as it 
may be expected that faster decay and/or smaller peak antibody level variation will constrain the 
possible peak antibody time window, which in turn would affect how well peak antibody time 𝜃௜ 
can be estimated. 
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Software 
All data preparation, analysis, and plotting was done in R (R Core Team, 2019) using 

packages ggplot2 (Wickham, 2016), rjags (Plummer, 2019), ggridges (Wilke, 2020), dplyr 
(Wickham et al., 2019), patchwork (T. L. Pedersen, 2019), loo (Vehtari et al., 2020), 
R2OpenBUGS (Sturtz et al., 2005) and HDInterval (Meredith & Krushke, 2018). 

5.3.2.3. Risk factors for infection  

Study period and study cohort 
The National Park Service monitored the island foxes throughout captivity, 

reintroduction, and recolonization of the island. From 2001 to 2008, serum samples were taken 
from the foxes taken into a captive breeding program and their captive-born offspring. All 
captive individuals were sampled 1-4 months prior to reintroduction into the wild. During 
reintroduction (2004 - 2008), foxes were captured using target trapping at least annually for 
health evaluations. After the reintroduction period (2009 - 2019), the fox population was 
monitored through grid trapping and target trapping; serum and urine were collected when 
possible. 

The cohort analyzed in this study consisted of 1226 foxes. To be included in this dataset, 
individuals were required to have a known release date from captivity (with a negative MAT 
result in their last captive test) or a known year of birth in the wild. All individuals that ever 
tested seronegative during the study period were included in the dataset. Foxes that 
seroconverted were only included in the dataset if they ever had a positive MAT against L. 
interrogans serovar Pomona. 

Overview of survival analysis 
Survival analysis evaluates the dependency of time-to-event data (e.g. time to death or 

time to infection) on explanatory variables and involves two primary quantities: the survival 
function and the hazard function. The survival function, S(t), gives the probability of surviving 
up to time t, where the event of interest occurs at time T, and takes the following form: 

 
𝑆ሺ𝑡ሻ ൌ 𝑃ሺ𝑇 ൒ 𝑡ሻ, 0 ൏ 𝑡 ൏ ∞ 

 
The hazard function, h(t), is the instantaneous rate of the event occurrence and is 

composed of the conditional probability that the event will occur in the time interval ሾ𝑡, 𝑡 ൅  Δtሻ, 
given that the event has not occurred, relative to the interval width. In the context of infectious 
diseases, when the event of interest is the infection of a susceptible host individual, the hazard 
function is also known as the force of infection. 

 
ℎሺ𝑡ሻ ൌ lim

୼௧→଴
𝑃 ሺ𝑡 ൑ 𝑇 ൏ 𝑡 ൅ Δ𝑡|𝑇 ൒ 𝑡ሻ/ Δt 

 
A key attribute of survival analysis is its ability to deal with censored data. Event data 

can be censored in four ways (uncensored, right-, left-, and interval-censored), and multiple 
types of censoring can occur within a single dataset. When the time of the event (e.g. death or 
disease onset) is known exactly, the data is uncensored. However, this type of data only occurs 
with continuous monitoring and is very rare in wildlife studies. Right-censoring occurs when the 
time of the event is greater than the observed time (Figure 5.3.2.2; top). In other words, if the 
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event has not occurred by the end of the study but may occur at a later date, the individual is 
right-censored. Left-censoring is much less common than right-censoring and is defined by the 
occurrence of the event prior to the start of the study (Sun, 2006). No individuals in this study are 
classified as left-censored. Finally, interval censoring describes the situation when subjects are 
not continuously observed, as in most wildlife trapping and sampling schemes, so the time of the 
event falls within an interval of time, rather than being exactly measured. In our study, the 
bounds of the seroconversion intervals are defined by an individual’s last negative test and first 
positive test (Figure 5.3.2.2; middle/bottom). 

For survival analysis, it is also crucial to choose an appropriate time scale and origin. 
This choice governs the interpretation of survival times and allows a clear understanding of how 
age and temporal factors are accounted for within the models. In our study, we use days-since-
birth/release as our time origin and scale. The time-at-risk for foxes which were kept in captivity 
begins when they were released as seronegatives (Figure 5.3.2.2; bottom). However, the majority 
of the foxes in our dataset were wild-born, and, therefore, their time-at-risk begins at birth 
(assumed to be 1 April). 

 

 

Figure 5.3.2.2. Schematic of censored data types in the context of the fox system. Solid blue lines 
denote survival time within the observation period, whereas dotted blue lines indicate unobserved time. 
Each individual enters the study (orange circles) when they are born in the wild (top/middle) or are 
released from captivity as seronegatives (bottom) and begin their period at risk of infection on the island. 
Some individuals (middle/bottom) experience the event (red line) during the study time but are interval 
censored (where the green box represents the time from the last negative test to the first positive test). 
Other individuals are right censored (top) and do not experience the event during the time of the study, 
but they may or may not experience the event thereafter. The bottom panel also illustrates a long 
seroconversion interval, where an individual was negative when released from captivity but was positive 
upon its first capture. 

Data Imputation 
Modeling interval-censored time-to-event data with time-varying covariates such as 

precipitation or temperature is challenging in survival analysis, as these two characteristics are 
rarely addressed together (Fieberg & DelGiudice, 2009; Zhang et al., 2018). Some approaches 
have been proposed to address both issues such as Bayesian joint modeling and data imputation 
(Campbell et al., 2019; Vandormael et al., 2020). Joint modeling is most appropriate when the 
time-varying covariates exist at the individual level, such as time-varying biomarkers. Data 
imputation is a more flexible approach, which addresses the uncertainties of interval-censoring 
by imputing a time of infection in a systematic way, giving rise to augmented datasets with 
precise event times, which enable the use of standard techniques for time-varying covariates. 
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However, when censoring intervals are large (on the scale of years, as they can be in our study), 
imputing the time of infection with standard imputation techniques (e.g. using the midpoint of 
the interval, or a uniformly random point in the interval) can cause significant bias (Vandormael 
et al., 2020).  

Rather than using a standard technique to impute the time of infection for each individual 
in an uninformed manner, we generate biologically-informed time of infection estimates using 
the titer kinetics model described in section 5.3.2.3. This model uses longitudinal and 
quantitative serology data to estimate the posterior probability that infection occurred on each 
day in an individual fox’s seroconversion interval (Figure 5.3.2.2; green boxes). Using these 
probabilities as weights, we can sample the time of infection in an informed way and assume that 
the event date is known exactly, which enables the incorporation of time-varying covariates more 
easily. 

Counting process formulation 
To incorporate time-varying covariates into a proportional hazards model, the data must 

be transformed into a counting process formulation (Fieberg & DelGiudice, 2009). Each risk 
interval is subdivided into smaller intervals over which the time-varying covariates can be 
assigned. This formulation assures that survival time is accurately accrued and that the covariates 
can be updated through time, with appropriate temporal resolution (e.g. monthly or annually). In 
this study, we divided every individual’s risk time into monthly intervals (Table 5.3.2.2). 

 

Full risk 
interval (days) 

Full risk interval 
(by date) 

Subdivided 
risk interval 

(days) 

Subdivided risk interval 
 (by date) 

[0, 100) [04-01-2005, 7-10-2005) [0, 30) [04-01-2005, 05-01-2005) 
[0, 100) [04-01-2005, 7-10-2005) [30, 61) [05-01-2005, 06-01-2005) 
[0, 100) [04-01-2005, 7-10-2005) [61, 91) [06-01-2005, 07-01-2005) 

[0, 100) [04-01-2005, 7-10-2005) [91, 100) [07-01-2005, 07-10-2005) 

Table 5.3.2.2. Example of a counting process formulation for a single individual's risk time. 
 

Candidate risk factors for infection with Leptospira 
Based on our knowledge of the host-pathogen system and the ecology of SRI, we 

investigated three groups of covariates as potential risk factors for foxes to become infected with 
Leptospira: individual-level, abiotic environmental, and biotic environmental (Table 6.3.2.4). 
Sex is the only individual-level variation we accounted for, and it was recorded upon birth within 
captivity or first capture of the fox on the island.  

Abiotic environmental covariates included precipitation, temperature, and relative 
humidity. Daily measurements for these variables were obtained for Santa Rosa Island from 
2003-2020 from the Western Regional Climate Center (WRCC) in Reno, Nevada. Monthly 
averages were calculated for temperature and relative humidity. For precipitation, we created 
three covariates that captured cumulative total precipitation over the past 1, 12, and 24 months. 
The precip1 variable was intended to capture the immediate effect of rainfall, which could affect 
Leptospira transmission via puddles, wet vegetation, or changes in animal behavior. The 
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precip12 and precip24 capture the past one and two rainy seasons (i.e. winters) in the highly 
seasonal Mediterranean climate on SRI, which affect the hydrology of the island and have 
bottom-up effects across the island ecosystem. These longer-term variables would also capture 
the impact of extended drought periods.  

Within the biotic environmental category, fox abundance was estimated annually by the 
National Park Service using trapping and radiocollar telemetry data. Between 2004 and 2009, 
fox captures were primarily obtained through target trapping. In 2009, NPS biologists switched 
to a grid trapping scheme. Throughout the same period of time, the skunk population was loosely 
monitored via by-catch in fox traps. Skunk abundance was estimated as the number of skunk 
captures per trap-night. Estimation of skunk abundance is fundamentally uncertain because the 
trapping strategy and effort varied across the study time and traps were frequently saturated by 
foxes, particularly in the later years of our study.  

Because we know that the primary driver of infection risk during an outbreak is the 
prevalence of infectious individuals, we also included yearly pup seroprevalence as an index of 
the island-wide force of infection each year. Although PCR positivity in urine samples would be 
a more direct measure of active shedding island-wide, we lack PCR data in the early phase of the 
outbreak and reintroduction (2004-2010). However, between 2011 and 2019, pup seroprevalence 
and PCR positivity are strongly correlated (Figure 6.3.1.2), so we used pup seroprevalence as a 
proxy for active infections on the island. Our primary aim in this analysis is to determine 
extrinsic factors that affect Leptospira risk, but we wanted to control for this dominant factor to 
ensure that our findings were robust. In our final analyses, we determined the best model that 
excludes pup seroprevalence, then tested whether its conclusions were robust to the addition of 
pup seroprevalence as a proxy for outbreak context.  

Imputation and Hazard modeling 
We performed 100 bootstrap runs in which time of infection was imputed with the 

weighted probabilities generated from the titer kinetic model. The full dataset was subdivided 
into a counting process formulation by month, and standardized, time-varying covariates were 
assigned to each interval. All covariates were standardized to have a mean of 0 and a standard 
deviation of 1. Then, we fit a series of univariable Cox proportional hazards models to assess the 
effect of individual covariates on the hazard rate using the survival package in R version 4.0.5 (R 
Core Team, 2021; Therneau, 2021). 

Variable selection 
Broadly, we were interested in which biotic and abiotic factors affect infection risk of 

Leptospira. After controlling for individual-level variation (sex), we included the best-
performing covariate from each environmental category to form a multivariate model. We 
compared different multivariate models using AIC scores to balance parsimony with goodness of 
fit (Burnham & Anderson, 2002). We evaluated our final multivariate model with and without 
pup seroprevalence included, to evaluate the robustness of the core findings, and the potential 
benefit of including disease data in such a model when available. 

5.3.2.4. Analysis of host species effects and laboratory effects on serological reactivity profiles 

Serology is a vital tool in wildlife disease surveillance, due to the relative ease of 
collecting and storing serum samples, and the fact that detecting animals with past exposure 
(hence with antibodies detectable by serology) is generally easier than finding animals with 
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current infection (with pathogens detectable by PCR or culture). Yet serology is well recognized 
to present many challenges, including the potential for cross-reactivity and the difficulties in 
interpreting quantitative titer levels or even setting thresholds for positivity (Gilbert et al., 2013). 
These challenges are exacerbated for multi-strain pathogens such as Leptospira, and for multi-
host systems where different host species could exhibit systematically different serologic 
responses.  

However, given the extraordinary wealth of serum samples available for our system, and 
the difficulty in obtaining culture isolates of Leptospira for definitive strain typing, we had high 
incentive to strengthen our ability to interpret serological data in our system. In this study, we 
leveraged the depth and duration of our dataset, and our unique system with one circulating 
serovar of Leptospira interrogans in three sympatric wildlife host species, to undertake an 
investigation of the reliability of MAT as a tool to infer epidemiological processes. We 
emphasize the interpretation of maximum titers as markers of infecting serovar and the 
interpretation of quantitative titer levels as markers of time since exposure. We also explored the 
potential confounding effects of different host species and different laboratories. Our results 
suggest that while MAT reactivity profiles can provide powerful insight into Leptospira 
epidemiology (see section 6.1.1), all MAT results from multi-host systems must be interpreted 
with appropriate consideration of host species effects. 

Study Animals and Sample Collection 
Our dataset comprises samples from California sea lions (Zalophus californianus), 

Channel Island foxes (Urocyon littoralis), and island spotted skunks (Spilogale gracilis) with 
confirmed infections of L. interrogans serovar Pomona. The majority of sea lion samples 
(n=108) were collected from sea lions that had stranded along the central California coast 
between 2005-2016, were in rehabilitation at The Marine Mammal Center (TMMC; Sausalito, 
California), and had been diagnosed with acute leptospirosis (97/108) based on clinical signs, 
serum chemistry results, and necropsy data (Greig et al., 2005). An additional thirty sea lion 
samples were collected between 2010 and 2016 from free-ranging wild sea lions from the central 
California coast and northern Oregon, as described in Prager et al., 2020. Samples from island 
foxes (n=4) and island spotted skunks (n=60) were collected between 2011 and 2016 during the 
course of annual grid and target trapping on SRI. Fox and sea lion data include both sexes and all 
age classes, while all four skunks were male. 

Sample Analysis 
All animals included in this study had PCR-confirmed infection, and the infecting 

Leptospira serovar was confirmed as L. interrogans serovar Pomona using PFGE as described 
previously on all cultured isolates (NCSL = 19, Nfox = 11, Nskunk = 1) (Chirathaworn et al., 2014; 
Dikken & Kmety, 1978). 

 Serum samples were tested by MAT against a panel of five Leptospira serovars 
comprising serovars Pomona, Autumnalis, Djasiman, Bratislava, and Icterohaemorrhagiae, 
which respectively belong in serogroups Pomona, Autumnalis, Djasiman, Australis, and 
Icterohaemorrhagiae (Levett, 2001). While many samples were tested against more than these 
five serovars, for this analysis we excluded serovars that were not tested for all host species, or 
that yielded almost entirely negative results for all species. 

All serum samples included in this study were MAT analyzed at the CDC in Atlanta, 
Georgia and were run to endpoint dilution. Titer results were log-transformed for ease of 
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interpretation using the following formula: log2(titer/100) + 1, thus a titer of 1:100 = 1, 1:200=2, 
etc. Titers reported as <1:100 were set equal to 0. 

In a separate analysis focusing on variability among laboratories, a subset of 46 fox sera 
were MAT analyzed at three reference laboratories using a 2-serovar panel (Pomona and 
Autumnalis). In the results, the labs are referred to as Labs A, B, and C. At all three labs, 
antibody titers against serovar Pomona were evaluated to endpoint. For serovar Autumnalis, at 
Lab A, 43/46 samples were titrated to endpoint and 3/46 were only tested at a dilution of 1:100 
(all were positive); at Lab B, all 46 samples were titrated to endpoint; at Lab C, all 46 serum 
samples were titrated to a 1:6400 dilution (log2 titer = 7), but not beyond. Thirty-two of the 
samples tested at Lab C were positive at dilutions less than 1:6400, but endpoint titers for the 14 
samples that were still positive at the 1:6400 dilution are unknown.  

Data Selection 
For our analyses of within and between host antibody cross-reactivity patterns, we 

selected MAT results from animals for which there was at least one positive urine PCR or culture 
result, indicating current Leptospira infection. Whenever possible, we selected serum samples 
that had corresponding isolates enabling PFGE confirmation that the host was infected with L. 
interrogans serovar Pomona. To achieve a sufficient sample size for our analyses, we also 
included serum samples from individuals where PFGE confirmation was not possible; given our 
extensive study of the ecology of Leptospira in these systems, in which L. interrogans serovar 
Pomona is the only serovar detected in the post-captivity SRI outbreak or in CSL samples 
spanning decades, we assume that all seropositive individuals were initially infected with serovar 
Pomona. In supplementary analyses using only PFGE-confirmed individuals, our findings were 
consistent with those seen in our full dataset. 

For individuals that had been sampled longitudinally, we selected the MAT result from 
the serum sample with a collection date closest to that of the positive urine sample. The majority 
(55/60) of fox and all (4/4) skunk MAT results were from sera collected on the same day as the 
Leptospira PCR or culture positive urine. Sea lion serum samples used for MAT were collected 
within 14 days of the date that the PCR or culture positive urine or kidney sample was collected. 
For our analyses of relative titer magnitudes, we standardized antibody titer levels by dividing a 
given antibody titer by the highest antibody titer detected against any serovar in the 5-serovar 
MAT panel run for that serum sample. 

To compare MAT results across laboratories, a subset of forty-six fox serum samples 
were evaluated at three certified testing laboratories as described above (see section on Sample 
Analysis). Fox serum samples were chosen for this lab comparison based on MAT titer results 
from Lab A. For each MAT antibody titer level ranging from 1:100-1:51200, three serum 
samples with that MAT antibody titer against serovar Pomona, as reported by Lab A, were 
selected where possible (Table A.10). In addition to these 30 samples, we included a further 10 
samples that had no detectable antibodies against serovars Pomona and Autumnalis at Lab A, 
and six samples that had no detectable antibodies against serovar Pomona but were MAT 
positive against serovar Autumnalis at Lab A.  

5.3.3. Impacts of Leptospira on the demography of island foxes 

Tracking mortality in radio-collared foxes  
From 2003-2006, all reintroduced and wild born foxes were equipped with radio collars 

and tracked via radio telemetry, with the goal of detecting the radio signal from each fox at least 
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once per week. From 2007 onward, the wild population exceeded 60 animals, so a subset of the 
population (typically 40-50 individuals) was collared and tracked weekly. NPS biologists made a 
concerted effort to learn the cause of death of any collared fox that died. When a radio collar 
switched into mortality mode, efforts were made to collect the carcass as rapidly as possible so 
that a necropsy could be conducted at UC Davis. Between 2004 and 2010, kidneys from 12 wild 
fox mortalities were recovered and preserved either in formalin-fixed paraffin-embedded blocks 
or frozen. We tested these kidney samples for evidence of Leptospira infection using PCR and 
IHC. This high-frequency tracking of a substantial proportion of the wild fox population enabled 
a high-resolution view of mortality associated with Leptospira infection during these early years. 

Demographic impacts: early phase (2004-2010) 
We gathered detailed records of individual fox histories from field notes and records, as 

described in section 5.1.1. Necropsy reports were obtained from the pathology lab at UC Davis, 
and all information on cause of death was collected for wild foxes that died between 2004 and 
2010. This analysis is restricted to captive-born animals that were reintroduced and wild-born 
animals born into the reintroduced population, since some founder animals showed signs of 
exposure from before the period of captivity.  

Annual survival probabilities were estimated for all reintroduced and wild-born foxes, 
with years defined as fox years, i.e. from March to February. Survival probability estimates and 
95% confidence intervals were obtained by Kaplan-Meier analysis, implemented in R (R Core 
Team, 2019). 

Demographic impacts: later phase (2009-2020) 
Analyses of further demographic impacts based on data collected from 2009-2020 are 

still underway. To support these analyses, we developed an algorithm to classify foxes with 
respect to their Leptospira infection status (Figure 5.3.3.1). This decision tree algorithm uses the 
capture and testing history of each fox, including PCR/culture, MAT titer, and serum chemistry 
data, to classify each fox at each capture event as Susceptible, Unknown infection status, Recent 
Infection (i.e. infected in the same year as it was trapped), or Prior Infection (infected in a past 
fox year). Based on these classifications, we are investigating the potential impact of Leptospira 
on island fox survival and reproductive success on SRI.  

In particular, to assess impacts on fox survival, we are using capture-mark-recapture 
analysis, with two distinct approaches based on the data type. The first uses a closed multi-state 
robust design model, where the state is the Leptospira infection status of the subject fox, to 
analyze data collected on the trapping grids (Figure 5.1.1.2). The second uses a known fates 
analysis to analyze data collected from radio-collared animals. Both approaches will account for 
other factors suspected to impact fox survival, including the covariates analyzed in section 
5.3.2.3. To assess impacts of Leptospira infection on fox reproduction, we are using two 
approaches, which include: (1) analyzing whether the reproductive state of adult female foxes (as 
determined during trapping and sampling activities described in section 5.3.1) is correlated with 
their Leptospira infection status, and (2) analyzing whether the pup:female ratio each year is 
correlated with the prevalence of Leptospira infection, both on individual trapping grids as well 
as island-wide.  
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Figure 5.3.3.1. Decision tree to establish island fox infection status from capture and testing data. This decision tree uses the capture and 
testing history of individual foxes to classify their infection state at a given capture event. ‘Ever Positive’ = Yes if the fox has any positive test for 
Leptospira infection or exposure in its record, before or after the capture event in question. ‘Sample Conversion Date’ is the date of the first 
positive result, and ‘Date’ is the date of the capture event in question. 
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5.3.4. Transmission dynamics model for Leptospira in island foxes on SRI 

Stochastic simulation model for Leptospira transmission 

We developed a mechanistic model to simulate the demography and movement of island 
foxes on SRI, and the transmission dynamics of Leptospira in the fox population. It is a 
compartmental model where foxes are assigned to states indicating their age, location, and 
infection status (see Figure 5.3.4.1). Age states are pup (age [0-1) years) and adult (age [1-
maximum) years). The location states correspond with 15 functional patches on Santa Rosa 
Island, described below. Infection states are susceptible (S), infected/infectious (I) and 
recovered/immune (R).  

 

 

Figure 5.3.4.1. Schematic of Leptospira transmission model for SRI. The flow diagram summarizes 
the disease states (Susceptible, Infected, Recovered) with subscripts indicating the age class and island 
patch location of the fox. The table shows the connection between infection states and anti-Leptospira 
antibody titers, and the map shows SRI divided into 15 functional patches.  

The model is a continuous-time stochastic simulation, implemented with an adaptive tau-
leaping algorithm using the R package adaptivetau. Individuals in the model undergo stochastic 
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transitions between states, as represented by the corresponding system of coupled differential 
equations: 
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2
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where 𝑝 are pups, 𝑎 are adults, 𝑖 indicates a fox’s patch and 𝑖𝑗 each patch 𝑗 adjacent to patch 𝑖. 𝐹௧ 
is year-specific fertility (number of pups per female, approximated as 

ே೔
ଶ

), with births occurring 

March through May with a peak in April, implemented as a normal distribution so most births 
happen April 15th. Pups born in a given year enter the population as susceptibles 2.5 months 
later. 𝜇௣/௔,௧ is year-specific and age-specific mortality (𝜇௣/௔,௧ is 1-survival 𝜙௣/௔,௧, see below), 𝛼௧ 
is the aging rate that ensures that each year all of last-year’s pups become adults (June 1 to 10), 𝛾 
is the rate at which infectious foxes become immune (i.e. 1/infectious period). 𝜆௜ is the force of 
infection at patch 𝑖, consisting of density-dependent transmission from foxes in the same patch 

(𝛽௜൫𝐼௣,௜ ൅ 𝐼௔,௜൯
ଵ

ே೜
), transmission from foxes in directly adjacent patches 𝑖𝑗 (𝑐𝛽௜ ∑ ൫𝐼௣,௜௝ ൅
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ே೜
), and transmission from skunks (𝛽௦௞௨௡௞,௧) which is assumed to contribute to 

transmission in the fox population only until 2006, to test whether fox-to-fox transmission can 
sustain the outbreak after the initial spillover.  

Because fox behavior and contact with environmental leptospires may depend on fox 
population density, 𝛽௜ was implemented as a density-dependent function. Because the shape of 
the transmission-density function can have strong effects on pathogen invasion and persistence, 
we used a power function to model density-dependence, following Smith et al., 2009, where 𝑞 
can range from 0 (linear density-dependence) to 1 (density-independent). Last, as force of 
infection has been found to be affected by preceding rainfall, 𝛽௜ was made time-dependent by 
multiplying by a factor 1.15𝜌௧, where 𝜌௧ is the month-specific cumulative rainfall over the 
preceding 24 months times the estimated hazard ratio. 

Movement between patches was implemented seasonally (Mar-May, Jun-Aug, Sep-Nov, 
Dec-Feb), where the probability of moving is season- and year-specific as estimated from fox 
movement data (see below). When a fox moves, the probability of moving to a certain patch is 
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specific for each patch-pair combination, again as estimated directly from movement data. This 
implementation ensures that the observed changes in movements throughout the different stages 
of the fox reintroduction process are incorporated, as they are likely to affect mixing and 
transmission. Each of the 6 infection- and age-specific states shown above was implemented for 
each of the 15 functional patches on SRI, resulting in 90 states between which transitions are 
possible. All states and transitions can be seen in the accompanying R code. 

Dividing SRI into functional patches  

We divided SRI into 15 patches to represent functional areas of use by island foxes 
(Figure 5.3.4.2). These functional patches were designed based on extensive knowledge of island 
fox movement patterns and behavior, derived from team member Angela Guglielmino’s 11 years 
of tracking island foxes on SRI via radio telemetry. Patches were created in ARCGIS10.3.1, 
using the ‘cut polygons’ tool to divide an existing polygon shapefile of the boundary of SRI into 
15 functional patches. Contour, road, and stream layers were added to the layout to guide in 
patch creation, with particular consideration given to topography (especially ridge lines and 
canyons), stream beds, and roadways. Foxes are known to travel the road systems and stream 
beds, are more likely to use one canyon rather than multiple canyons, and are less likely to cross 
over the tallest ridges of the island. Patches were created by snapping straight lines onto the 
original shapefile of the SRI boundary until 15 smaller polygons fit completely within the larger 
original boundary polygon. These smaller polygons were saved as individual polygon shapefiles 
and imported into R where they were merged together into a spatial polygons data frame with 
each patch treated as a separate object within the data frame.  

The patches were chosen to balance accurate representation of fox behavior with the need 
for a parsimonious data structure to support statistical analyses. Some individual foxes are 
known to have had territories that encompass space in more than one of the functional patches, 
but the patches are an approximate mapping of patterns of fox utilization of the island.  

 

 

Figure 5.3.4.2. Santa Rosa Island divided into 15 functional patches. 
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Parameter estimation  

Movement and demographic parameters were estimated using analyses of location and 
abundance data (see below). An analysis of the correlation between PCR status and antibody 
level was used to assign observed data to the states (S, I, R) used in the model, which was crucial 
for fitting infection parameters to observed data. Infection parameters 𝛽௜, 𝛽௜ᇱ, 𝛽௦௞௨௡௞,௧, and 𝑞 
were fitted to data using Approximate Bayesian Computation (ABC). This method allows the use 
of one or multiple custom metrics instead of likelihoods for fitting and thereby provides a 
solution when observed data have significant gaps (in this case due to seasonal sampling) and 
hidden states (i.e. because the S, I, and R disease states in the model cannot be directly 
observed). ABC model fitting was done using an emulator, where locally weighted regression 
was used to design a statistical model of the data by regressing the parameters used for a limited 
number of simulations against the fitting metrics generated by the simulation, after which this 
statistical model is used for ABC rejection fitting. This dramatically speeds up processing times, 
which was necessary because of the long run-times of the simulation model. ABC fitting was 
done using R package EasyABC. Prior distributions for parameter values were informed by 
separate analyses of infection parameters (described below). Prior distributions used were: 

𝛽௜ ~ Uniform(0.01,0.13) 

𝛽௦௞௨௡௞ ~ Uniform(0.008,0.1) 

𝑞 ~ Uniform(0.8,1) 

1/𝛾 ~ Uniform(150,550) 

Four metrics were used simultaneously for model fitting: the annual proportion of pups in 
the I and R states (I+R/N), a binary indicator of whether pup seroprevalence was larger than 0.5 
in 2006, the annual proportion of adults in the I state, and the annual proportion of adults in the R 
state. The observation process was matched by randomly sampling equal annual sampling sizes 
in the same months as the observed data. 1,000 simulation iterations were used to fit the 
regression model, followed by 400,000 ABC rejection iterations of which the 10% best-fitting 
parameter combinations were retained. In order to limit the number of parameters to be estimated 
and thereby improve inference, 𝑐 (transmission from adjacent patches as a proportion of 𝛽௜) was 
assumed to be 0.1. 

Demographic parameters 

Foxes are classified as pups or adults, for ages [0-1) years or [1-lifespan] respectively. 
Demography in the model is determined by three parameters: fertility (𝐹; the number of pups per 
female), pup survival (𝜙௣; proportion of pups surviving to adulthood) and adult survival (𝜙஺; 
proportion of adult foxes surviving from year 𝑡 െ 1 to 𝑡). Parameter values were approximated 
using a Bayesian state-space model fitted to annual estimates of pup and adult abundance. The 
model consisted of the following equations: 

𝑁௣,௧ ~ Normal(𝜈௣,௧, 𝑒௣,௧) 

𝑁௔,௧ ~ Normal(𝜈௔,௧, 𝑒௔,௧) 
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𝜈௣,௧ ~ Poisson(𝛺௣,௧) 

𝛺௣,௧ ൌ 𝐹௧
𝜈௔,௧ିଵ

2
 

𝜈௔,௧ ൌ 𝛺௔௣,௧ ൅ 𝛺௔௔,௧ ൅ 𝑅௧ 

𝛺௔௣,௧ ~ Binomial(𝜙௣,௧, 𝜈௣,௧ିଵ) 

𝛺௔௔,௧ ~ Binomial(𝜙௔,௧, 𝜈௔,௧ିଵ) 

𝐹௧ ~ Gamma(25,0.03) 

𝜙௣,௧ ~ Beta(5,1.5) 

𝜙௔,௧ ~ Beta(5,1.5) 

where 𝑁௣,௧ and 𝑁௔,௧ are the estimates (‘observed data’, estimated by NPS from trapping 
data) of population size for pups (𝑝) and adults (𝑎) in year 𝑡, 

𝜈௣,௧ and 𝜈௔,௧ are the unobserved ‘true’ annual population sizes, 
𝛺௔௣,௧ is the number of adults in year 𝑡 following the survival of pups from the preceding 

year 𝑡 െ 1, 
𝛺௔௔,௧ is the annual number of adults following the survival of adults from the preceding 

year 𝑡 െ 1, 
𝜙௣,௧ is the proportion of pups surviving from year 𝑡 െ 1 to 𝑡, 
𝜙௔,௧ is the proportion of adults surviving from year 𝑡 െ 1 to 𝑡, 
𝑅௧ is the number of adult foxes released in year 𝑡 (13,17,13,12,31,0,0,0,0,0,0,0,0,0,0,0 for 

2004-2019), 
𝑒௣,௧ and 𝑒௔,௧ are the standard deviations for the observation errors of pup and adult 

population sizes in year 𝑡, calculated from the 80% confidence intervals of the 
NPS mark recapture estimates. 

Prior distributions are informative, with parameter values based on general knowledge of 
island fox biology (Coonan et al., 2010). 

We fitted and compared four models, all of which included year-specific fertility and 
either year-specific (models 1 and 3) or constant (models 2 and 4) pup survival, and either year-
specific (models 1 and 4) or constant (models 2 and 3) adult survival. Model fits were compared 
using DIC values. 

JAGS was used in R using the jagsUI package for MCMC sampling of model parameters, 
using 6 chains, 10,000 burn-in iterations, 50,000 sampling iterations (thinning = 2). Chain 
convergence was assessed visually and using the Gelman-Rubin diagnostic. 

Movement parameters 

Because fox movement is likely to be a determining factor for Leptospira transmission, it 
was incorporated in the transmission model. Available movement data on individually marked 
foxes consists of a combination of trapping, VHF-telemetry, and GPS collar data, from 2004 
through 2016. Fox location data were assigned to one of 15 patches on the island (Figure 
5.3.4.2). 
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Movement between patches was analyzed for different years and seasons (1 = March-
May, 2 = June-August, 3 = September-November, 4 = December-February). We estimated (1) 
the probability of moving to a different patch in a given season, (2) the frequency distribution of 
the patch distance when moving, and (3) the probability of moving between all pairs of patches. 
The probability of moving in a given season was calculated as the proportion of foxes observed 
in more than one patch, out of all foxes that were observed at least twice within the same season. 
Movement distance was calculated as the largest distance between patches visited within a 
season, for those foxes that visited at least 2 patches. These statistics were calculated for 
different time periods between 2004 and 2016 because population densities differed strongly 
between these periods, as the fox population recolonized the island, and movement behavior is 
likely density-dependent. The probability of moving between specific patch pairs was estimated 
by calculating the proportion of foxes that moved to each destination patch from a certain origin 
patch. 

Infection parameters 

In order to link infection state (susceptible, infectious, recovered) to observed data, as 
well as to estimate infectious period, we analyzed patterns in PCR and MAT data collected from 
wild foxes. Correlations between PCR results (positive or negative) and antibody levels against 
Leptospira interrogans serovar Pomona were analyzed using frequency distributions of antibody 
level for PCR-negative and PCR-positive samples, the proportions of PCR-negative and PCR-
positive samples for each possible antibody level, and frequency distributions of the estimated 
time of infection for PCR-negative and PCR-positive samples. A distribution of possible times of 
infection was estimated for each sample in three steps. 

First, a random sample of possible infection times was generated based on the estimated 
distribution of possible peak antibody levels in the fox population. Next, for each possible 
antibody level (1 through 12 log2 dilution units) the time since infection (approximated as time 
since peak antibody level) was calculated, using each of the possible peak antibody levels 
generated in the previous step. When the antibody level was higher than a peak antibody level, 
the infection time was assumed to be 0 (these times are removed afterwards in order to obtain a 
clean distribution of infection times). This was done separately for PCR-negative and PCR-
positive samples, resulting in a distribution of possible infection times for each group. 

Invasion, persistence, and monitoring 

Using the estimated parameter values, different scenarios were simulated. First, we 
simulated the probability of successful invasion of Leptospira in a stable population of 
susceptible foxes near carrying capacity. Every iteration, one infected fox was introduced in one 
of the four seasons of the first simulation year. Invasion was considered to be successful if at 
least one infected fox was still present at the start of the tenth simulation year. This was repeated 
500 times, with the invasion probability defined as the proportion of successful invasions. 
Similarly, we estimated probability that the pathogen could maintain persistent circulation once 
it establishes endemic circulation on the island. The system was initiated with 20% of foxes in 
the infected state, an 55% of foxes in the recovered state. Successful persistence was defined as 
the presence of at least one infected fox at the start of the tenth simulation year.  

We then tested the effect of abnormal demographic and environmental periods on 
persistence probabilities by randomly including a period of three consecutive years during which 
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birth rate and adult survival rate were reduced by 30%, or cumulative rainfall was reduced or 
increased by 30%. We estimated invasion probabilities under the same scenarios, assuming the 
initial introduction occurred at the start of the three-year anomalous period. In order to simulate 
normal conditions, each simulation randomly generates birth rates, adult mortality rates, and 
rainfall values. Adult mortality values were simulated from a gamma distribution with shape and 
rate parameters chosen so that the mean value was the mean of the last 10 observed mortality 
values, and standard deviation of these values divided by two to avoid excessive variability. 
Annual birth rate was chosen so that annual mortality was balanced out, on average, ensuring a 
stable population. This resulted in a mean birth rate of 0.45, and using the standard deviation of 
last five observed years divided by two, again to avoid excessive variability. A gamma 
distribution was used to randomly generate annual birth rates, with shape and rate parameters 
calculated based on the mean and standard deviation. Monthly rainfall values were generated 
using a normal distribution with mean and standard deviation equal to the mean and standard 
deviation of the values observed for a given month. 

Last, we tested the effect of different monitoring strategies on the time delay before 
detecting Leptospira infection in the population. We tested monitoring strategies for two 
scenarios of endemic transmission (with the fox population near carrying capacity, or at half of 
carrying capacity) and two scenarios of Leptospira invasion (following introduction of one 
infected fox in a population near carrying capacity, or at half of carrying capacity). For each of 
these scenarios, the different monitoring strategies were applied to 20 simulation runs. 
Monitoring strategies consisted of sampling a certain number of foxes (ranging from 1 to 100) 
within a given month, where months were spaced at quarterly, semi-annual, and annual intervals. 
This resembles realistic sampling designs where the number of foxes, the duration of a sampling 
session, and the frequency of sampling sessions, are relatively limited. 

5.3.5. Transmission dynamics model for Leptospira in island foxes on San Clemente Island 

To assess the probability of successful invasion of Leptospira in the San Clemente Island 
(SCL) fox population, we adapted an existing model of rabies and canine distemper virus 
transmission on SCL (Sanchez & Hudgens, 2020). We implemented the model in C++ to reduce 
processing time, and we used transmission parameters (infectious period and force of infection) 
specific to Leptospira based on those estimated with the Santa Rosa Island transmission model. 
Briefly, the model implemented observed variation in fox population density across the island, 
and transmission correlated linearly with home range overlap, which has been shown to be a 
good proxy for contacts between foxes. This allowed us to estimate the probability of successful 
Leptospira invasion in a fully susceptible population, by simulating two years following the 
introduction of an infected fox and counting the proportion of simulations in which an infected 
fox was still present by the end of the two years. This was done 1000 times for a population at 
normal population size (carrying capacity), and 1000 times for a population at half the carrying 
capacity. For each of these two scenarios, we further implemented different sampling strategies 
for detecting the pathogen, using the same scenarios we applied to the Santa Rosa Island model. 

5.3.6. Determine when infected CSL are found on the islands, during and after a major 
outbreak 

Leptospira has circulated in California sea lions for decades, and CSL have haulouts and 
rookeries on the Channel Islands where they could potentially transmit the pathogen to island 
foxes. Indeed, at the outset of our study, we hypothesized that California sea lions were the 
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source of Leptospira that initiated the outbreak in SRI foxes. While this hypothesis was rejected, 
it remains plausible that future risk to other island fox populations (including those on DoD-
owned rookery islands SMI, SNI, and SCL) will be driven by the presence of infected sea lions. 
Our sampling of the wild, free-ranging sea lion population on San Miguel Island during the last 
outbreak cycle prior to fadeout (i.e. 2010-2012) detected no evidence of Leptospira shedding by 
CSL during the large 2011 outbreak, but Leptospira shedding by CSL was detected the following 
year in 2012. To determine how exposure risk on the islands relates to major leptospirosis 
outbreaks observed in CSL on the coast, we sampled wild-caught, free-ranging California sea 
lions throughout their range (Figure 5.2.1.1). This work aimed to test whether Leptospira-
infected CSL reach the rookeries only the year following a major outbreak on the coast, as 
suggested by our prior observations in 2010-12. 

This work extended a long-term program to sample free-ranging CSL on rookery islands 
and coastal sites to assess their exposure to Leptospira, and to understand these patterns relative 
to those seen in the CSL stranding data from the Marine Mammal Center. Urine (n=1304) and 
serum (n=1492) samples were collected from anesthetized, physically restrained, or euthanized 
sea lions (n=1526) handled between January 2008 and November 2019 from three regions – the 
Channel Islands (San Miguel and San Nicolas Islands), central California (Año Nuevo Island, 
Monterey, and San Francisco’s Pier 39), and northern Oregon (Astoria and Willamette Dam) and 
southern Washington (Bonneville Dam; Table 6.3.6.1). The unexpected fadeout of Leptospira 
from the sea lion population (described in 6.2.1 and 6.2.3.2) led to the need to further extend our 
sampling beyond the original sampling plan, which we accomplished via approved 
reprogramming of DoD funds and leveraging of non-DoD funds. Ultimately, DoD SERDP 
funded work conducted on San Miguel Island between September 2016 through the end of 2017, 
as originally planned, in addition to one more expedition in the fall of 2019 to sample the vital 
post-outbreak year. All other fieldwork on San Miguel Island, including that done in 2018, and at 
sites other than San Miguel Island, was conducted under other funding sources. Samples from 
Willamette and Bonneville Dams were contributed to our project by collaborators with Oregon 
and Washington Departments of Fish and Wildlife from sea lions euthanized under NMFS 
Authorization to eligible states and tribes under MMPA Section 120(h), (14 Aug. 2020).  

All urine collection from live animals occurred under anesthesia, and to minimize 
anesthetic risk, only apparently healthy animals were captured and sampled (Figure 5.3.6.1). 
Urine was collected by sterile catheterization (Figure 5.3.6.2). Estimated ages of sea lions 
captured in California ranged from 1 to 5 years, and those from Oregon and Washington were 6 
years or older. Oregon and Washington animals were all males as females do not range that far 
north, and both sexes were sampled from all other locations. These animals represent a cross-
sectional sampling of the apparently healthy, wild, free-ranging population. Serum chemistry 
analyses, MAT, PCR, and culture as well as NOAA permits and IACUC permissions are as 
described in 5.2.1.  
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Figure 5.3.6.1. Anesthetizing CSL in the field. (Top) CSL were anesthetized with Focal species in the 
project: Island fox (Urocyon littoralis), Leptospira interrogans, and California sea lions (Zalophus 
californianus). 
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Figure 5.3.6.2. Collecting urine from an anesthetized CSL by catheterization. 
 

5.3.7. Investigation of the declining fox population on San Nicolas Island 

Serology 

MAT analysis was conducted on 246 serum samples from San Nicolas Island (SNI) 
between 2010 – 2015, which included samples from 222 adults and 24 pups. MAT was 
performed at the CDC in Atlanta, Georgia. All samples were tested against 20 serovars of 
Leptospira, and this 20 serovar panel included the following serovars: Alexi, Australis, 
Autumnalis, Ballum, Bataviae, Borincana, Bratislava, Canicola, Celledoni, Cynopteri, Djasiman, 
Georgia, Grippotyphosa, Icterohaemorrhagiae, Javanica, Mankarso, Pomona, Pyrogenes, 
Tarassovi, and Wolffi. Unless stated otherwise, foxes were categorized as positive if they had an 
antibody titer greater than or equal to 1:100 for any serovar. Pairwise chi square testing was used 
to compare seroprevalances between pairs of seasons, 2010-2011, 2012-2013, and 2014-2015.  

Cross-reactivity analysis 
We compared the serologic cross-reactivity profiles of SNI and SRI wild foxes using the 

analytic approach developed and described in sections 5.1.1. and 6.1.1. As the approach focuses 
on a core set of 9 serovars (Autumnalis, Bratislava, Cynopteri, Djasiman, Icterohaemorrhagiae, 
Mankarso, Pomona, Pyrogenes, and Wolffi), SNI foxes that were positive only against other 
serovars were not included in this analysis.  

Mortality data 

We received the SNI fox mortality database from the US Navy. We filtered the database 
to focus on mortalities from natural or unknown causes, which may have been associated with 
Leptospira infection. To do so, we removed all anthropogenic mortalities, including those 
categorized as death due to entrapment, vehicle strike, drowning, electrocution, euthanasia, and 
trauma. We also excluded 24 mortalities estimated to be from 2010 or 2011, for which carcasses 
were found unlabeled in a freezer but have no information on location, date, or cause of death. 
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All other categories were kept including unknown, unknown trauma, possible vehicle strikes, 
and those with unspecified causes. In periods from 2006-2009 and 2014-2017, a subset of island 
foxes on SNI were fitted with VHF collars with mortality sensors and tracked on a weekly basis 
via radio telemetry. Detection of island fox carcasses is expected to be higher in years when 
foxes were tracked via radio telemetry, however this should not bias the spatial distribution of 
mortalities that we analyze here. 

Comparison of seroprevalance data with mortality data 

Seroprevalence data and mortality data were analyzed to test for a relationship between 
SNI fox mortalities and evidence of exposure to Leptospira. To aggregate the data spatially, the 
island was divided into 4 segments using quartiles of the longitude range of SNI (Figure 5.3.7.1). 
Seroprevalence and number of non-anthropogenic mortalities was calculated for each quarter of 
SNI during each year from 2010 to 2015, yielding 24 year*quarter data points. For 5 of these 
points, seroprevalence could not be calculated as no samples were collected from that quarter in 
that year so those points were excluded from the analysis. The number of mortalities in each 
year*quarter was plotted against the corresponding seroprevalence estimate, and a negative 
binomial regression was run to test for a relationship. To test robustness of our findings to the 
arbitrary spatial subdivision of the island, the analysis was repeated by dividing the island into 3 
segments instead of 4 (Figure 5.3.7.1). In this analysis, only one point was dropped due to a lack 
of seroprevalence data for that segment in a given year. 

 

Necropsy report analysis 

Necropsy reports of all SNI mortalities from 1980-2017 and resulting from both 
anthropogenic and natural causes were reviewed to look for clinical signs of leptospirosis. For 
this broad review, any kidney abnormalities other than those caused by trauma were considered 
possible signs of leptospirosis. These abnormalities included necropsy comments of interstitial 
nephritis, karyomegaly, amyloidosis, renal cortical fibrosis, glomerulonephritis, fibrosis, and 
renal disease.  

Kidneys were not always present to be evaluated due to severe trauma or necrosis. When 
kidneys were known to be missing from carcasses, those carcasses were not included in the tally 
of animals analyzed. However, in some reports, it was not noted whether the kidney was missing 
or if it was in normal condition, so there was nothing to report. 

Figure 5.3.7.1. Spatial subdivision of San Nicolas Island. Maps showing the lines dividing the island 
into 4 and 3 segments for statistical analysis.  
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6. Results and Discussion 

6.1. Origins of the Santa Rosa Island Outbreak 

6.1.1. Reconstruction of the fox outbreak up to 2010 

Exposure to Leptospira was widespread on Santa Rosa Island in the 1980s 

Previous serological studies of mammals on Santa Rosa Island had indicated no 
persuasive evidence of exposure to Leptospira at the levels seen in the reintroduced foxes. A 
study analyzing island fox sera collected in 1988 reported no seropositives but only tested 
against serovars Canicola and Icterohaemorrhagiae (Garcelon et al., 1992). A study of 14 of the 
15 Channel Island foxes taken into captivity in 2000-2001 showed 2/14 individuals with low-
titer positive results against serovar Pomona (Clifford et al., 2006). These profiles differed 
markedly from the MAT profile seen in foxes sampled during the Santa Rosa Island outbreak, so 
we previously hypothesized that the current outbreak strain of Leptospira was absent from Santa 
Rosa Island prior to the captive program.  

To investigate the history of Leptospira exposure on Santa Rosa Island, we accessed and 
analyzed banked serum samples from feral pigs and island foxes. We analyzed 60 samples 
collected from pigs in 1987 and 43 samples collected from island foxes in 1988. We also 
analyzed all serum samples available from captive foxes from 2000-2008, which included 
reanalyzing samples from the wild foxes brought into captivity (the “founding foxes”). These 
samples were analyzed against a broader set of 20 Leptospira serovars at the CDC laboratory in 
2015 and 2016, which yielded results with higher sensitivity than in past studies.  

We detected a 62% (95%CI, 48%-74%) seroprevalence (37/60) in the 1987 pig samples. 
The pig sera reacted to 11 different serovars in total including serovar Pomona; 49% of 
individual pigs reacted to just one serovar, while the others reacted to between 2 and 11 serovars. 
46% (17/37) of MAT positive pigs had serovar Pomona as their highest titer (or tied for the 
highest titer), while 51% (19/37) were negative for serovar Pomona but reacted to other serovars. 
Pomona titers ranged from 0 to 1:6400 with 70% of the individuals having low titers at or below 
1:200 (Table 6.1.1.1, Figure 6.1.1.1).  

 

 0 100 200 400 800 1600 3200 6400 

Pomona Titer 19 4 8 4 1 0 0 1 
Highest Titer 0 14 12 7 3 0 0 1 

Table 6.1.1.1. MAT titer values from 1987 Santa Rosa Island pig samples. Frequency table of the 
MAT titer against serovar Pomona and the highest MAT titer against any serovar for the seropositive pig 
samples.  
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Figure 6.1.1.1. Santa Rosa Island species and testing timeline. Timeline of the presence of species on 
Santa Rosa Island in colored rectangles, with the sampling window for each species indicated by a dot for 
a single sampling period or a line for a sampling window. Blue sampling windows indicate negative test 
results and red indicates positive test results. 

We detected a 70% (95%CI, 54%-83%) seroprevalence (30/43) in the samples collected 
from adult island foxes on Santa Rosa Island in 1988. We found a 0% seroprevalence (0/4) in 
samples collected from fox pups in 1988, and one sample of unknown sex and age class was 
positive (Figure 6.1.1.1, Table 6.1.1.2). Foxes reacted to 11 different serovars in total, with 
individual foxes reacting to between 1 and 9 serovars (Table 6.1.1.3). 23% (7/31) of seropositive 
foxes had serovar Pomona as their highest titer (or tied for their highest titer), and titers against 
serovar Pomona ranged from 0 to 1:3200. 35% (11/31) were negative to Pomona but reacted 
against serovar Autumnalis. This serological profile (i.e. Autumnalis being higher than Pomona, 
or Autumnalis being positive while Pomona is negative) is a common pattern with our outbreak 
strain in the foxes in samples collected after 2010 (see section 6.3.2.4).  

These positive results from pigs in 1987 and foxes in 1988 indicate that some strain of 
Leptospira, with high MAT reactivity against serovar Pomona, was widespread on Santa Rosa 
Island since at least the late 1980s. Further analysis into the cross-reactivity patterns, which 
compares these results with those from captive foxes and post-reintroduction wild foxes, are 
presented later in the results (see section 6.3.2.4). 
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Adult Pup Unknown Total 

% positive N % positive N % positive N % positive N 
Male 75% 16 0 1 -- 0 71% 17 

Female 67% 27 0 3 -- 0 60% 30 
Unknown -- 0 -- 0 100% 1 100% 1 

Total 70% 43 0 4 100% 1 65% 48 

Table 6.1.1.2. Serology results from 1988 island foxes. Data includes the MAT seroprevalence of the 
1988 island fox serum samples against any serovar in the panel by sex and age class. 

 0 100 200 400 800 1600 3200 6400 

Pomona Titer 13 3 9 3 3 1 1 0 
Highest Titer 0 6 9 12 1 1 2 2 

Table 6.1.1.3. MAT titer values from 1988 Santa Rosa Island fox samples. Data presented is a 
frequency table of the MAT titer against serovar Pomona and the highest MAT titer against any serovar 
for the 1988 fox serum samples.  

The founders of the captive fox population were positive for Leptospira exposure 

After learning that Leptospira was present in pigs and foxes on Santa Rosa Island in the 
late 1980s, we re-analyzed samples from the 15 founding foxes that were taken into captivity 
between March 2000 and May 2001. Contrary to previous results (Clifford et al., 2006), our 
analyses (which included more samples and tested against more serovars, in a lab and time 
period with higher-sensitivity MAT techniques) found that all adult founding foxes showed 
evidence of exposure to Leptospira. 14 of the 15 founding foxes had serum tested via MAT 
analysis, including all 12 adults and 2 of 3 pups. All 12 adults had positive titers, but both pups 
were negative (Figure 6.1.1.2). Of the seropositive founding foxes, the titers against serovar 
Pomona tested at CDC ranged from 0 to 1:400, while the highest titers against any serovar 
ranged from 1:100 – 1:6400. The 12 adult founders with MAT tests had multiple MAT tests per 
individual with 53 total positive MAT tests (from samples tested at CDC) for these individuals 
when they were in captivity. 58% (7/12) of the founding adults had at least one test with positive 
results against serovar Pomona. 42% (5/12) of the founding adults never had a positive test 
against serovar Pomona, however each of these foxes had positive tests against serovar 
Autumnalis. Overall, 11% (6/53) of the samples had serovar Pomona as the highest (or tied for 
highest) titer, while 51% (27/53) of the samples were negative to serovar Pomona but positive to 
serovar Autumnalis as well as other serovars. Again, our studies show this serologic profile is 
typical for the outbreak strain in island foxes (section 6.3.2.4). 

These results were all from samples taken 1 to 4 years after the founders were brought 
into captivity. For all but one of the adults, the first sample tested at CDC was positive, though 
most of these individuals had an earlier negative test at Cornell. The adult whose first CDC test 
was negative was positive in some future tests. This pattern could be explained by transmission 
during the early phase of captivity or false-negative results (potentially because of low test 
sensitivity or sample degradation due to long-term storage and freeze-thaw cycles). Of these, we 
believe false-negative results are the most plausible because all of these initial negative samples 
were tested at Cornell in the early 2000’s, and more recent testing has revealed that these early 
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tests had low sensitivity. The samples were also not tested against serovar Autumnalis, which is 
a serovar that dominates the foxes’ MAT reactivity against the outbreak strain. The first sample 
tested at CDC for each of these individuals was positive.  

Four of the adult founding foxes, including the one fox that did not have a serum sample 
available, died in captivity and had kidney tissue archived (formalin-fixed and paraffin-
embedded). One captive-born fox also had kidney tissue available. We tested these kidney 
tissues for the presence of Leptospira via IHC and PCR. Four of the samples were negative via 
IHC. The fifth, which was from the founding fox that did not have a serum sample, showed 
possible presence of the bacteria, but the pathologist could not state definitively whether the test 
was positive or negative (Figure 6.1.1.2). The PCR results from all formalin-fixed and paraffin-
embedded kidney samples were negative, though sensitivity of the assay on samples preserved in 
this manner is unknown and expected to be low. The founding foxes with kidney samples had 
been in captivity for 1, 4, 6, and 9 years when they died, and it was the fox that died one year 
after being brought into captivity that showed a suspect positive result via IHC. This contributes 
to the evidence that the founding foxes had been exposed in the wild but were probably not 
shedding the bacteria beyond the initial period of captivity. 
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Figure 6.1.1.2. Individual timelines of locations, sample collections, and test results for all 15 foxes taken from the wild into captivity, 2000-
2004.Each row depicts the history of an individual island fox. Brown squares indicate months when the fox was in the wild; grey squares indicate 
captivity. A blue square is a negative MAT result and a pink square is a positive MAT result against serovar Pomona and or Autumnalis. A ‘C’ in the box 
indicates the result is from Clifford et al. 2006. A “C+” indicates that sample was positive in the Clifford study but not against serovar Pomona or 
Autumnalis. The numbers in the box are the MAT titers against the highest infecting serovar, divided by 100. Purple squares indicate the month the fox 
was born, so these two rows denote animals that were captured as pups; red squares show the month the fox died. In red squares, a ‘P?’ indicates a suspect 
positive and ‘N’ a negative IHC result on the kidney. Stippled areas show the period following the first positive test result for each individual. 
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Leptospira did not persist in the captive population 

After confirming widespread exposure to Leptospira in the foxes that founded the captive 
population, we tested serum samples from the remainder of the captive population (i.e. those 
born in captivity). We were able to test samples from 81 of the 85 captive-born foxes, collected 
while in captivity, and only 1 of those (1%) had any positive MAT titers. The one fox with a 
positive MAT result was among the 8 pups born in captivity months after their mothers were 
brought in from the wild. This individual was never positive to serovar Pomona. He was positive 
to serovar Bratislava with an unknown titer at Cornell in 2001 when he was 1 year old, and he 
was positive to serovars Autumnalis and Djasiman, both at titers 1:200 at CDC, both times he 
was tested when he was 4 and 5 years old in 2004 and 2005.  

It is unclear why this captive-born fox tested positive in captivity. The tests could be false 
positives since they are very low titers to very few serovars. This fox was not tested until he was 
an adult, so we do not know his exposure status as a pup, but the positive results do not look like 
maternal antibodies, which typically last only a few months after birth. He could have been 
infected by vertical or pseudo-vertical transmission from his mother who had been captured with 
positive MAT results reflecting exposure to Leptospira while in the wild just prior to his birth. 
However, both of his litter mates always tested negative throughout captivity. 39 pups overall 
were born to mothers who ever tested positive in captivity. 37 of these had MAT tests during 
their time in captivity and only 1/37 ever had a positive test, showing that vertical transmission 
from the founders was very inefficient.  

A pedigree of the founding and captive born foxes was created to help visualize the 
lineages and disease states of the foxes in captivity and to look for any evidence of vertical 
transmission (Figure 6.1.1.3). The lack of any more positive captive-born foxes, other than the 
one individual with possible vertical transmission, is evidence that transmission between captive 
foxes was virtually non-existent. We conclude that Leptospira did not persist in the captive fox 
population, either because the precautions taken to limit disease transmission were effective or 
possibly because the exposed founding foxes were no longer transmitting leptospires at 
infectious levels when they were brought into captivity.  
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Figure 6.1.1.3. Pedigree of captive fox population with disease state, birth status, and sex for each individual. Males are circles, females are 
squares. Individuals that appear in the chart more than once are connected by a dotted line. If the individual was wild-born, the bottom third of the 
tile is hatched. If the individual is a founder, the right third of the tile is hatched. The solid left third of the tile is colored to indicate the disease 
state of the individual: green if unknown, blue if negative, orange if a wild-born positive fox, salmon if a captive-born positive fox. Wild born 
positive female, 07061, did not produce offspring so is omitted from the pedigree.  
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The Leptospira outbreak expanded rapidly in the reintroduced fox population 

Release of foxes from captivity began in late 2003 and continued with pulses of releases 
each fall from 2004-2009 (Figure 6.1.1.1). Early results were mixed, with many rapid mortalities 
and foxes taken back into captivity, but over this period the wild fox population grew steadily 
(Figure 5.1.1.1). Because the pathogen did not spread among the captive foxes, most individuals 
were not exposed prior to release (Figure 6.1.1.1). However, our retrospective analysis of serum 
and kidney samples shows that by 2006 exposure to Leptospira was spreading with alarming 
speed in the reintroduced population.  

In 2006, the first year a large sample (i.e. more than 2) of the wild fox population was 
tested via MAT, exposure to Leptospira was widespread with a 63% (95%CI, 35%-85%) 
seroprevalence in adult foxes and 67% (95%CI, 38%-88%) seroprevalence in pups (Figure 
6.1.1.4, Table 6.1.1.4). Seropositive foxes were found over much of the island’s area, with the 
exception of the eastern tip (Figure 6.1.1.5). The high seroprevalence detected in pups in 2006 
indicates a very high force of infection in 2006, with two thirds of pups converting from 
susceptible to infected within months of their birth. We interpret these MAT results as true 
exposures and not maternal antibodies because all the sampling occurred between September 
2006 and January 2007, which is well beyond the window when we would expect to see 
maternal antibodies in foxes that are born between March and May (Adler & de la Peña 
Moctezuma, 2010).  

 

Figure 6.1.1.4. Seroprevalence of reintroduced Channel Island foxes by age group, 2004-2010. The 
island fox population estimate is in black. The adult fox seroprevalence is in red and the fox pup 
seroprevalence is in pink. Dashed lines are 95% confidence intervals for seroprevalence and 80% 
confidence intervals for population estimate.  
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   2004 2005 2006 2007 2008 2009 2010 
A

ll
 

Positive 0 0 20 26 12 38 82 
N 2 2 31 37 46 99 144 

SP 0% 0% 65% 70% 26% 38% 57% 

95%CI 0%-84% 0%-84% 45%-81% 53%-84% 14%-41% 29%-48% 48%-65% 

A
d

u
lt

 Positive 0 0 10 22 8 34 80 
N 2 2 16 25 12 55 100 

SP 0% 0% 63% 88% 67% 62% 80% 

95%CI 0%-84% 0%-84% 35%-85% 69%-97% 16%-43% 48%-75% 48%-65% 

P
u

p
s 

Positive 0 0 10 4 3 4 2 
N 0 0 15 12 31 44 44 

SP NA NA 67% 33% 10% 9% 5% 

95%CI NA NA 38%-88% 9%-65% 2%-26% 3%-22% 1%-15% 

Table 6.1.1.4. Seroprevalence of reintroduced Channel Island foxes by age class, 2004-2010. Results 
are shown for all foxes, adults only, and pups only. N indicates the number of samples analyzed for each 
age group in each year. SP indicates the seroprevalence estimate, and 95% CI shows the 95% confidence 
interval around the seroprevalence estimate.  

 

 

Figure 6.1.1.5. Maps of MAT serology results for adult island foxes on Santa Rosa Island, 2004-
2010. Blue circles indicate negative MAT results. Red crosses indicate positive MAT results. Numbers 
indicate seroprevalence among adult foxes alive during that year. 

Serum samples for the small populations of wild foxes in 2004 and 2005 are very limited, 
posing serious challenges to direct assessment of Leptospira exposure in the earliest phase of the 
reintroduction program. Due to the very small population size and rapid mortalities or recaptures 
of released foxes, only 2 foxes were tested via MAT in each of 2004 and 2005 and they were all 
negative against the outbreak strain. The 2 samples from 2004 were from adult foxes taken 5 and 
10 months after being released and the 2 samples from 2005 were from adult foxes taken 11 and 
20 months after being released (Figure 6.1.1.5, Table 6.1.1.4).  
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The earliest concrete evidence of Leptospira infection in the wild fox population comes 
from a kidney sample collected at necropsy from an individual found dead in March 2006, which 
was positive by PCR. This animal was seronegative in captivity in August 2005, then was 
released to the wild in October 2005. Thus, it became infected in the wild during the brief 
window from October 2005 to March 2006. Details on this and other early mortalities associated 
with Leptospira are reported in section 6.3.3. 

The exposure pattern seen in the reintroduced foxes is also evident in wild-born foxes in 
the reintroduced population during this period. We compiled an extraordinarily high-resolution 
picture of these dynamics by reviewing the full records associated with each individual fox that 
was released from captivity or born in the wild from 2003-2007 (Figure 6.1.1.6). This figure 
shows when each individual was born, periods when they were captive or wild, when they were 
tested for Leptospira, and when they died or went missing. The figure shows the high proportion 
of foxes testing MAT positive shortly after birth or release once widespread sampling via MAT 
was initiated in 2006, with many foxes testing positive within months of their birth or release. It 
also shows a large number of rapid mortalities during this time, as analyzed in section 6.3.3. 
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Further insight can be gained from the 2006 data by evaluating MAT titer levels, given 
that antibody titers peak shortly after initial exposure and then decay over time (Borremans et al., 
2016; Pepin et al., 2017). 20 out of 31 individuals tested in the wild in the 2006 season were 
seropositive. Within this group, 11 foxes (5 adults and 6 pups) showed signs of recent infection 
with very high titers against serovar Pomona of 1:12,800 (4 animals), 1:25,600 (3 animals) and 
1:51,200 (4 animals). These animals likely were infected in 2006. The 9 other positive foxes (5 

Figure 6.1.1.6. Individual timelines of locations, sample collections, and test results for all foxes 
released from captivity or born into the wild between 2003-2007. Foxes are shown in order of 
release/birth date. Brown squares indicate months when the fox was in the wild; grey squares indicate 
captivity. A blue square is a negative MAT result and a pink square is a positive MAT result. A ‘C’ in the 
box indicates the result is from Clifford et al. 2006. Purple squares indicate the month the fox was born; 
red squares show the month the fox died. In red squares, a ‘P’ indicates a positive and ‘N’ a negative IHC 
or PCR result on the kidney. Stippled areas show the period following first positive test result for each 
individual. 
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adults and 4 pups) showed lower titers against serovar Pomona, indicating possible earlier dates 
of infection.  

We analyzed these MAT data by applying the antibody titer kinetic model developed 
from SRI fox data (presented in section 6.3.2.2). This Bayesian model yields a posterior 
distribution for the time of infection of each seropositive animal, based on their MAT titer and 
window of possible exposure. We combined these findings with data on the windows of 
exposure for foxes that tested positive for Leptospira at necropsy (presented in section 6.3.3), to 
arrive at our best synthesis of evidence for the temporal origin of the outbreak. While there is 
inevitable uncertainty for each individual, in aggregate the data point to an origin in the second 
half of 2005 (Figure 6.1.1.7). Two foxes have their median posterior date of infection in 
November-December 2005, and there are 7 foxes with >30% probability of having been infected 
by the end of that year. It is possible that one or two infections occurred before mid-2005, but the 
data and samples do not exist to pin this down. The latest possible date for the first infection is 
March 2006, and it is clear that the outbreak had considerable momentum by mid-2006. 

 

 

Figure 6.1.1.7. Estimated times of infection for the first infected foxes in the outbreak. Each line 
corresponds to an individual fox that tested positive for Leptospira by MAT or PCR by 2007. The lines 
show the cumulative probability that the individual was infected by a given date; each line starts at 0 
when a fox is released or born and ends at 1 when that fox tests positive. Solid lines are cumulative 
distribution functions for the posterior probability estimated from the first positive MAT titer level. 
Dashed lines show individuals who were PCR-positive for Leptospira at necropsy, whose posterior date 
of infection was assumed to be uniformly distributed over the window of possible exposure.  

Leptospira strains from before and after the captive period appear the same 

We have established that Leptospira was widespread on Santa Rosa Island before the 
foxes were taken into captivity, and that the reintroduced fox population showed signs of high 
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exposure within a few years (or less) of being released from captivity. We do not have bacterial 
isolates from before captivity, so we cannot use genetic methods to test whether the Leptospira 
strains from before and after the captive period were the same. MAT analyses show strong cross-
reactivity, so cannot be interpreted simply to determine the infecting serovar. Instead, we 
developed a novel statistical approach to analyze the cross-reactivity profiles, to assess evidence 
that the same strain was responsible for the seropositivity observed in different time periods and 
host species.  

We used the cross-reactivity profile from the island foxes sampled during the outbreak as 
our point of reference, since these data are most abundant and are linked to pathogen isolates that 
we have characterized genetically. These MAT data exhibit a strong two-clade pattern, with 
highest titers against serovar Pomona (the true infecting serovar), Djasiman, and Autumnalis 
(Figure 24). Using our permutation test, we determined that the MAT data from island foxes 
sampled before the captive period exhibit the same cross-reactivity profiles and hence appear to 
represent exposure to the same strain of Leptospira. The characteristic clade structure is 
significantly present in the MAT profile from wild foxes sampled in 1988 (Figure 6.1.1.9, 
p=0.012) and the profile from wild foxes taken into captivity in 2000-2001 (Figure 6.1.1.10, 
p=0.011). We also analyzed the profile from feral pigs sampled in 1987, which showed similar 
structure but was not quite significant at the α=0.05 level (Figure 6.1.1.11, p=0.083). In our work 
on cross-reactivity in Leptospira serology, we show that quantitative titers and cross-reactivity 
patterns vary across host species (section 6.3.2.4), so we speculate that the pigs and foxes may 
still reflect exposure to the same strain, since it was circulating in island foxes at that time.  
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Figure 6.1.1.9. MAT cross-reactivity profile for 1988 Channel Island foxes. P-value = 0.01196, N=31. 

Figure 24. MAT cross-reactivity profile for island foxes sampled during the outbreak, between 2006 
and 2013 Island foxes. Each row represents an individual fox, and the colors show the magnitude of the 
MAT titer against the serovar shown in the column header. The dendrogram shows the serovar clustering 
pattern of the cross-reactivity profile. Serovars are abbreviated as follows: aut=Autumnalis, 
bra=Bratislava, cyn=Cynopteri, dja=Djasiman, ict=Icterohaemorrhagiae, man=Mankarso, pom=Pomona, 
pyr= Pyrogenes and wol=Wolffi. 
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Figure 6.1.1.10. MAT cross-reactivity profile for Channel Island foxes taken into captivity in 2000 
and 2001. P-value = 0.0115, N=52. 

 

Figure 6.1.1.11. MAT cross-reactivity profile for 1987 feral pigs on Santa Rosa Island. P-value = 
0.08334, N= 37. 
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The main difference between MAT data collected from Channel Island foxes before and 
after the captive period is the magnitude of titer values. Post-reintroduction foxes exhibit peak 
titers ranging from 1:100 to 1:204800, while the 1988 and 2000-2001 foxes exhibit peak titers 
from 1:100 to 1:6400. The lower titers seen in older samples could be due to long-term storage of 
the archived samples, more freeze-thaw cycles, or the possibility that individuals were sampled 
further from the time of their initial infections so their titers had decayed.  

The pathogen may have persisted on Santa Rosa Island in island spotted skunks while foxes 
were absent 

After learning that the bacteria did not persist in the captive foxes and that the 
reintroduced foxes were quickly acquiring the bacteria upon release back into the wild, we 
investigated possible reservoirs of infection that would explain persistence on Santa Rosa Island 
while all island foxes were in captivity and that could act as a source for exposure of the 
reintroduced foxes. We investigated whether the other terrestrial species present on the island 
could have acted as maintenance hosts for Leptospira while the foxes were in captivity. We 
tested three of the four terrestrial mammal species present on Santa Rosa Island when the foxes 
were released: the mice, deer, and skunks. We were unable to test the elk as they were eradicated 
by the time we were collecting samples, and no samples from elk were archived. 

We tested 72 mouse kidney samples, collected between 2012 and 2015, and all came 
back negative via IHC (0/72) and PCR (0/69) (Table 6.1.1.5). This is strong evidence that the 
mice on Santa Rosa Island are not a host to the Leptospira bacteria, which is consistent with the 
broader literature that mice are not known hosts for Leptospira serovar Pomona (Bolin & 
Zuerner, 1996; Zuerner & Alt, 2009). While the samples are only from the northern half of the 
island (Figure 6.1.1.12), this is the region associated with highest infection risk in the 
reintroduced foxes during the early phase of the outbreak. Therefore, if the mice were a reservoir 
host and the source of infection to the reintroduced foxes, we would expect to have had some 
positive results in the samples we tested.  

 
Sample 

year 
Individuals  

sampled PCR IHC 

2012 16 0/13 0/16 

2013 8 0/8 0/8 

2014 38 0/38 0/38 

2015 10 0/10 0/10 

Total 72 0/69 0/72 

Table 6.1.1.5. PCR and IHC results for deer mouse kidney samples. PCR and IHC values are reported 
as the number of positive samples / number samples tested. 

We tested samples from 27 mule deer that were collected in the course of their 
eradication from Santa Rosa Island in 2012 and 2013 using a combination of IHC, PCR and 
MAT analyses (Table 6.1.1.6). There was a urine and/or kidney sample from 26 of the 27 deer, 
and a blood sample from 25 of the 27 deer. All 21 urine PCR tests, 6 kidney PCR tests, 6 kidney 
IHC tests, and 24/25 MAT titers were negative (Table 6.1.1.6). One deer had a positive MAT 
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result with a titer of 1:100 against serovar Pomona. The deer was negative to the other 19 
serovars in the 20-serovar panel and was negative via kidney IHC and PCR. This deer did not 
have a urine sample available to test. Given the borderline-positive titer level, the MAT result 
could be a false positive. If it is a true positive, it indicates that this deer was exposed to the 
bacteria, possibly by environmental exposure or spillover from island foxes, which had a large 
population size and high Leptospira shedding prevalence in 2012 when this sample was 
collected. If the deer population were maintenance hosts of the bacteria and the source of the 
reintroduced fox exposure, we would expect to see a higher seroprevalence in the MAT results, 
as well as positive PCR and IHC results showing that the deer have the bacteria in their kidneys 
and could be shedding. Altogether, given the lack of evidence of kidney colonization or 
shedding, and only one very low MAT titer detected, the weight of evidence is that the deer are 
not maintenance hosts of Leptospira on Santa Rosa Island and were not the source of Leptospira 
exposure in the reintroduced foxes.  

 

 

Figure 6.1.1.12. Locations of the deer mouse kidney samples.  
 

 
Individuals  

sampled 
Urine  
PCR 

Kidney  
PCR 

Kidney  
IHC MAT 

2012 22 0/21 0/2 0/2 1/22 

2013 5 NA 0/4 0/4 0/3 

Total 27 0/21 0/6 0/6 1/25 

Table 6.1.1.6. PCR, IHC, and MAT results for mule deer samples. PCR and IHC values are reported 
as the number of positive samples / number samples tested. 

Island spotted skunks present a different picture. MAT and culture results from the 
spotted skunks collected in 2010-2012 indicated that skunks are a host of Leptospira bacteria, 
and a potential source of the pathogen into the reintroduced foxes. Serum samples from the 2011 
and 2012 seasons show a 42% (95% CI, 25%-61%) and 18% (95% CI, 10%-30%) 
seroprevalence in the spotted skunks, respectively, and evidence of exposure to Leptospira was 
widespread in skunks across the island (Figure 6.1.1.13). Also 2 of the 8 urine samples collected 
from skunks at the end of the 2010 season were culture-positive, indicating that the skunks were 
actively shedding the bacteria in the 2010 season. Variable number of tandem repeats (VNTR) 
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analysis of pathogen genetics (Zuerner & Alt, 2009) showed a match to isolates collected from 
foxes in the same sampling trip, indicating likely transmission between the species. MAT cross-
reactivity profiles also indicate a match, with significant evidence of the two-clade structure 
linked to the fox outbreak strain evident in skunk data (Figure 6.1.1.14, p=0.014). 

 

 

Figure 6.1.1.13. Maps of MAT serology results for adult island skunks on Santa Rosa Island, 2010-
2012. Blue circles indicate negative MAT results. Red crosses indicated positive MAT results. 

 

Figure 6.1.1.14. MAT cross-reactivity profile for island spotted skunks, sampled 2010-2012.  
P-value = 0.0138, N=6. 

Because biological samples were not collected from island spotted skunks until the end of 
the 2010 season, we cannot conclude with certainty that they harbored the bacteria while the 
foxes were in captivity and acted as a source of infection to reintroduced foxes. However, they 
are a likely source, given that they exhibit high seroprevalence and bacterial carriage, and other 
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candidates among terrestrial mammals are ruled out. Other alternatives include a possible 
introduction of Leptospira into the Santa Rosa Island ecosystem from a marine reservoir such as 
California sea lions, though this is not supported by whole genome sequence analysis we 
recently conducted (unpublished), or that the bacteria persisted elsewhere in the Santa Rosa 
Island environment (in soil, water, or a non-mammalian host) for the years that the foxes were in 
captivity, but this greatly exceeds the expected survival time of pathogenic leptospires in the 
environment (Faine et al., 1999). 

Another factor in support of skunks as a possible reservoir for infection is that skunk 
density on Santa Rosa Island rose to extremely high levels during the 2000s, as they benefited 
from competitive release while the fox population was absent or at very low abundance (Coonan 
et al., 2015). Available evidence shows that skunks were abundant across the island. Though 
trapping locations from 2004 to 2007 do not cover all areas of the island uniformly, skunks were 
present in all the areas that were trapped (Figure 6.1.1.15). Once the trapping intensity increased 
in 2008 and grid trapping began in 2009, it was confirmed that skunks were present throughout 
the island (Figure 6.1.1.15, Table 5.1.1.4). Given the high abundance and widespread distribution 
of skunks while the foxes were in captivity, and the skunks’ known ability to be infected by and 
to transmit the outbreak strain of Leptospira, it is very unlikely that the bacteria would have been 
present in the environment and not present in the skunks during this period. 

 

Figure 6.1.1.15. Maps of trapping locations for island spotted skunks, 2004-2010. Blue dots indicate a 
trapping location that had at least one skunk capture during the trapping season. Black dots indicate the 
trapping locations that did not catch a skunk during the trapping season. 

6.1.2. Reconstructing the spatiotemporal origins of the SRI outbreak 

Spatial reconstruction 
Using a generalized additive model with splines, we interpolated the location data 

through time for individuals with data between 2004 and 2006. By overlaying the cumulative 
probability that an individual was infected by a given quarter (as summarized in Figure 6.1.1.7), 
we can visualize where and when the outbreak may have started (Figure 6.1.2.1). By quarter 2 
(April - June) of 2005, there were two areas of the island where a fox had a 30% chance of 
seroconverting. The probability grows in these two areas over the remaining quarters of 2005. By 
the end of 2005, Leptospira infections had clearly occurred in at least two areas of the island. 
Throughout 2006, there was a greater than 30% chance of infection island-wide with the 

2004 2005 2006 2007

2008 2009 2010
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probability growing stronger through the year, approaching quarter 3 when the island-wide 
serosurvey revealed widespread exposure across SRI (Figure 6.1.1.5). 

 

Figure 6.1.2.1. Spatiotemporal probability of infection for seven foxes between 2004 and 2006. 
Colored grid cells represent the presence of foxes with a non-zero probability of having been infected by 
that time. The color scale represents the cumulative probability that an individual had been infected by the 
end of the quarter in question. The darker the color becomes, the higher the probability that an infected 
fox was present in that cell at that time. 

The temporal patterns suggest that the origin of the Leptospira outbreak most likely 
occurred in the second half of 2005. The two individuals with high probability of infection in late 
2005 had little to no interaction with each other, so we believe these spatial patterns are most 
consistent with multiple introductions of Leptospira from a reservoir within the island, most 
likely from skunks.  

6.1.3. Whole genome sequencing and phylogenetics 

Data summary 
Our dataset includes forty-nine bacterial isolates from four host species: island fox, island 

spotted skunk, California sea lion (CSL), and Northern elephant seal (NES), spanning the years 
1988 to 2017 (Table 6.1.3.1). 

Multi-locus strain typing (MLST) 
Assembled contigs were scanned against the three Leptospira PubMLST typing schemes 

(Ahmed et al., 2006; Boonsilp et al., 2013; Varni et al., 2014). All forty-nine isolates were found 
to have the same strain type across the three schemes. Identified strain types and allele IDs can 
be found in Table A.2.  
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Host species 1988 2004 2006 2007 2008 2010 2011 2012 2013 2015 2017 Total 

CSL 1 3 2 3 1 2 20 2    34 
NES       3     3 

Island fox       4  3 2 1 10 
Spotted skunk       2     2 

Total 1 3 2 3 1 2 29 2 3 2 1 49 

Table 6.1.3.1. Frequency of Leptospira interrogans serovar Pomona isolates by host species and 
sampling year. 

Phylogenetic reconstruction 
The time-calibrated Bayesian phylogeny was constructed with a relaxed lognormal 

molecular clock and HKY + Γ + I site heterogeneity model. The phylogeny indicates two clearly 
distinct clades, which are broadly delineated by ecosystem (Figure 6.1.3.1). One clade (Marine1) 
consists entirely of marine mammals: thirty-three CSL, sampled from 2004 to 2012, and one ES, 
sampled in 2011. The second clade splits into two subclades: Island and Marine2. The Island 
subclade contains all terrestrial host isolates and a single CSL isolate (CSL10040), whereas the 
Marine2 subclade contains two ES isolates and a CSL isolate, which was sampled in 1988. 
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There are three cross-species transmission events directly evident in these phylogenetic 

reconstructions, but there is more evidence of cross-species transmission when considering the 
whole tree. The Marine1 clade indicates that transmission occurs between CSL and ES, which 
makes ecological sense as the two species share haulout and rookery sites and have frequent 
direct contact. The Island clade contains two types of cross-species transmission: within the 
terrestrial ecosystem and between the terrestrial and marine ecosystems. The clustering in this 
clade suggests that island spotted skunks and island foxes had multiple cross-species 
transmission events prior to 2011. Additionally, there is a single CSL nestled within the island 
clade, indicating that cross-species transmission can occur from the terrestrial hosts on the island 

Figure 6.1.3.1. Time-calibrated maximum clade credibility tree. Two major clades were identified 
through Bayesian phylogenetic analysis: Marine1 and Island + Marine2. Interior nodes are labelled with 
the posterior probability (lower values are brown, higher values are teal). Tips are labeled with host 
species (CSL = California sea lions, ES = elephant seal), ID number, year, and tissue type (K = kidney, U 
= urine). 
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to the marine ecosystem, most likely from foxes to CSL. Although two elephant seal isolates 
(ES3197 and ES3208) cluster with the 1988 CSL isolate in the Marine2 clade, we do not believe 
this is evidence for contemporaneous cross-species transmission, given the interval of time 
between the sampling dates (23 years). Rather, we believe that there is a separate reservoir that 
seeded both of these lineages; a minimal interpretation of the Marine2 cluster is that at least one 
additional substrain has circulated within the broader ecosystem. 

The median substitution rate in these genomes was 1.16 x 10-7 substitutions per site per 
year, which is equivalent to 0.37 SNPs per year per genome. The variation in the evolutionary 
rate was high with the 95% highest posterior density (HPD) covering 0.11 – 2.63 x 10-7 
substitutions per site per year (Table 6.1.3.2). Using this rate, we were able to estimate the date 
when the different clades diverged or the time to most recent common ancestor (TMRCA). The 
estimated date for the root of the tree, when isolates from island foxes last shared a common 
ancestor with the larger Marine1 clade, is 1836 (HPD: 1272-1980). The estimated TMRCA for 
the Island and Marine2 clades, which represents the last date at which the terrestrial isolates 
shared an ancestor with the broader marine realm, is 1947 (HPD: 1755-1988). In both instances 
the uncertainties on the TMRCAs are large, due to the limited number of isolates and high 
variation in substitution rates, but crucially the intervals do not extend to the period after 2000 
when the foxes entered captivity.  

 
Parameter Median (95% HPD) 

Clock rate (x 10-7) 1.16 (0.11, 2.63) 
Coefficient of variation+ 2.59 (1.60, 4.87) 

TMRCA date (root) 1836 (1272, 1980) 
TMRCA date (Island + Marine2) 1947 (1755, 1988) 

Table 6.1.3.2. Posterior median estimates of genetic and temporal parameters. HPD: highest 
posterior density; TMRCA: time to most recent common ancestor for marine and island lineages. + 
indicates measure of the variation in evolutionary rate amongst the branches. 

The interior nodes of the phylogeny have a wide range of posterior probabilities (PP; 
Figure 6.1.3.1). Crucially, the branch point at the root of the tree has very high posterior 
probability (>99%), but subsequent nodes decline in posterior support. This indicates that the 
separation between isolates circulating in sea lions at the time the SRI outbreak began (i.e. the 
Marine1 clade) and isolates involved in the SRI outbreak (the Island clade) was almost always 
present in the posterior set of trees, but the specific branching patterns within the clades were 
more variable. 

Broad clustering patterns within the tree topology suggest that multiple introductions of 
L. interrogans serovar Pomona into the California coastal ecosystem have occurred from an 
unknown reservoir. These repeated introductions appear to have seeded multiple chains of 
transmission, which circulated simultaneously in different host species. The island clade most 
likely had its own introduction from an external reservoir in the early-to-mid 1900s given that its 
median TMRCA is 1947. It appears likely that the sea lion isolate obtained from CSL06-048 in 
1988 was seeded by an introduction independent of the one that seeded the Marine1 clade. 
Finally, the cluster of elephant seal isolates in 2011 signifies another potential introduction from 
an unknown reservoir. 

In this study, we used Leptospira interrogans serovar Pomona isolates to reconstruct host 
epidemiological linkages within the California coastal ecosystem. Our data suggest that cross-
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species transmission occurs primarily within the terrestrial or marine ecosystems but can occur 
infrequently across ecosystems as well. There is additional evidence that an unknown reservoir 
may be seeding independent introductions of L. interrogans serovar Pomona into multiple host 
species within the California coastal ecosystem. 

6.2.  Leptospira in California Sea Lions 

6.2.1. Extend long-term time series of leptospirosis in stranded California sea lions 

Interannual variation and cyclic outbreaks 
Collaborators at TMMC collected data and samples from 3420 California sea lions that 

stranded along the central and northern coast of California and were admitted for rehabilitation 
between January 1, 2015 and December 31, 2020. Of these, 391 were diagnosed with 
leptospirosis. Samples were analyzed using MAT (N=1373) to assess prior exposure; PCR of 
urine or kidneys (N=304), or culture (N=634) and Leptospira isolation (N=65) from urine and 
kidney, to assess current infection; and serum chemistry analyses (N=2787) to assess clinical 
impact of leptospirosis (Table 6.2.1.1). These data allowed us to extend our unique long-term 
time-series of Leptospira circulation to 37 (incidence) and 25 (anti-Leptospira antibody 
seroprevalence) years (Figure 6.2.1.1). This unique long-term dataset, combined with prior work 
done on the system, provides important insights into the sea lion-Leptospira system.  

L. interrogans serovar Pomona was first detected in the California sea lion population in 
1970 (Vedros et al., 1971), but was not detected in the later 1970s or early 1980s, despite 
systematic surveillance by TMMC since 1975. The pathogen reappeared in CSL in 1984, and 
from 1984 through 2012 there have been yearly, seasonal outbreaks (Figure 6.2.1.1). During this 
period, outbreak magnitude varied, with very large outbreaks occurring every 3-5 years (Gulland 
et al., 1996; Lloyd-Smith et al., 2007). Genetic, serologic, and epidemiologic data suggested 
endemic circulation until 2013, i.e. sustained transmission of a distinct strain of L. interrogans 
serovar Pomona within the sea lion population (Buhnerkempe et al., 2017; Gulland et al., 1996; 
Lloyd-Smith et al., 2007; Prager et al., 2013, 2015; Zuerner & Alt, 2009) (also see 6.1.3).  

Spontaneous fadeout of Leptospira circulation in the CSL population 
We observed an unprecedented 4-year cessation in leptospirosis strands in CSL from 

early 2013 to mid-2017, followed by reemergence of the disease in a small outbreak in 2017, 
then the largest outbreak on record in 2018 (Figure 6.2.1.1). To investigate this pattern and 
confirm the apparent cessation of endemic transmission (i.e. ‘fadeout’) in the CSL population, 
we analyzed serologic and infection prevalence data from stranded and wild-caught CSL (Figure 
6.2.1.2). During the period that CSL were not stranding with leptospirosis, log2 antibody titers 
fell below 6, a level known to be indicative of past infections not current ones (Prager et al., 
2020), and were seen only in animals old enough to have been exposed prior to the fadeout, or 
else titers were so low they suggested either maternal antibodies or false positives. Infection 
prevalence dropped to zero during this period, with two notable exceptions: one subclinically 
infected juvenile in 2013 with a low MAT titer (3) that was likely a chronic carrier infected in 
2012, and an isolated clinical case of leptospirosis in 2016 that we believe was a failed 
reintroduction of the pathogen. Together, these data confirm that Leptospira stopped circulating 
in the California sea lion population from early 2013 to mid-2017 when a new strain emerged. 
This period coincided with an Unusual Mortality Event in 2013 linked to unfavorable 
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oceanographic conditions, followed by an unprecedented marine heatwave (nicknamed ‘the 
Blob’) from 2013-2015, which was then followed by an El Niño event in 2015-2016.  

Combined with phylogenetic analyses performed on Leptospira isolates obtained during 
this period, as well as previously banked isolates, the stranding time-series confirmed pathogen 
fadeout and re-emergence of a genetically distinct strain in mid-2017 (Figure 6.2.1.1, Figure 
6.2.1.2). These data and those presented in section 6.2.2 also provided the foundation for 
modeling and empirical efforts to do the following: (i) assess the intrinsic and extrinsic 
stationarities driving Leptospira outbreaks in CSL during the period of endemic circulation 
(6.2.3.1), (ii) identify the conditions that led to Leptospira fadeout, and those that facilitated 
reemergence (6.2.3.2), and, (iii) in combination with data from the wild free-ranging sea lion 
population, evaluate the risk of Leptospira spillover from CSL to island foxes (6.3.6). 

 

 

Figure 6.2.1.1. Stranding and seroprevalence time series. Number of California sea lions stranding 
each month at The Marine Mammal Center (TMMC) with leptospirosis (solid) from 1983 to 2021 and 
annual seroprevalence of anti-Leptospira antibodies in animals stranding at TMMC from 1995 to 2019 
(black line). Seroprevalence is excluded for 2020 and 2021 because of small sample sizes.  
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Figure 6.2.1.2. Stranding, antibody titer, and infection prevalence time-series. Number of yearling 
(top) and older – 25 months old and greater – (bottom) California sea lions stranding each month at The 
Marine Mammal Center (TMMC) with leptospirosis (solid pink) from 2008 to 2020, and log2 serum anti-
Leptospira antibody titers (grey circles) from stranded (left) and wild-caught (right) sea lions. Vertical 
dashed red lines show the beginning and end of the period when Leptospira ceased circulating in the CSL 
population (i.e. the ‘fadeout period’). Antibody titers are plotted as grey circles on the day of sampling; 
points are transparent and jittered, so darker circles represent multiple animals tested on that day. The 
horizontal dashed blue line shows the level below which antibody titers correspond to past infections, not 
current ones. Data from wild-caught CSL are described in section 6.3.6. Infection prevalence (black line) 
for each age group is plotted in the panels directly below the strand and seroprevalence time-series. 
Numbers represent total sample size tested and grey bands are the 95% binomial confidence interval 
surrounding the infection prevalence estimate.  

 
 



 107

Year 
Strands MAT PCR Culture Urine Culture Kidney 

L NL Total L NL Total L NL Total L NL Total L NL Total 

2015 NA 1347 1347 NA 19/553 19/553 NA 0/81 0/81 NA 0/31 0/31 NA 0/33 NA/33 
2016 1 451 452 1/1 9/229 10/230 1/1 0/53 1/54 NA 0/24 0/24 NA 0/25 0/25 
2017 53 269 322 61/61 4/46 65/107 34/36 2/11 36/47 3/34 0/28 3/62 11/31 0/29 11/60 
2018 294 240 534 312/315 29/141 341/456 78/96 5/21 83/117 8/114 0/17 8/131 33/148 0/23 33/171 
2019 35 519 554 7/7 4/13 11/20 3/3 0/2 3/5 NA/15 0/60 0/75 2/18 0/4 2/22 
2020 8 193 201 2/2 5/5 7/7 NA NA NA NA NA NA NA NA NA 
Total 391 3019 3410 383/386 70/987 453/1373 116/136 7/168 123/304 11/163 0/160 42/323 46/197 0/114 79/311 

Table 6.2.1.1. Number of California sea lions stranded 2015-2020 and diagnostic tests performed. The number of stranded CSL is 
separated into those that stranded from leptospirosis (L) and those stranding from other causes (NL). Number of animals that tested 
positive for antibodies via microscopic agglutination tests (MAT) and Leptospira DNA via polymerase chain reaction (PCR) are reported as the 
number of positive results/the total number tested. Leptospira culture results are reported as the total number of successful Leptospira 
isolations/total attempts to isolate Leptospira and are separated by sample type (urine or kidney). 
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6.2.2.  Extend long-term time series of CSL demography 

Between 2015 and 2018, 1276 pups were branded and weighed on San Miguel Island, 
and 14821 total resights of 3574 unique sea lion brands were recorded (Table 6.2.2.1, Table 
6.2.2.2). These data extended a long-term study of CSL demography and enabled us to estimate 
the age- and sex-specific survival probabilities of CSL each year from 1976 to 2018 (Figure 
6.2.2.1). The results paint a vivid picture of the severe survival impacts of oceanographic non-
stationarities, particularly on the youngest age classes of CSL. The new data collected under this 
project enabled the quantification of severe and sustained drop in survival of 1- and 2-year old 
sea lions during the marine heatwave (nicknamed “The Blob”) and subsequent El Niño event 
from 2013-2016. 

These survival estimates were combined with pup count data to produce an age- and sex-
structured population reconstruction (Figure 6.2.2.2), which reflects how the impacts of 
oceanographic anomalies propagate through the CSL population. The data from branding were 
used to estimate mean pup weights at roughly 4 and 8 months-old for each cohort (Table 
6.2.2.2). Resighting data from San Miguel Island and Año Nuevo Island were analyzed using a 
multi-state mark-resight model to determine the proportion of animals remaining on San Miguel 
in July of each year (Table 6.2.2.3; also see section 6.2.3.2, Figure 6.2.3.12). Such unique, long-
term datasets are the foundation from which critical assessments of the impact of oceanographic 
anomalies on the sea lion population can be made. For example, prior analyses reveal a clear 
relationship between increases in sea surface temperatures, like those seen during El Niño events 
or similar anomalies, and decreased population growth (DeLong et al., 2017; Laake et al., 2018). 
Extension of these time-series further illustrate this trend and show the negative impact of the 
recent marine heatwave and El Niño event on sea lion survival, especially of the youngest age 
classes (Table 6.2.2.1).  

The age- and sex-structured population reconstruction, when combined with information 
on Leptospira-sea lion dynamics, enabled an age- and sex-structured population reconstruction 
of Leptospira-susceptible sea lions (Section 6.2.3.1; Figure 6.2.3.2). Importantly, when 
combined with environmental data, these long-term datasets on demography and Leptospira 
susceptibility provide the basis for efforts to understand how intrinsic and extrinsic non-
stationarities drive Leptospira outbreaks in California sea lions, as described in the next section. 
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Figure 6.2.2.1. Age- and sex-specific survival probabilities in California sea lions, 1976-2018. 
Survival probabilities for male (dashed line) and female (solid line) sea lions aged 1-5 estimated using 
mark-resight data as described in 5.2.2. Significant dips in survival, associated with the two most recent 
El Niño events, can be seen in the population, especially in the youngest age classes. 
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Figure 6.2.2.2. Age- and sex-structured California sea lion population reconstruction. Colors go 
from warm to cold as age increases, and females are distinguished from males by their lighter shade of the 
same color. The impact of the most recent El Niño events on survival are reflected in the slowed 
population growth seen in the late 1990s and mid 2010s. 
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Year Branded pups Unique resights Total resights 
 M F M F M F 

1996 184 313 166 322 700 1482 
1997 185 312 232 549 895 2873 
1998 198 302 302 626 1409 3244 
1999 199 301 309 586 1527 3345 
2000 181 318 452 736 2383 4648 
2001 194 306 452 723 2351 4677 
2002 183 317 473 781 2683 4911 
2003 197 303 335 731 1633 3937 
2004 200 300 325 589 1628 3722 
2005 199 301 313 867 1305 4794 
2006 130 270 396 1031 1923 7414 
2007 100 199 437 983 1948 5305 
2008 116 184 355 967 1486 4713 
2009 104 209 214 815 784 3571 
2010 120 124 140 653 665 2927 
2011 99 201 284 942 1148 5065 
2012 152 148 174 748 652 3027 
2013 127 174 326 962 1167 4023 
2014 142 158 269 832 900 3736 
2015 143 139 265 716 933 2805 
2016 117 189 231 655 767 2502 
2017 149 161 231 664 917 3843 
2018 194 184 211 601 592 2462 
2019 146 131 231 662 608 2618 
Total 3759 5544 7123 17741 31004 91644 

Table 6.2.2.1. California sea lion pups branded and resighting events of all age classes, 2015-2018. 
Data includes the number of male and female California sea lion pups branded, and total and unique 
resighting events of branded male and female sea lions of all age classes between 2015 and 2018. These 
data were used to estimate age- and sex-specific California sea lion survival probabilities. 
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Year 

October February 
M F M F 

N 
Mean 

Weight N 
Mean 

Weight N 
Mean 

Weight N 
Mean 

Weight 
1996 184 21.88 313 18.84 0 32.76 0 28.05 
1997 194 16.82 347 14.67 33 19.73 27 16.29 
1998 293 14.72 409 13.14 25 25.12 34 22.31 
1999 200 21.01 302 18.13 31 33.99 38 28.61 
2000 183 19.52 324 17.14 27 30.95 31 27.58 
2001 206 18.29 329 16.09 27 30.81 33 27.13 
2002 180 19.53 334 17.00 32 26.44 29 23.09 
2003 275 21.38 393 18.28 24 33.83 32 28.76 
2004 201 24.07 305 20.50 32 33.87 25 28.12 
2005 200 23.38 305 19.90 28 35.59 32 29.70 
2006 231 22.06 275 18.83 36 31.66 36 26.78 
2007 204 22.24 308 19.00 36 33.59 45 28.58 
2008 115 20.47 195 17.62 23 29.17 38 24.83 
2009 216 16.74 298 15.05 27 24.12 32 22.88 
2010 190 19.63 234 17.02 41 32.05 41 28.28 
2011 108 17.19 239 14.88 0 25.30 0 22.03 
2012 183 14.55 237 13.07 31 16.52 36 15.26 
2013 155 17.80 188 15.54 40 25.05 58 22.22 
2014 177 15.42 203 13.81 102 17.04 106 15.45 
2015 245 13.18 262 12.02 56 15.74 55 15.43 
2016 172 20.89 251 18.21 34 28.06 40 25.16 
2017 155 20.52 172 17.56 36 32.85 33 27.30 
2018 194 20.13 184 17.63 45 29.70 29 26.53 
2019 146 21.75 131 18.73 39 34.07 21 29.61 
Total 4607  6538  805  851  

Table 6.2.2.2. Number of male and female pups weighed in October and February each year, 2015-
2018. California sea lions are born around June, therefore years indicate cohort year with October weights 
reflecting the weight of a roughly 4 month-old pup and February weights reflecting those of a roughly 8-
month-old pup. These data were used to estimate age- and sex-specific growth rates and mean weights by 
birth cohort. 
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Year Proportion 
 M F 

1996 0.06 0.13 
1997 0.11 0.20 
1998 0.20 0.35 
1999 0.13 0.15 
2000 0.14 0.21 
2001 0.13 0.17 
2002 0.25 0.24 
2003 0.10 0.18 
2004 0.14 0.11 
2005 0.10 0.18 
2006 0.23 0.31 
2007 0.15 0.24 
2008 0.15 0.27 
2009 0.03 0.10 
2010 0.07 0.12 
2011 0.13 0.24 
2012 0.26 0.27 
2013 0.67 0.63 
2014 0.15 0.40 
2015 0.59 0.64 
2016 0.71 0.69 
2017 0.24 0.30 
2018 0.08 0.14 
2019 0.05 0.19 

Table 6.2.2.3. Proportion of the yearling population on San Miguel Island in July of each year by 
sex, 2015-2018.  
 

6.2.3. Understand how intrinsic and extrinsic non-stationarities drive leptospirosis 
outbreaks in CSL 

6.2.3.1. The endemic period 

Intrinsic and extrinsic drivers of disease dynamics 
A classic unresolved question in ecology is how cyclic dynamics can be driven by 

interacting intrinsic and extrinsic factors (Bjørnstad & Grenfell, 2001). Intrinsic drivers are those 
that operate within a biological system, such as fluctuations in population density or immunity, 
while extrinsic ones are all others that affect system dynamics, such as species interactions or 
environment. Disease ecology has been at the forefront of this research field, mostly through the 
study of cyclic epidemics of infectious diseases (Grenfell & Bjørnstad, 2005). Measles research 
for example has been pivotal to understanding how an intrinsic process (seasonal change in 
population immunity) can result in regular deterministic cycles (Bjørnstad et al., 2002). Research 
on cholera (Koelle et al., 2005) and malaria (Rogers et al., 2002) has shown how extrinsic 
environmental conditions like rainfall can perturb such an intrinsically-driven deterministic 
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skeleton and cause noisier, less predictable cycles (Finkenstädt & Grenfell, 2000). This 
perturbing role of environment is expected to be even greater in natural/wildlife systems, which 
therefore provide excellent opportunities to improve our understanding of the role of intrinsic 
versus extrinsic processes in ecological cyclic dynamics. Yet surprisingly there do not seem to be 
any animal systems for which the relative contributions of intrinsic and extrinsic drivers to 
disease outbreaks have been quantified convincingly, and even for historically well-studied 
human pathogens examples are rare (notably measles (Bjørnstad et al., 2002), cholera (Koelle et 
al., 2005), malaria (Rogers et al., 2002), syphilis and gonorrhea (Grassly et al., 2005)). Here, we 
leverage a combination of long-term datasets related to pathogen transmission in sea lions and 
show how the interplay between intrinsic and extrinsic drivers can affect epidemic cycling in a 
wildlife host. 

As described in section 6.2.1, L. interrogans serovar Pomona circulates endemically in 
CSL, causing seasonal outbreaks of leptospirosis and CSL strandings along the coast (F. Gulland 
et al., 1996). These outbreaks are annual and highly variable, with large outbreaks every 3 to 5 
years (Lloyd-Smith et al., 2007) (see section 6.2.1, Figure 6.2.1.1). These patterns are not unlike 
some human childhood infections (Metcalf et al., 2009), but exhibit more variability. This is 
likely due to a stronger influence of environment on factors influencing transmission, which is 
unsurprising for pathogen transmission in wildlife. Ocean conditions impact each aspect of sea 
lion life history, including foraging, movement, body condition, and survival (DeLong et al., 
2017; Lowry et al., 2017; Melin et al., 2008; Peterson & Bartholomew, 1967), resulting in strong 
variation in the survival of sea lions, particularly when young (Laake et al., 2018) (see section 
6.2.2, Figure 6.2.1.1). 

Transmission of Leptospira typically occurs through the environment after shedding via 
urine, but because survival of the bacteria in salt water is low (Cilia et al., 2020) transmission 
between sea lions likely requires close contact, which occurs when they are hauled out together 
on land. This means that population mixing patterns are likely to drive transmission rates. 
Movement and mixing are highly dependent on age and sex. Most young animals and lactating 
females remain near the breeding colonies in the central and southern part of the range year 
round (Melin et al., 2008; Peterson & Bartholomew, 1967), whereas older males and some non-
lactating female adults tend to reside in the north of the sea lion range, with adult males annually 
migrating to the breeding colonies during the summer reproductive season (Gearin et al., 2017; 
Maniscalco et al., 2004; Odell, 1981). Local foraging-related movement can vary strongly 
depending on time of year as well as preceding and current environmental conditions that 
determine the abundance and location of prey species such as anchovy and sardine (Melin et al., 
2008). 

Population immunity is a key driver of outbreak intensity 
Population immunity (the proportion of susceptible sea lions) and environment are the 

main candidate intrinsic and extrinsic drivers of Leptospira transmission between sea lions, and 
the first step in disentangling their contributions is to reconstruct variation in population 
immunity throughout the study period. We do this for each age- and sex-class, taking into 
account survival, by expanding on an approach that has been applied to human diseases 
(Finkenstädt & Grenfell, 2000). Figure 6.2.3.1 shows the reconstruction number of susceptibles 
(using 𝑃௢௕௦ = 0.01) for each age and sex class.  
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This reconstruction allows us to answer two pertinent questions: does immunity drive 
outbreak size, and which demographic groups are the most important? By comparing susceptible 
reconstructions consisting of different age and sex classes (using generalized additive models 
and cross-validation tests), we find that immunity in the youngest age groups (yearlings and 
juvenile males) is the best predictor of outbreak size (22% Deviance explained; Figure 6.2.3.1, 
Figure 6.2.3.2, Figure 6.2.3.3, Figure 6.2.3.4, Table 6.2.3.1) 
 

Figure 6.2.3.1. Reconstructed number of sea lions susceptible to Leptospira, structured by age 
and sex. Color transparency indicates sex. Dashed line shows annual total population size (using 
estimates from (DeLong et al., 2017)). Observation probability Pobs = 0.01. 
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Figure 6.2.3.2. Reconstructed proportion of susceptibles for a selection of demographic groups. 
Values are scaled (mean 0, SD 1). Y = yearlings (male and female), JM = juveniles males, SF = subadult 
females. 
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Susceptible Crossvalidation Full Model 
Age & Sex 

Class 
Rank Adj.R2 FM Adj.R2 FM AIC ΔAIC 

Akaike 
Weight 

% Dev 

Y + JM 1 0.09 19 0.20 16 -391.1 0.0 0.51 22.4 

Y + JM + SF 2 -0.02 21 0.14 17 -388.9 -2.2 0.17 16.7 

Y + SF + AF 3 -0.04 22 -0.03 20 -383.3 -7.8 0.01 0.9 
Y + JM + SF + 
AF 4 -0.12 22 0.05 17 -385.8 -5.3 0.04 8.2 
Y + JM + SM + 
AM + SF + AF 5 -0.12 24 0.01 20 -384.6 -6.5 0.02 4.8 
Y + JM + SM + 
SF 6 -0.15 23 0.08 18 -386.8 -4.3 0.06 11.0 
Y + JM + SM + 
SF + AF 7 -0.16 23 0.05 20 -385.9 -5.2 0.04 8.6 

Y + JM + SM 8 -0.17 23 0.12 16 -388.1 -3.0 0.11 14.7 
Y + JM + SM + 
AM 8 -0.16 26 0.05 17 -385.7 -5.4 0.03 7.9 

Y + SF 9 -0.21 24 0.00 22 -384.2 -6.9 0.02 3.6 

Table 6.2.3.1. Cross-validation and full dataset statistics for models including susceptibles only. 
Compares the reconstructed proportion of susceptibles for different combinations of age and sex classes 
(Figure 6.2.3.1.2). The same functional demographic groups are used as those in (DeLong et al., 2017b): 
Y = Yearling, J = Juvenile, S = Subadult, A = Adult, F = Female, M = Male. Green = young sea lions, 
blue = older sea lions. Adj. R2 = Adjusted R2, FM = Feature Mismatch (explained in the section on model 
selection). Akaike Weight = AIC-derived measure of relative importance. % Dev = percentage of 
variation (deviance) explained. 

The top models show that susceptible reconstruction based on yearlings and juvenile 
males results in the best predictions (Table 6.2.3.1). The second-best model is not significantly 
different from the top model and differs in that it also includes subadult females. However, 
because the inclusion of subadult females results in worse predictions, and because the model 
consisting only of yearlings and subadult females performs badly, we conclude that yearlings and 
juvenile males constitute the demographic group most important for driving transmission. Taken 
together, these results show that immunity in young animals is an important driver of Leptospira 
transmission in sea lions. We now examine whether the remaining unexplained proportion of 
variation in outbreak size can be explained by environmental factors. 

Environmental conditions further modulate outbreak intensity 
Environmental non-stationarities can affect transmission via two distinct pathways. They 

can indirectly affect population immunity by affecting the survival of young, mostly susceptible 
sea lions – this is the susceptible component in classic SIR transmission theory (Anderson & 
May, 1992). It may also exert a direct effect on sea lion body condition and mixing patterns, 
which can influence transmissibility and contact rate – two key components of the transmission 
coefficient (β) in transmission theory (Anderson & May, 1992). 
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The importance of the indirect pathway can be tested by creating a second susceptible 
population reconstruction that uses a version of population size from which annual variation in 
survival and per capita birth rate is removed through smoothing. This effectively removes the 
influence of environmental conditions on the proportion of immune individuals, as the 
environment is known to be highly correlated with sea lion survival (Laake et al., 2018). If the 
environment were to act strongly on transmission through sea lion survival, the reconstruction 
based on real survival would correlate more strongly with outbreak size than the smoothed 
reconstruction. We predicted cases for the top susceptible reconstruction model using the 
original susceptible reconstruction as well as a ‘smoothed’ version, i.e. one which was calculated 
using smoothed birth rate and survival estimates to eliminate the indirect effect of environment 
on these parameters). We found no significant difference between the two susceptible 
reconstructions, based on any of our metrics of model fit. This indicates that environmental 
variation did not measurably influence outbreak size via this indirect route (Figure 6.2.3.3). 

 

To test for direct impacts of environmental variation on transmission, we used 
generalized additive models that quantify the relative contributions of immunity and 
environment to variation in outbreak size. These are fitted to combinations of carefully selected 
environmental variables (max. 4 in a model) and compared using hv-block cross-validation 
model fit statistics. Candidate environmental variables were chosen based on existing knowledge 
of sea lion behavior and biology (DeLong et al., 2017; Melin et al., 2008). Sea surface 
temperature (SST), coastal upwelling, and spring transition are selected because of the known 
links with coastal ecosystem productivity and effects on sea lion prey abundance, quality, and 

Figure 6.2.3.3. Predicted cases for the models including reconstructed susceptibles based on 
observed (light blue) vs. smoothed (dark blue) population data. The fit of the two models did not 
differ substantially by any of our fit metrics: Feature Mismatch (smoothed: 17, observed: 16), 
Adjusted R2 (smoothed: 0.15, observed: 0.18) or AIC values (smoothed: -369.3, observed: -370.6) 
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species composition (Bograd et al., 2009). High SST or anomalous (weaker or stronger than 
normal) upwelling both negatively affect prey availability (Chavez et al., 2002). Spring transition 
is the time in the year when the upwelling season starts, and a late spring transition generally 
translates into lower ecosystem productivity throughout the following season. Aside from these 
abiotic variables, pup and yearling survival are included as biotic indices of preceding 
environmental conditions affecting the body condition of lactating females and young sea lions.  

The explanatory power of the immunity-only model is greatly improved by the addition 
of environmental variables. The top models show that the key environmental variables are the 
timing of spring transition of the year preceding the outbreak, upwelling during the increase 
period of the outbreak, and SST 2-3 months prior to the outbreak (50% Deviance explained; 
Figure 6.2.3.4, Table 6.2.3.2). These variables affect environmental conditions for sea lions in 
different ways that matter for pathogen transmission. In an apparent contradiction, we find that 
outbreaks are larger when SST and/or upwelling conditions are good (i.e. suitable for foraging 
conditions: cool SST and intermediate upwelling), whereas they are smaller when spring 
transition is early and ecosystem productivity is high (Figure 6.2.3.4B). This intriguing 
difference in the directionality of the relationship between environmental conditions and 
outbreak size can be explained by the different timescales at which these variables operate and 
how they are thought to affect different transmission mechanisms. 
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Figure 6.2.3.4. Outbreak size can be predicted using a combination of intrinsic and extrinsic 
variables. (A) Observed (red) and predicted (dark blue: top model; light blue: susceptibles-only model 
with susceptibles consisting of yearlings and juvenile males) annual leptospirosis cases in stranded 
California sea lions (normalized by population size). (B) Fitted effect functions for the variables in the top 
model: proportion of susceptible yearlings and juvenile males, timing of spring transition in the south of 
the sea lion range, sea surface temperature in the central range prior to the outbreak season, and upwelling 
conditions in the southern range during the outbreak season. For easy comparison and assessment of the 
relative contributions of each variable, values are scaled to mean 0 and standard deviation 1 and y-axes 
are the same. Color bars illustrate typical ecosystem conditions for variable values, from good (green) to 
bad (red). Points indicate all observed values after scaling; the outlier observed for SST does not affect 
results. 
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Variables 
Cross-validation Full model 

Rank 
Adj.
R2 FM 

Adj.
R2 FM AIC ΔAIC 

Akaike 
Weight 

% 
Dev 

S + STsouth + 
SSTcentralJunJul + 
UPWsouthAugOct 

1 0.18 12 0.41 11 -378.2 -0.1 0.28 0.41 

S + STsouth 2 0.15 16 0.28 15 -373.5 -4.8 0.03 0.28 

S + STsouth + 
SSTcentralJunJul 

2 0.13 15 0.31 14 -374.2 -4.1 0.04 0.31 

S + STsouth + 
YearlingSurvival + 
SSTcentralJunJul 

2 0.12 14 0.41 11 -378.3 0.0 0.29 0.41 

S + STsouth + 
SSTcentralJunJul + 
SSTcentralAugOct 

3 0.09 14 0.30 14 -372.9 -5.4 0.02 0.30 

S + STsouth + STcentral + 
SSTcentralJunJul 

4 0.11 16 0.35 13 -375.4 -2.9 0.07 0.35 

S 8 0.09 19 0.19 16 -370.6 -7.7 0.01 0.19 

Table 6.2.3.2. Models and model fit statistics for the top 5 models and the susceptibles-only model. 
Rank = model ranking based on cross-validation statistics, Adj. R2 = Adjusted R2, FM = Feature 
Mismatch, % Dev = proportion of variance (Deviance) explained. Akaike Weight = AIC-derived measure 
of relative importance 

Putative mechanisms of environmental influence on leptospirosis outbreaks 
The relative importance of each environmental variable over our ensemble of models is 

calculated using the sum of Akaike weights of the top models in which a variable appears (Table 
6.2.3.3). Susceptibility is the most important single driver, indicating that Leptospira shows 
characteristics of other immunizing infections such as measles and smallpox, which also exhibit 
multi-annual cycles (Anderson & May, 1992). The most important environmental variables are 
timing of the spring transition, SST, and upwelling. 

SST and upwelling have relatively short-term effects on the location of available prey, 
which determines foraging-related movements of sea lions. This indicates that movement is 
important for pathogen transmission, likely due to the requirement of close contacts for 
successful transmission. In general, young sea lions, as well as females nursing pups, have 
limited flexibility to respond to changes in foraging conditions because they are tied to breeding 
colonies throughout the year. In contrast, non-reproductive adult sea lions, especially males, can 
move freely in response to prey movements. We hypothesize that these age- and sex-specific 
differences in movement potential translate to lower population mixing rates when 
environmental conditions cause lower prey availability near the breeding colonies and motivate 
older non-reproductive sea lions to move away from the animals that are tied to the breeding 
colonies. This may result in lower transmission rates and smaller outbreaks. A preliminary 
movement analysis using stranding data tentatively supports this hypothesis (see Appendix C for 
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6.2.3.1), but more in-depth research is needed to uncover the mechanistic links between 
environmental conditions and population movement and mixing patterns. 

In contrast with the short-term effects of SST and upwelling on prey location, spring 
transition acts on a longer timescale, as nutrient-providing upwelling conditions affect ecosystem 
productivity cumulatively throughout the longer period leading up to the outbreak season. As 
spring transition is when ecosystem productivity starts to increase, late spring transition results in 
a longer period of stressful foraging conditions, with potential negative effects on sea lion health 
and immunity. We indeed see a significant negative correlation between spring transition timing 
and body mass index (effect est. = -0.5  0.2, F = 49.1, df = 8759, P < 0.0001). As lower body 
condition may result in reduced immune system functioning and subsequent increased infection 
probability, this is a plausible pathway for the effect of spring transition on outbreak size. 

 

Variable 
Akaike 

Importance 
Relative 

importance 

S 0.99 0.27 

Spring Trans south 0.97 0.27 

SST central JunJul 0.73 0.20 

Yearling survival 0.38 0.10 

UPW south AugOct 0.35 0.10 

Spring Trans central 0.10 0.03 

UPW central AugOct 0.04 0.01 

SST south AugOct 0.03 0.01 

Spring Trans north 0.02 0.01 

SST central AugOct 0.02 0.01 

Pup survival 0.00 0.00 

SST south JunJul 0.00 0.00 

SST north AugOct 0.00 0.00 

Table 6.2.3.3. Importance of the candidate variables (within the top 20 models). Akaike importance 
of a variable is the sum of the Akaike weights of all models that include this variable (ranging from 0 to 
1). Relative importance equals Akaike importance of a variable divided by the sum of all Akaike 
importance values, and can be interpreted as a relative measure of importance. Variables: S = proportion 
of susceptible yearlings and juvenile male sea lions, Spring Trans = spring transition, SST = sea surface 
temperature, UPW = upwelling index. South, central, or north indicate variable latitude (south = 36N, 
central = 39N, north = 42N) 
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Real-time prediction of leptospirosis outbreaks 
The modelling approach in this study and the performance of the top models can be 

leveraged to make short- and long-term predictions of outbreak size. Real-time predictions 
would be highly useful for improving the preparedness of wildlife rescue centers, public health 
agencies and managers of susceptible species of conservation concern such as the island fox, 
while long-term simulation-based predictions can provide insights into the outbreak patterns that 
might be expected under climate change. 

We test the potential for real-time predictions using an incremental model-fitting 
procedure in which every year from 1999 to 2012 is predicted using only data from years 
preceding the year that is being predicted. The models only consider variables that are available 
prior to the start of the outbreak season. We find that model-averaged predictions using the top 
models (with key variables susceptibles, yearling survival, and timing of spring transition) are 
comparable to those of the top model fitted on the entire dataset (Figure 6.2.3.5 and Figure 
6.2.3.6). This means that by using demographic and environmental data available before the start 
of an outbreak, it would be possible to accurately predict the size of an outbreak months in 
advance. This prediction capability will benefit the preparedness of rescue centers along the US 
West Coast, and it will allow for improved dissemination of information to target groups such as 
dog owners about transmission risk from stranded sea lions and land managers in charge of 
susceptible species of conservation concern.  
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Figure 6.2.3.5. Real-time predictions of outbreak size. Real-time prediction results, where outbreak 
size in year t is predicted using a model trained on data up year t-1, and including only variables for 
which updated information is available prior to the outbreak. S = Susceptibles, ST = spring transition, 
Prev cases = cases in the previous season, SST = sea surface temperature, Upw = upwelling index.  
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Long-term prediction of climate change impacts on outbreak  
Long-term predictions can be used to gain qualitative information about the potential 

effects of climate change on leptospirosis outbreaks in California sea lions. We can explore this 
by fitting simulation models in which the main environmental variables are altered to reflect 
potential climate change scenarios supported by existing studies on climate change impacts on 
the California Current system, which includes the California sea lion range (Brady et al., 2017). 
We use these predictions to generate three scenarios that represent increasingly larger changes in 
the mean value of these variables (scenarios 1 to 3; Figure 6.2.3.7). Aside from effects on the 
mean values of climatic variables, climate variability around these means is expected to increase, 
with potentially large effects on disease transmission (Rodo et al., 2002). We therefore generate 
another three scenarios that implement increasing magnitudes of variation (scenarios A to C; 
Figure 6.2.3.8). The two scenario categories are finally combined into scenarios that include both 
altered mean values and increased variation (scenarios 2A to 2C; Figure 6.2.3.9).  

Model Adj. R2 FM

Observed cases

Model 1: S + ST south + Yearling Survival 0.25 6

Model 2: Prev cases + ST south + Yearling Survival 0.19 5

Model 3: S + ST south + ST north 0.16 7

Model 4: Prev cases + ST south + ST north 0.14 10

Model 5: S + ST south + Pup Survival 0.14 8

Model averaged predictions 0.28 7

Full model: S + ST south + SST central + Upw south 0.43 5

Figure 6.2.3.6. Prediction of outbreak size using only data available prior to the start of the 
outbreak year being predicted. For each prediction year a model is fitted using all available 
preceding years and is then used to predict the following year. For example, data from 1984 to 1997 
are used to fit the model predicting outbreak size in 1998, data from 1984 to 1998 are used to predict 
1999, and so on. Abbreviations: S = proportion of susceptibles, ST = timing of spring transition, Y 
Survival = estimated yearling survival as a proxy for preceding environmental conditions, Prev Cases 
= cases/N in the previous year, SST = sea surface temperature, Upw = upwelling index, 
south/central/north = in the southern/central/northern part of the sea lion range, AdjR2 = Adjusted R2, 
FM = Feature Mismatch value.  
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Figure 6.2.3.7. Predicted cases for different climate change scenarios, effects of altered mean values. 
Scenario 1: ST +5 days, SST +0.5ºC, Upw -2.5. Scenario 2: ST + 10 days, SST +1ºC, Upw -5. Scenario 3: 
ST + 20 days, SST +2ºC, Upw -10. ST = spring transition, SST = sea surface temperature, Upw = upwelling 
index. 
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Figure 6.2.3.8. Predicted cases for different climate change scenarios, effects of increased variation. 
Scenario A: variation + 20%. Scenario B: variation + 50%. Scenario C: variation +100%. 

 

Figure 6.2.3.9. Predicted cases for different climate change scenarios, effects of altered means and 
increased variation. This combines scenario 2 (ST + 10 days, SST +1ºC, Upw -5) and the three scenarios 
with increased variation (A: variation +20%, B: variation +50%, C: variation +100%). 
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Together, these simulations show that predicted changes in average SST (predicted to 
increase (Brady et al., 2017)), upwelling (predicted to be weaker (Brady et al., 2017)), and spring 
transition (predicted to be later (Barth et al., 2007)) should result in outbreaks that are smaller on 
average, but occasionally more extreme (larger and smaller) due to increased climatic variability 
(Figure 6.2.3.10). Even though these predictions are based on explorative simple simulations and 
do not take into account climate effects on sea lion demography or other factors than 
environment, they do indicate that the transmission of leptospirosis in sea lions does not follow 
the controversial general expectation that disease transmission and epidemics will increase under 
climate change (Lafferty, 2009) 

 

 

Figure 6.2.3.10. Long-term predictions of outbreak size. Summary statistics for different climate 
change scenarios. Altered means scenarios are those in which the mean values of the different variables 
are changed up or down based on projected directionality (S1 to S3 = small to large change). Altered 
variation scenarios are those in which the amount of variation is increased (SA to SC = small to large 
change). Scenarios S2A, S2B and S2C combined altered means scenario S2 with the altered variation 
scenarios. Hist. = historical values, for observed data. 

Environmental drivers modulate the natural immunity-driven cycling of Leptospira  
The case of leptospirosis in California sea lions provides fresh insights into the general 

theory on cyclic dynamics in ecology. Multi-annual cyclicity in outbreak size is always present 
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to some degree as an intrinsically driven ‘deterministic skeleton’ (Coulson et al., 2004), but we 
see that its regularity can be perturbed by external environmental forces (Figure 6.2.3.11). In 
1995 for example, there would likely have been a small outbreak due to a decrease in 
susceptibles following the 1994 outbreak, but in fact exceptional environmental conditions 
conducive to transmission caused the 1995 outbreak to be larger than expected (Figure 6.2.3.11). 
Yet despite these reverberating effects of extrinsic forcing, the system maintains at least some 
cyclicity due to the underlying deterministic nature of intrinsic changes in population immunity. 
This effect of the environment on outbreak size can be interpreted as an external force that alters 
the threshold proportion of susceptibles needed to trigger a major outbreak. This therefore 
represents a rare epidemiological case study of how environmentally-driven variation in the 
transmission coefficient β can alter the proportion of susceptibles needed to confer herd 
immunity (Grenfell & Dobson, 1995). This advance in epidemiological theory represents a 
further dimension of the impact of environmental non-stationarities on pathways of pathogen 
exposure and the dynamics that result.  
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6.2.3.2.Fadeout and re-emergence 

Leptospira ceased circulating in the California sea lion population from early 2013 to 
mid-July 2017 (as described in section 6.2.1, Figure 6.2.1.1, Figure 6.2.1.2). In section 6.2.3.1, 
we show that during endemic circulation of Leptospira from 1984-2012, key demographic and 
oceanographic factors drove outbreak intensity, with the number of susceptible yearlings and 
juveniles acting as the strongest driver of outbreak size. Based on epidemiologic and movement 
data, we hypothesize that the yearly Leptospira outbreaks (that occur in the late summer and fall) 
are sparked in the spring by transmission from older, possibly chronically infected 
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Figure 6.2.3.11. The interplay between intrinsic and extrinsic drivers of transmission. (A) 
Outbreak size in relation to susceptibles and environment (environmental component of the top 
model). Colors correspond to outbreak category, and circle diameter is scaled proportional to the 
number of cases that year. (B) Susceptibles vs. cases over time, from 1984 to 2012. Line shades 
represent the value of the environmental component of the model (low to high). (C) Time series of 
cases, susceptibles, and the environmental component of the model. Dotted green lines highlight the 
varying proportion of susceptibles present in the population at the start of a medium/large outbreak, as 
an illustration of how environment might affect the critical susceptible proportion needed to initiate an 
outbreak. 
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(Buhnerkempe et al., 2017) sea lions on the California coast to the entirely susceptible yearling 
population as these young animals leave the rookery islands and travel up the coast (Figure 
6.2.3.12).  

In 2013, we observed a disruption in the typical movement patterns, with this crucial 
yearling population remaining almost entirely on the rookeries, instead of migrating to the coast 
(Figure 6.2.3.13). Furthermore, stranding records show that the few yearlings that did go to the 
coast did not migrate as far north as usual (Figure 6.2.3.14). At the same time, the yearling 
population size was anomalously low due to high mortality in the 2012 pup cohort (Figure 
6.2.3.13). We propose that this combination of anomalies in CSL movement and demography 
broke the key link in the transmission chain, preventing the 2013 outbreak from being sparked, 
and leading to fadeout of Leptospira from the CSL population. 

This series of events took place in the context of multiple oceanographic anomalies, 
associated with the onset of the 2013-2015 marine heatwave known as “the Blob” (Fisheries, 
2020). Unusual ocean conditions led to shifts in preferred prey species such as sardines and 
anchovies, which placed nutritional stress on adult females and led to an Unusual Mortality 
Event being declared beginning in January 2013 (Fisheries, 2021). Pup survival was greatly 
reduced, and those pups that did survive experienced growth rates that were the lowest on record 
(Table 6.2.2.2). When movement data were analyzed, the proportion of yearlings leaving the 
rookeries and migrating north in the fall was much lower than typically seen and was associated 
with the low weights observed for that cohort (Figure 6.2.3.13), suggesting that these sea lions 
were too small to travel north. Findings from previous studies suggest similar connections 
between oceanographic anomalies, such as increased sea surface temperature (SST), and 
observed changes in sea lion demography and movement (DeLong et al., 2017; Laake et al., 
2018; Melin et al., 2010; Melin, Laake, et al., 2012), likely due to the negative impact of 
increased SST on prey availability (Chavez et al., 2002). 

Leptospira re-emergence 
In order for Leptospira to re-emerge in the CSL population, two conditions must be met. 

Demographic conditions and movement patterns needed to return to more normal patterns seen 
during the period of endemic circulation, and Leptospira needed to be re-introduced from some 
external reservoir back into the sea lion population. Notably, a single case of leptospirosis in a 
sea lion was detected at TMMC in 2016 but did not lead to broader re-emergence of the 
pathogen. We believe this pathogen re-introduction failed to result in re-emergence due to 
inadequate environmental and demographic conditions at the time. The Blob had been followed 
by an El Niño event from 2015-2016 leading to more warm water anomalies, and once again the 
susceptible yearling population was quite small and of these only a tiny fraction migrated north 
from the rookery islands (Figure 6.2.3.13). However, in mid-2017, when another such spark 
must have occurred, conditions were favorable for re-emergence, and by 2018 the susceptible 
yearling population was the largest seen on record and the majority had followed the traditional 
northern migration. Thus, conditions were highly favorable for Leptospira in 2018, and we 
observed the largest leptospirosis outbreak on record (Figure 6.2.1.1).  
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Figure 6.2.3.12. Depiction of hypothesized link between age- and sex-specific movement patterns 
and Leptospira transmission dynamics. We propose that a crucial link between fall outbreaks occurs 
when susceptible yearlings leave the breeding grounds on the islands sometime between April and June 
and encounter infected, older animals, along the coast. This creates the conditions for Leptospira 
transmission to the entirely susceptible yearling population which act as the necessary ‘fuel’ to start the 
next fall outbreak cycle. 
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Figure 6.2.3.13. Fadeout and re-emergence of Leptospira in CSL were associated with simultaneous 
fluctuations in susceptible supply and migratory behavior. The proportion of the yearling CSL 
population migrating northward from the rookery islands in July is plotted versus the total yearling 
population (left) and the mean yearling male weight the February prior to migration (right). Pre- (top) and 
post-fadeout (bottom) data are separated for clarity. Black points indicate conditions from 1996-2012. 
The year fadeout occurred - 2013 - is marked in blue, the years between fadeout and reemergence are 
marked in grey, and re-emergence years are red. In 2013, both the proportion of yearlings migrating north 
as well as the total yearling population were anomalously low, and the association between the low pre-
migration weights (i.e. February weights) and lack of migration, suggests that these animals were too 
small or lacked sufficient energetic reserves to migrate. Conditions in 2016, the year that a single case of 
leptospirosis was observed at the Marine Mammal Center, were similar to those seen in 2013, suggesting 
that they were inadequate to support reemergence. But by 2017 conditions had returned to ‘normal’ and 
by 2018 they were excellent for Leptospira transmission in the sea lion population. Note: only male 
weights are shown here for clarity, however female weights show the same association with proportion 
migrating north. 
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Figure 6.2.3.14. Proportion of yearling California sea lions stranding above 36 degrees latitude. Pre- 
(top) and post-fadeout (bottom) periods are separated for clarity. Grey lines in the top figure indicate 
years from 1996-2012, and the year that fadeout occurred - 2013 - is indicated in blue. Grey lines in the 
bottom figure indicate 2014-2016, red lines are for reemergence years - 2017 and 2018 - and 2013 is 
again shown in blue. These stranding data provide further evidence that yearling sea lions were not 
following their typical fall pattern of migrating north in 2013, but that they had resumed their historic 
migratory behavior in 2017, when reemergence occurred.  

6.3. Understanding the Santa Rosa Island outbreak 

6.3.1. Long-term surveillance of the leptospirosis outbreak on Santa Rosa Island 

The project extended the long-term surveillance of Leptospira in island foxes and spotted 
skunks on Santa Rosa Island until 2019. Combined with the retrospective sample analyses 
described in section 6.1.1, our team’s surveillance of this outbreak on SRI now entails 17 years 
of sample collection, with almost 3000 biological samples collected in over 7800 fox captures, 
and over 400 samples collected in over 3300 skunk captures (see summaries of data collection 
efforts in section 5.3.1, as well as Table 5.3.1.1, Table 5.3.1.2, Table 5.3.1.3, Table 5.3.1.4). The 
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extraordinary dataset resulting from these efforts has given rise to powerful insights into the 
ecology of Leptospira in the SRI ecosystem. 

The island fox population on SRI has continued to grow 

Despite the outbreak and on-going circulation of Leptospira on SRI, the reintroduced fox 
population has continued to grow (Figure 6.3.1.3). In 2016, the island fox subspecies found on 
Santa Rosa Island was removed from the federal endangered species list, along with the 
subspecies on 3 other Channel Islands – a testament to the strong and effective recovery efforts 
by land managers, scientists, and others in the island fox research and management community. 
In contrast, the spotted skunk population on SRI has undergone a marked decline (as measured 
by the best available index of skunk abundance: the total number of skunks captured each year, 
under roughly constant trapping effort since 2009). This is consistent with the theory that foxes 
and skunks are competitors on SRI, and that skunk abundance rose markedly during the years 
that foxes were scarce or absent from the island landscape (i.e. before, during, and after the 
captive breeding period). 

 

Leptospira seroprevalence and prevalence in island foxes over time 

Leptospira has circulated continuously in island foxes on SRI since its initial emergence 
in 2005-2006. Seroprevalence in adult foxes reached a peak of 88% in 2007 following the initial 
outbreak wave, and since then it has fluctuated but remained high (Table 6.3.1.1, Figure 6.3.1.2). 
There is a slight downward trend, particularly since 2013, but at no time has adult seroprevalence 
dropped below 60%. While one contributing factor to the high seroprevalence is that island foxes 
maintain measurable titers of anti-Leptospira antibodies for several years (see below, and section 
6.3.2.3), the overall pattern indicates continued infection of susceptible foxes on SRI.  

 

Figure 6.3.1.1. Fox and skunk population trends on SRI. Graph shows the estimated population size of 
island foxes in grey, and the total number of skunks captured (an index of skunk abundance) in black. Fox 
population estimates are produced by the National Parks Service based on analysis of their trapping grid 
data, and are plotted with 95% confidence interval since 2009 when the grid trapping program began. 
Note that skunk captures prior to 2009 are an unreliable index of population abundance because trapping 
effort was not constant.  
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Figure 6.3.1.2. Fox infection prevalence and seroprevalence over time. Adult fox seroprevalence 
(solid red) and fox pup seroprevalence (solid pink) are from MAT results, and combined pup and adult 
infection prevalence (solid yellow) are from PCR and IHC results, with 95% confidence intervals (dashed 
lines). 

The persistent circulation of Leptospira on SRI is corroborated by the pup seroprevalence 
data and infection prevalence data, both of which maintain lower but consistently non-zero levels 
over the last decade. These two measures both give insight into the intensity of on-going 
transmission in a given year, and notably they track each other very closely (Figure 6.3.1.2). Pup 
seroprevalence is a key indicator of continuing transmission because pups are susceptible when 
born in March-April each year, so, in order to test positive by the fall, they must be exposed in 
the intervening months. Infection prevalence data represent the fraction of sampled foxes with 
detectable signs of Leptospira infection. This can be either foxes that are currently shedding or 
possibly foxes that had been shedding leptospires recently and still have some leptospires (dead 
or alive) in their urine or tissue. In either case, infection prevalence is a direct measure of the 
actual source of on-going transmission. Leptospira infection prevalence estimates for SRI foxes 
are unreliable prior to 2011 due to extremely small sample sizes, but, beginning in 2011 when 
urine collection began, infection prevalence ranges from 4-24% annually through 2019 (Table 
6.3.1.3).  

Infection prevalence was calculated from samples tested using methods described in Wu 
et al. (Wu et al. 2014) for samples collected for all years. However, samples collected in 2017-
2019 were also tested with a modified protocol that was more sensitive, which showed that the 
true prevalence is slightly higher than that which is presented in Table 6.3.1.2 and Table 6.3.1.3. 
Results obtained from the two methods are compared in Appendix C for this section. 
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Fox 
Year 

All Adult Pup 
Positive N SP 95% CI Positive N SP 95% CI Positive N SP 95% CI 

2004 0 2 0% 0-84% 0 2 0% 0-84% 0 0 NA NA 
2005 0 2 0% 0-84% 0 2 0% 0-84% 0 0 NA NA 
2006 20 31 64.52% 45-81% 10 16 62.50% 35-85% 10 15 66.67% 38-88% 
2007 26 37 70.27% 53-84% 22 25 88% 69-97% 4 12 33.33% 10-65% 
2008 12 46 26.09% 14-41% 9 15 60% 32-84% 3 31 9.68% 2-26% 
2009 38 99 38.38% 29-49% 34 55 61.82% 48-75% 4 44 9.09% 3-22% 
2010 82 144 56.94% 48-65% 80 100 80% 71-87% 2 44 4.55% 0-15% 
2011 100 153 65.36% 57-73% 88 109 80.73% 72-88% 12 44 27.27% 15-43% 
2012 97 181 53.59% 46-61% 89 116 76.72% 68-84% 8 65 12.31% 5-23% 
2013 210 292 71.92% 66-77% 200 236 84.75% 80-89% 10 56 17.86% 9-30% 
2014 205 304 67.43% 62-73% 203 258 78.68% 73-84% 2 46 4.35% 1-15% 
2015 141 284 49.65% 44-56% 134 189 70.90% 64-77% 7 95 7.37% 3-15% 
2016 126 266 47.37% 41-54% 119 185 64.32% 57-71% 7 81 8.64% 4-17% 
2017 170 296 57.43% 52-63% 152 212 71.70% 65-78% 18 84 21.43% 13-32% 
2018 169 329 51.37% 46-57% 161 239 67.36% 61-73% 8 90 8.89% 4-17% 
2019 172 284 60.56% 55-66% 163 226 72.12% 66-78% 9 58 15.42% 7-27% 

Table 6.3.1.1. Seroprevalence of anti-Leptospira antibodies in SRI island foxes over time. Sample size (N), seroprevalence (SP), and 95% 
confidence intervals for all foxes, adult foxes, and pups, using MAT results per fox year. One sample per individual fox was used per fox year. If a 
fox had both positive and negative samples within a fox year, it was treated as positive for this calculation.  
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Fox 
Year 

All Adult Pup 
Positive N Prev 95% CI Positive N Prev 95% CI Positive N Prev 95% CI 

2004 0 1 0% 0-98% 0 1 1 0-98% 0 0 NA NA 
2005 0 0 NA NA 0 0 NA NA 0 0 NA NA 
2006 4 4 100% 40-100% 4 4 100% 40-100% 0 0 NA NA 
2007 2 3 66.67% 9-99% 1 2 50% 1-99% 1 1 100% 3-100% 
2008 0 2 0% 0-84% 0 2 0% 0-84% 0 0 NA NA 
2009 0 1 0% 0-98% 0 1 0% 0-98% 0 0 NA NA 
2010 2 2 100% 16-100% 2 2 100% 16-100% 0 0 NA NA 
2011 7 33 21.21% 9-39% 7 29 24.14% 10-44% 0 4 0% 0-60% 
2012 8 44 18.18% 8-33% 7 38 18.42% 8-34% 1 6 16.67% 0-64% 
2013 34 166 20.48% 15-27% 32 144 22.22% 16-30% 2 22 9.09% 1-29% 
2014 8 199 4.02% 2-8% 7 176 3.98% 2-8% 1 23 4.35% 0-22% 
2015 20 175 11.43% 7-17% 17 141 12.06% 7-19% 3 34 8.82% 2-24% 
2016 4 56 7.14% 2-17% 3 47 6.48% 1-18% 1 9 11.11% 0-48% 
2017 8 74 10.81% 5-20% 7 66 10.61% 4-21% 1 8 12.50% 0-53% 
2018 7 53 13.21% 5-25% 7 44 15.91% 7-30% 0 9 0% 0-34% 
2019 23 118 19.49% 13-28% 21 109 19.27% 12-28% 2 9 22.22% 3-60% 

Table 6.3.1.2. Prevalence of infection with Leptospira in SRI island foxes over time. Sample size, infection prevalence, and 95% confidence 
intervals for all foxes, adult foxes, and pups, based on positive PCR or IHC results per fox year. One sample per individual fox was used per fox 
year. If a fox had both positive and negative samples within a fox year, it was treated as positive for this calculation. Culture results were not 
included, as no fox tested positive for culture without also testing positive via PCR 
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Spatial-temporal distribution of Leptospira exposure and infection in foxes 

Maps of the annual seroprevalence for adult foxes show that exposure to Leptospira was 
widespread across SRI by 2006, and remained widespread and relatively homogeneous 
throughout the study period (Table 6.3.1.3). Because antibodies persist in foxes for many years, 
these maps essentially convey the time-integrated history of exposure across the island and 
reveal that there were no refugia where Leptospira exposure did not reach. 

 

 

Figure 6.3.1.3. Spatiotemporal patterns of seroprevalence in adult foxes. Spatial distribution of MAT 
positive (red pluses) and negative samples (blue circles) in island foxes for each fox year.  

Maps of the annual distribution of pup seroprevalence and infection prevalence are more 
accurate representations of recent infections, and therefore more precisely describe the 
spatiotemporal dynamics of transmission (Table 6.3.1.4, Table 6.3.2.1). Both of these series of 
maps also show widespread distribution of infected foxes, which reach all parts of the island over 
time. However, there is clear variation among years in spatial patterns. Both the pup 
seroprevalence maps and the infection prevalence maps show island-wide infections in 2006 and 
2013, but in other years there are apparent hot zones of infection and some indications of 
spatiotemporal waves of infection crossing the island.  
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An interesting observation from these maps is that while pup seroprevalence and fox 
infection prevalence track each other very closely in the time series (Figure 6.3.1.2), the 
spatiotemporal maps of these two data sets align well in some years but not others. For instance, 
the spatial patterns of pup seropositivity and infection prevalence align well from 2012-2016, but 
appear to differ from 2017-2019. In 2017, for example, there is a higher density of seropositive 
pups in the southern part of the island, while PCR-positive foxes appear more concentrated in the 
northern part of the island. However, the uneven spatial distribution of testing in some years 
complicates the effort to assess the true spatial patterns, and it is possible that the different time 
lags, age groups associated with the two data sets, and age-specific ranging behaviors can lead to 
systematic differences in distribution.  

 

 

Figure 6.3.1.4. Spatiotemporal patterns of seroprevalence in fox pups. Spatial distribution of MAT 
positive (red pluses) and negative samples (blue circles) in fox pups for each fox year. 
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Figure 6.3.1.5. Spatiotemporal patterns of infection prevalence in island foxes. Spatial distribution of 
PCR and IHC positive (red pluses) and negative samples (blue circles) in foxes in each fox year.  

Leptospira seroprevalence and prevalence in island spotted skunks over time 

Data on island spotted skunks are much more limited. Patterns are consistent with an on-
going but declining role in the circulation of Leptospira on SRI over the course of our study, but 
we cannot exclude the possibility of a stable but fluctuating level of on-going exposure. Spotted 
skunks on SRI were not studied before the end of fox year 2010, when we discovered their 
potential involvement in the Leptospira outbreak. We sampled them intensively for several 
years, before their declining abundance (and rising fox abundance) severely limited the number 
of skunks trapped (Figure 6.3.1.1); due to their small size, skunks are always harder to sample, 
and sample sizes fell to <10 each year (Table 6.3.1.3, Table 6.3.1.4).  

Clear patterns of declining seroprevalence and infection prevalence are evident during the 
period up to 2015 when sample sizes are sufficient to estimate prevalences with confidence 
(Figure 6.3.1.6, Table 6.3.1.3, Table 6.3.1.4). Seroprevalence was markedly lower from 2012-
2015 than its peak of 41% in 2011. After this, estimates drop to 0% for several years before an 
uptick in 2019, but sample sizes during this period are too small to give a meaningful signal. 
Mapping the seroprevalence results, it is clear that exposure of skunks to Leptospira is 
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widespread across SRI throughout the years with sufficient sample size, with a possible 
exception in 2015 when seropositive skunks are more localized (Figure 6.3.1.7). 

 

 

Figure 6.3.1.6. Skunk infection prevalence and seroprevalence over time. Figure includes the 
longitudinal skunk seroprevalence (solid red) from MAT results tested at CDC throughout and skunk 
infection prevalence (solid yellow) from PCR and culture results with 95% confidence intervals (dashed 
lines).  

Patterns of infection prevalence are less certain. Only 4 SRI skunks have ever tested 
positive for infection via PCR or culture, the last of which was in 2012 (Table 6.3.1.3). For two 
years after 2012, we obtained reasonable numbers of samples to analyze by PCR (N=31 in 2013 
and 18 in 2014), all of which were negative. From 2015 on, a total of 3 samples could be 
collected for PCR testing, all of which were negative. These data are insufficient to make any 
statements on whether or not spotted skunks are still shedding leptospires. Furthermore, the 
sensitivity of PCR testing in skunks may be lower than in foxes, since only a very small amount 
of urine can be collected from skunks (typically 0.1-0.5 mL, versus 5-10 mL from foxes), 
reducing the probability of obtaining a detectable copy number of Leptospira genomes.  
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Fox Year Positive N Prev 95% CI 

2010 2 5 40% 5-85% 

2011 0 1 0% 0-98% 

2012 2 20 10% 1-32% 

2013 0 31 0% 0-11% 

2014 0 18 0% 0-19% 

2015 0 1 0% 0-98% 

2016 0 0 NA NA 

2017 0 0 NA NA 

2018 0 0 NA NA 

2019 0 2 0% 0-84% 

Table 6.3.1.3. Prevalence of infection with Leptospira in island spotted skunks over time. Sample size 
(N), infection prevalence (Prev), and 95% confidence intervals (CI) for skunks using PCR and /or culture 
results per fox year. One sample per individual skunk was used per fox year. If a skunk had a positive and 
a negative sample within a fox year the positive sample was used. 

 

Fox Year Positive N SP 95% CI 

2010 2 9 22.22% 3-60% 

2011 13 31 41.94% 25-61% 

2012 12 66 18.18% 10-30% 

2013 14 74 18.92% 11-30% 

2014 17 84 20.24% 12-30% 

2015 3 23 13.04% 3-34% 

2016 0 5 0% 0-52% 

2017 0 0 NA NA 

2018 0 4 0% 0-60% 

2019 2 7 28.57% 4-71% 

Table 6.3.1.4. Seroprevalence of anti-Leptospira antibodies in island spotted skunks for samples 
tested at CDC, 2010-2019. Sample size (N), seroprevalence (SP), and 95% confidence intervals (CI) for 
skunks, using MAT results per fox year. One sample per individual skunk was used per fox year. If a 
skunk had both positive and negative samples within a fox year, it was treated as positive for this 
calculation.  

A further complication in the skunk data arises from inconsistent results between labs. 
Skunk serum samples from 2016-2019 were sent to ADHC for analysis, after our calibration 
trials using fox samples showed a strong correlation between MAT results from the CDC and 
ADHC labs (section 6.3.2.4). However, when seroprevalence estimates were calculated from 
MAT results of skunk sera run at the two laboratories, a large discrepancy was detected. All 18 
skunk samples in the 3 years tested (2016, 2018, and 2019) were reported as MAT-positive by 
ADHC, yielding a 100% seroprevalence, while CDC MAT results from sera collected in all prior 
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years yielded seroprevalence estimates of 13-42% (data and maps from ADHC shown in 
Appendix C, Figure A.2, Figure A.3, Table A.2). Due to this inconsistency, the 16 samples with 
sufficient volume were retested at CDC, and only 2 were positive. The ADHC MAT did show 
slightly higher sensitivity relative to that of the CDC with the fox sera, but this discrepancy with 
the skunk sera is extreme. The reason for this is currently unknown, however current skunk 
sample numbers and volumes are insufficient to perform additional testing and investigations at 
this time.  

Altogether, we can conclude that island skunks are susceptible to and can shed 
Leptospira, and that they have continued to be infected throughout the duration of this study. 
When sample sizes were sufficient, the skunks showed signs of exposure in all regions of the 
island. The quantitative patterns suggest a decline in infection prevalence and seroprevalence 
from 2010 to 2015, coincident with the marked decline in skunk abundance on SRI. However, 
the limited sample sizes obtained in later years, and the puzzling discrepancies between results 
from different certified diagnostic laboratories, prevent a strong conclusion regarding Leptospira 
dynamics in the declining skunk population. Given the continuing widespread circulation of the 
pathogen in SRI foxes, it is entirely possible that the skunks continue to be infected via cross-
species transmission, regardless of continued transmission within their own declining population. 

 

 

Figure 6.3.1.7. Spatiotemporal patterns of seroprevalence in island spotted skunks (CDC lab results 
for all years). Spatial distribution of MAT positive (red pluses) and negative samples (blue circles) in 
island spotted skunks for each year. CDC results are shown for all years, for consistency.  
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6.3.2. Analyze data to understand the ecology of leptospirosis in island foxes 

6.3.2.1. Longitudinal samples 

Analysis of longitudinal serology from individual foxes 

Because foxes are often recaptured year after year, and sometimes captured multiple 
times within a year, we have the rare opportunity to look at longitudinal patterns in individuals. 
This has enabled us to gain insights into the host-pathogen relationship between island foxes and 
Leptospira, and to develop and calibrate tools to learn more about the ecology and epidemiology 
of this system. Figure 6.3.2.1 depicts the longitudinal patterns in anti-Leptospira MAT antibody 
titers, where each row of dots represents the history of an individual fox, with time progressing 
from left to right, and the colors show the antibody titers measured for each serum sample 
collected. The leading edge of the arc represents the youngest individuals, who typically begin as 
seronegative, then progress through seroconversion and titer decay. These longitudinal data 
allowed us to quantify the kinetics of MAT titers through time (section 6.3.2.3) and to study the 
risk factors for seroconversion (section 6.3.2.4).  

It is clear that island foxes maintain antibodies against Leptospira for several years. Of 
the 806 individual wild foxes that ever tested MAT positive for anti-Leptospira antibodies, 407 
were tested at least twice, 242 were tested at least three times, and so on as shown in Table 
6.3.2.1. The timespan between first positive test and last MAT test, which determines the range 
over which MAT titer kinetics can be studied, ranged from 1 to 11 years (Table 6.3.2.2). The 
oldest known wild-born foxes on SRI are 11 years old, while mean lifespan is approximately 6 
years (NPS, unpublished data), so these longitudinal MAT data give a fair picture of the lifetime 
titer changes of anti-Leptospira antibodies in island foxes. 

 
N Tests 1 2 3 4 5 6 7 8 9 10 

N Foxes MAT 806 407 242 131 73 37 17 6 3 1 

Table 6.3.2.1. Distribution of the number of MAT tests per fox of the island foxes that ever tested 
seropositive. The numbers shown indicate how many foxes were MAT-tested at least N times, among the 
group of wild island foxes that ever had a positive MAT result. Repeated sampling events could occur 
within the same years or in different years. 

 

Years 0 1 2 3 4 5 6 7 8 9 
N Foxes  806 411 303 217 150 96 47 22 8 2 

Table 6.3.2.2. Distribution of the time interval between first positive test and last MAT test, for 
individual foxes that were tested multiple times. Years represent the number of fox years between the 
first positive sample and final MAT test for individual foxes. N is the number of individual foxes that had 
an interval of at least the designated number of years between their first positive test (MAT, PCR, or 
culture) and final MAT test. 
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Figure 6.3.2.1. Longitudinal patterns in MAT anti-Leptospira antibody titers from individual foxes. 
Each row is an individual fox. The x-axis is time in fox years, with individuals aging from left to right. 
Individuals are ordered by the season in which they were first tagged, so the leading edge of the arc 
represents the youngest foxes. Each colored square indicates an MAT test result. A blue square is a 
negative test, and a square with a red hue is a positive MAT test. The darker the red the higher the titer 
level, as shown in the colorbar. 

We used these extensive longitudinal data to look for serologic signs of reinfection with 
Leptospira, by looking for individuals for which the antibody titer drops over time but then 
increases rapidly and substantially, presumably representing an anamnestic immune response 
after reinfection. Of the 407 individuals that ever tested MAT-positive and had two or more tests, 
only 8 (1.9%) exhibited an increase greater than a 2 two-fold dilution in titer at any point 
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following their initial positive test. Increases of 1 or 2 dilutions were considered within the error 
range of the test, and were therefore not classified as boosting.  

The MAT anti-Leptospira antibody titer trajectories for the 8 foxes that had a greater than 
two-step increase are shown in Figure 6.3.2.2. Four of them were pups at the time of their first 
positive test, so the initial positive test may have been due to transient maternal antibodies. Two 
individuals may have been sampled during the initial stage of infection when their titer was still 
increasing, as evidenced by the rapid increase from seronegative to a pair of closely spaced 
positive tests with rising titers. The remaining foxes could represent genuine instances of titer 
boosting through reinfection, or they could be due to errors in testing or sample handling. 
Altogether, we conclude that titer boosting reflecting reinfection of island foxes with Leptospira 
occurs rarely, if at all.  

 

Figure 6.3.2.2. Titer levels over time for all foxes that ever exhibited boosting. Each colored line 
shows the trajectory of anti-Leptospira antibody titers (in log2 units) measured by MAT for an individual 
fox. These 8 individuals are the only foxes to exhibit titer increases greater than 2 two-fold dilutions. 
Time is shown relative to the date of each individual’s first positive test for Leptospira.  

Analysis of longitudinal shedding patterns from island foxes  

Analysis of our longitudinal data on urinary shedding of leptospires (leptospiruria) 
provides important insights into the shedding duration, an important quantity governing 
transmission dynamics. Of the 598 individual wild foxes that had urine tested via PCR, 116 
individuals tested positive at some point. Of these 116 individuals, 57 were tested on 2 or more 
occasions, and 22 tested positive more than once. The full longitudinal histories of urinary PCR 
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results for the 57 individuals that had ever tested positive are shown in Figure 6.3.2.3. For the 22 
individuals that tested positive more than once, the interval between first and last PCR-positive 
results ranged from 3 to 755 days. 12 of these 22 foxes had an interval of less than 1 year, 9 
foxes had an interval between 1-2 years, and 1 had an interval of just over 2 years (see gold bars 
in Figure 6.3.2.4 for the complete distribution).  

These raw data demonstrate that island foxes can shed Leptospira for at least 2 years, but 
the data are censored so the start and end of the shedding period are not known. We gain further 
insights by considering that foxes will begin shedding leptospires around the time they 
seroconvert, so we can use either a positive PCR test or first positive MAT test as the indicator 
for the onset of shedding. Since many more blood samples were collected than urine samples, 
including the MAT results increases the size of the usable dataset to investigate shedding 
duration. This is achieved through an increase in the number of foxes with longitudinal data, and 
also an increase in the duration of time within which fox shedding may be assessed. By including 
MAT results, we could estimate a minimum duration of shedding for 50 of the 116 foxes that had 
ever tested positive via PCR (gold and red bars in Figure 6.3.2.4). These 50 foxes have a range of 
1–1057 days between their first positive test and their final positive PCR test. Thirty of these 50 
foxes had a minimum shedding duration of between 1 day and 1 year, 15 foxes had a duration of 
1-2 years, and 5 foxes had a duration between 2-3 years (Figure 6.3.2.4). Thus, we estimate a 
lower bound of 3 years for the maximum duration of shedding for island foxes infected with 
Leptospira.  

Censoring can also impact observation of the end of the shedding period. If the last 
observed test is positive, then there is no observed upper bound on shedding duration. If there is 
one or more negative PCR test at the end of an individual’s record, then (barring false negative 
results) we can infer that the individual stopped shedding. Considering the longitudinal histories 
in Figure 6.3.1.10, we note that foxes that do not stop shedding will have multiple yellow boxes 
(denoting positive PCR tests) along their line. The abundance of blue boxes and absence of 
yellow boxes in the upper right corner of this figure is evidence that foxes tend to cease shedding 
over time. Figure 6.3.2.4 presents the same data in a different way with the grey bars showing 
the duration of time that foxes could have been observed to be shedding, given our data set. It is 
evident that the observed distribution of shedding durations is not truncated by a lack of 
observations over longer intervals.  

There are important caveats to this analysis. We have not fully addressed the censoring 
issues inherent in estimating shedding duration from widely spaced sampling events. PCR test 
sensitivity for detecting leptospires via PCR is less than 100%, and urinary shedding could be 
intermittent or fluctuate in intensity leading to lower test sensitivity. While a positive PCR test 
indicates that the individual is shedding leptospiral DNA, it does not prove that the leptospires 
detected are alive and infectious. However, taken together, our work shows that island foxes can 
shed Leptospira for periods up to 3 years or perhaps longer, and that shedding for 1-2 years is 
common, suggesting that the transmission potential of individual infected foxes can extend for 
months to years. 
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Figure 6.3.2.3. Longitudinal patterns in PCR results from all individual wild foxes that ever tested 
positive for Leptospira DNA in urine. Each row is an individual fox and the x-axis is time. Blue boxes 
indicate a negative PCR test and yellow boxes indicate a positive PCR test. Multiple yellow boxes within 
a row are evidence for protracted urinary shedding of Leptospira, over the time interval spanned by those 
tests.  
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Figure 6.3.2.4. Observed duration of shedding of Leptospira by infected island foxes. Grey bars 
indicate the potential duration of shedding that could have been observed, given the samples 
collected. That is, they show the interval from the first positive test, which is considered the onset of 
shedding, to the final PCR test that was conducted (regardless of test result). Dark grey bars use the first 
positive result from any diagnostic test, and light grey bars use only PCR tests to determine the onset of 
shedding; for both shades of grey, the final PCR test was negative. Gold bars represent the duration of 
shedding observed using just PCR data, and red bars represent the duration of shedding observed using a 
positive MAT or PCR result as the onset of shedding; for both gold and red bars, the final PCR test was 
positive. The width of the bars are 3 months. 

6.3.2.2. Modeling antibody kinetics to estimate time of infection 

Model fits 
The best fits were observed for the models with more curvature, allowing a faster initial 

decay that slows with time since peak antibody level, for both serovar Pomona and Autumnalis. 
The double exponential model had the lowest LOOIC value (LOOIC values: single exponential 
= 5933, double exponential = 4705, power = 5757). All models were fit to the dataset including 
both serovar Pomona and Autumnalis, resulting in one overall LOOIC value but separate 
functions for each serovar. The predicted fitted functions using the population-level posterior 
means (reported below) are shown in Figure 6.3.2.5A. All further results will be shown for the 
double exponential model only. The fitted double exponential functions for serovars Pomona and 
Autumnalis are shown in Figure 6.3.1.2B with the observed data after adjusting the sample times 
(x-axis) for each individual based on the estimated peak antibody time 𝜃௜. The mode (maximum 
posterior density) was used as the posterior estimate for 𝜃௜ to accommodate the skewed 
distributions. 
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Figure 6.3.2.5. Models for antibody kinetics and fit to island fox data. (A) Fitted functions for the 
three candidate models, using the posterior means for serovar Pomona peak antibody level and decay rate. 
(B) Fitted double exponential functions for serovars Pomona and Autumnalis, overlaid on observed data 
for 307 individuals after changing time since first positive sample to estimated time since peak antibody 
level. 

Posterior estimates 
The posterior estimates for all population-level parameters are provided here. Results for 

each individual are shown in Figure 6.3.2.8. The population-level posterior means of the peak 
antibody level distribution parameters for serovar Pomona were 6.89 𝑙𝑜𝑔ଶ units (95% CrI 6.61 to 
7.15) for the mean and 2.00 𝑙𝑜𝑔ଶ units (95% CrI 1.79 to 2.24) for the standard deviation. The 
estimated peak antibody level distribution for serovar Autumnalis was slightly higher, with a 
mean of 7.45 𝑙𝑜𝑔ଶ units (95% CrI 7.11 to 7.88) and standard deviation of 2.08 𝑙𝑜𝑔ଶ units (95% 
CrI 1.81 to 2.35) (Figure 6.3.2.6A). Peak antibody levels of individual foxes were estimated to 
be 0.67 𝑙𝑜𝑔ଶ units (95% CrI -0.38 to 1.24) higher for serovar Autumnalis than for serovar 
Pomona, with a strong positive correlation (effect estimate = 0.99, 95% CrI 0.90 to 1.14; R2 = 
0.99, 95% CrI 0.94 to 1.00).  

The population-level distribution of decay rate for serovar Pomona had a mean of 
0.00086 𝑙𝑜𝑔ଶ units/day (95% CrI 0.00079 to 0.00093) and standard deviation of 0.00035 𝑙𝑜𝑔ଶ 
units/day (95% CrI 0.00028 to 0.00042). For serovar Autumnalis the mean was 0.00069 𝑙𝑜𝑔ଶ 
units/day (95% CrI 0.00061 to 0.00078) and the standard deviation 0.00028 𝑙𝑜𝑔ଶ units/day (95% 
CrI 0.00021 to 0.00037) (Figure 6.3.2.6B). There was no significant correlation between 
individual peak antibody level and decay rate (posterior mean of the linear regression slope: 90, 
95% CrI -456 to 646; Figure 6.3.2.6C). 

The mean percentage by which the individual prior peak antibody intervals were reduced 
after model fitting was 10.8% (±0.4 SE, range 5 to 67%) when using the model that includes 
both serovars, and 10.8% (±0.5 SE, range 5.9 to 67%) for the model using serovar Pomona only. 
Mean relative entropy values were 0.100 bits (±0.011 SE, range 0.006 to 1.185) and 0.107 bits 
(±0.014 SE, range 0.006 to 1.691). 
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Correlates of model performance 
We found strong individual variation in how much information the model was able to 

provide about peak antibody time 𝜃௜, with peak antibody interval size reductions ranging from 5 
to 67%, and relative entropy values from 0.006 to 1.185 bits. To assess whether this variation in 
information gain was predictable, we tested the correlation between an individual’s peak 
antibody interval reduction and a number of variables: prior peak antibody interval size, number 
of samples, time range covered by the samples, estimated peak antibody level, and estimated 
decay rate for serovar Pomona. Correlations were tested using linear models with a log-
transformed interval reduction outcome variable. There were positive significant effects of prior 
peak antibody interval size (effect estimate = 0.14, F = 36.9, df = 305, P < 0.0001), decay rate 
posterior mean (effect estimate = 0.19, F = 81.4, df = 305, P < 0.0001), peak antibody level 
posterior mean (effect estimate = 0.08, F = 10.6, df = 305, P = 0.001), and the level of the first 
positive sample (effect estimate = 0.05, F = 5.4, df = 305, P = 0.02). Model comparison using 
AIC showed the best fit for a regression model including a combination of decay rate, peak 
antibody level and peak antibody interval size. Details are in Appendix C.  

For a better insight into what individual-level results look like, Figure 6.3.2.7 shows the 
output for two different individuals. 

 

 

 

Figure 6.3.2.6. Estimated population-level distributions of peak antibody level (A) and decay rate 
(B), for serovars Pomona and Autumnalis. Bold lines are the distributions based on the posterior means 
of the mean and the standard deviation of each parameter. Thin lines are drawn from a random selection 
of 200 MCMC iterations, to show the magnitude of the variation around the posterior mean values. Panel 
(C) shows posterior samples for peak antibody level and decay rate, with colors depicting the density of 
points. 
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Figure 6.3.2.7. Posterior results for two individual foxes with low (A) and high (B) gain in 
information about peak antibody time ሺ𝜽ሻ. Left: posterior distribution of 𝜃, the time between the first 
positive sample and the estimated peak antibody time, with maximum density and 95% CrI indicated by 
bold and dotted lines. Center: posterior density for peak antibody level. Right: fitted functions using 
posterior estimates (bold lines) overlaid on 200 randomly selected iterations to show the distribution; 
black points are the observed samples 
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Figure 6.3.2.8. Posterior densities of peak antibody time ሺ𝜽ሻ for all foxes. Densities were plotted 
along the y-axis to enable showing all individuals, ordered along the x-axis by prior peak antibody 
interval size. 
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Simulation results 
The models fitted to simulated data were always able to estimate the population-level 

parameters precisely (𝛽଴, 𝜎ఉబ, 𝜆଴ and 𝜎ఒబ), showing that the modeling approach works well. The 
estimation of parameter values at the individual level was good overall, but performance 
declined with more extreme values of the “real” individual peak antibody level (i.e. when the 
real simulated level was much lower or higher than the population mean; Figure A.6, Figure A.7, 
Figure A.8).  

Of broader relevance to biomarker dynamics in general, we found that model 
performance was strongly dependent on both decay rate and peak antibody level variation (sd). 
There was a strong positive correlation between decay rate and model performance (measured as 
peak antibody interval reduction), while there was a negative correlation between standard 
deviation of peak antibody level and model performance (Table 6.3.2.3). Figure A.11 illustrates 
how the estimation of peak antibody time 𝜃௜ will be more accurate when decay rates are high, 
and how a faster decay and/or smaller variation in peak antibody values in the population would 
result in better inference (Table 6.3.2.3). 

 

Peak antibody interval reduction (%) 

Peak Ab SD 
(log2 units) 

Decay rate (log2 units/day) 

0.005 0.001 0.0005 0.0001 

0.5 49 52 39 10 
1.0 48 40 27 8 
2.0 41 30 17 7 
3.0 37 21 13 6 

Table 6.3.2.3. Model performance on individual peak antibody time (𝜽𝒊ሻ. Gained information on 
peak antibody time relative to the prior knowledge, a uniform interval bound by the last negative 
and first positive samples. Values show the percentage by which the peak antibody interval size 
was reduced, where the 95% CrI of the posterior distribution was taken as the new interval. 
Results were similar when using relative entropy. 

Broader implications  
One of the outstanding challenges in quantitative serology is how to model biomarker 

dynamics when infection times are unknown (Borremans et al., 2016; Pepin et al., 2017). By 
integrating data from different sources using a Bayesian approach, we were able to model 
antibody decay despite imprecise knowledge about when individuals were infected. Two key 
sources of prior information were used in the model. The first is information about possible peak 
antibody levels provided by a subset of foxes known to have been infected relatively recently. 
The second is an interval that bounds each individual’s possible times at which antibody levels 
must have peaked, provided by a negative sample preceding the first positive one. Additionally, 
the Bayesian approach enabled leveraging data from multiple biomarkers, in this case antibody 
level data on Leptospira interrogans serovar Autumnalis in addition to serovar Pomona. 

Model fit statistics showed a clear preference for the two models in which decay slows 
down with time, and of those the most parsimonious double exponential model received the 
highest level of support. For the double exponential model, the antibody half-lives on the log-
scale were estimated to be 889 days for serovar Pomona and 1005 days for serovar Autumnalis. 
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As these half-lives are for the log-transformed dilutions, this means that the actual decay in 
original dilution units gradually slows down with time since peak antibody (e.g. from an initial 
serovar Pomona antibody dilution of 1:6400 it would take 198 days to decay to 1:3200, 431 days 
to 1:1600, 718 days to 1:800, and 2495 days to 1:100). Initially rapid antibody decay followed by 
a slow phase seems to be relatively common, and has for example been observed for 
leptospirosis in California sea lions (Prager et al., 2020), Bordetella pertussis in humans (Teunis 
et al., 2016) and arenavirus in multimammate mice (Borremans et al., 2015). It has been 
suggested that this may be a consequence of the heterogeneous dynamics of antibodies produced 
at different sites in the body, at different rates and driven by different mechanisms, resulting in 
the overall pattern observed here (Teunis et al., 2016; Traggiai et al., 2003). 

There was a strong correlation between antibodies against serovars Pomona and 
Autumnalis, especially peak antibody levels. This meant that the information gained by the 
addition of data on serovar Autumnalis was limited, as that information was for the most part 
already provided by serovar Pomona. We indeed found that the reduction in peak antibody 
interval size was not much better when integrating data on both serovars than when only using 
serovar Pomona. This is a useful general insight into what to expect when considering 
incorporating multiple biomarkers for quantitative serology and suggests that a useful strategy 
would be to prioritize biomarkers that do not correlate strongly. For instance, combining 
antibody data with data on the presence of a pathogen (or its genetic material) is likely to be 
much more informative than data on an antibody exhibiting the same dynamics, as shown for 
arenavirus infection in the rodent Mastomys natalensis (Borremans et al., 2016), Leptospira 
interrogans infection in California sea lions (Prager et al., 2020) and influenza A in swine 
(Strelioff et al., 2013). 

We found that population-level estimates of peak antibody level and decay rate could be 
reproduced well in simulations, and while most individual-level estimates were close to the 
(simulated) values, some were not as good. Closer inspection showed that this happens when an 
individual’s peak antibody level was much lower or higher than average. Because the model 
assumes that individual levels are a sample of the population-level distribution, values closer to 
the mean will have a higher likelihood. This “pulls” the individual estimates towards the 
population means, which is generally not problematic unless the real individual peak antibody 

value is much lower or higher. This is by definition rare when peak antibody levels or decay 
rates are assumed to be distributed normally. 

Model performance correlated strongly with a number of individual variables. The 
reduction in individual peak antibody time intervals increased with higher decay rate, higher 
peak antibody level, higher level of the first positive sample and the size of the prior interval. 
The latter can be explained by the fact that when the prior interval is wider, larger improvements 
are possible given the fact that decay rate and peak antibody level are restricted to the normal 
distribution around their population-level mean. The improved performance with higher decay 
rates is a consequence of the smaller posterior distribution for the peak antibody time interval 
when the change in antibody level happens in a shorter time period (Table 6.3.2.3, Figure A.11). 
The effect of a higher level of peak antibody or first positive sample results from the fact that 
decay is faster at higher levels, which results in smaller possible time windows for peak antibody 
time as explained above. Last, through simulations we also observed that a broader distribution 
of possible peak antibody levels directly translates into a broader distribution of possible peak 
antibody times, which means that lower individual variation will result in better estimates of 
peak antibody time (Table 6.3.2.3).  
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These characteristics related to model performance are intrinsic to a pathogen-host 
system, and will determine the upper level of performance of any model. Here we found that the 
decay of antibodies against L. interrogans serovar Pomona in Channel Island foxes is slow, and 
that there is considerable variation in peak antibody level, which means that the information 
gained from using antibody level data is relatively limited. Indeed, the estimated decay rate of 
0.0009 𝑙𝑜𝑔ଶ units/day results in a peak antibody time window of 320 days between peak 
antibody levels 6 and 8 𝑙𝑜𝑔ଶ units. In the simulations we observed an 8% peak antibody interval 
reduction for a decay rate of 0.0001 and peak antibody standard deviation 1, while for the same 
standard deviation but a faster decay of 0.005, the reduction increased to 48%. This means that 
for other systems such as L. interrogans serovar Pomona infection in California sea lions 
(Zalophus californianus) where antibody decay can be as fast as 0.058 (Prager et al., 2020), a 
similar model would be expected to add much more information about peak antibody time. 
Despite this restriction however there were still foxes for which the reduction in the peak 
antibody interval exceeded 60%.  

Regardless of system characteristics and data quality, there will always be a certain 
amount of uncertainty due to biological variation and observational noise. Another major benefit 
of using a Bayesian MCMC approach is the fact that it explicitly integrates all sources of 
variation and uncertainty, resulting in a probability distribution of all parameter estimates instead 
of a single point estimate with a standard error when using frequentist methods. All uncertainty 
is therefore acknowledged in the posterior distributions. Another advantage of the Bayesian 
approach is that it enables the use of information from widely varying sources (Figure 5.3.2.1). 
We have for example shown here that it is possible to incorporate an additional biomarker 
(antibodies against L. interrogans serovar Pomona). Other candidate data sources to include 
would be variables such as individual age, sex, or body condition. For example, we tested 
whether any of these three variables correlated with the antibody level of the first positive 
sample of recently infected individuals (see Appendix C). None of the correlations were 
significant, but if they were then that correlation could be included in the model as prior 
information for peak antibody level. The strength of the combined use of different sources of 
information can be seen for the estimation of the time of infection in multimammate mice 
infected with an arenavirus, where the incorporation of antibody level, virus RNA presence, 
individual age and encounter probability resulted in large increases in model performance 
(Borremans et al., 2016).  

Once a model to estimate infection time (or peak antibody time) has been constructed 
using an informative dataset of individuals, it can be applied to new/future data. These data can 
be of lower resolution and sparser, and can even consist of a single result per individual. This 
enables the application of these back-calculation methods to cross-sectional data. A further 
advantage of the Bayesian approach is that it is trivial to improve the model when new 
informative data become available, as the same model can be fitted using the expanded dataset 
(Bolker, 2008). 

Quantitative serology is a growing field with incredible potential (Gilbert et al., 2013; 
Held et al., 2019; Pepin et al., 2017; Teunis et al., 2012; Wilber et al., 2020), but its broad 
adoption has been relatively limited. While this may partly be due to a lack of exposure, it is 
likely that a number of outstanding challenges are keeping scientists from applying these 
methods. One of these challenges, especially for wildlife systems with sparse sampling, is the 
difficulty in constructing biomarker models when there are no experimental data and when 
infection times are unknown. As most biomarker models are specific to a host-pathogen system, 
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they need to be constructed for each system before they can be used to estimate time of infection. 
Here, we have provided a complete approach to constructing biomarker models when data are 
sparse and infection times unknown, using a hierarchical Bayesian framework that enables 
leveraging multiple sources of information and multiple types of data (Figure 5.3.2.1). This 
addresses a major challenge in quantitative serology and time-of-infection estimation that has 
been one of the key barriers for application to wildlife systems. Other remaining challenges 
include incidence reconstruction with proper error propagation, anamnestic immune response 
following re-exposure (boosting), dealing with antibody cross-reactivity, integration of infection 
time estimation and transmission modeling, and software development for easy integration of 
data sources and incidence reconstruction.  

6.3.2.3. Risk factors for infection 

Univariate models 
Clear patterns arose within each category in the univariate analysis (Figure 6.3.2.9, Table 

6.3.2.4). Twelve- and twenty-four-month cumulative precipitation appear to increase the risk of 
infection by 6% and 12%, respectively, with every increase in one standard deviation (4.53 and 
5.67 inches, respectively). One-month precipitation and monthly average temperature and 
relative humidity showed weak trends but were not significant predictors of risk.  

 

Covariate description Mean SD HR* 95% Interval 

Individual level 

Sex (Male) n=647 (52.8%) 1.04 (1.00, 1.10) 

Abiotic environmental 

1-month cumulative precipitation (precip1) 0.90 1.46 1.03 (0.93, 1.13) 

12-month cumulative precipitation (precip12) 10.70 4.53 1.06 (1.01, 1.11) 

24-month cumulative precipitation (precip24) 20.64 5.67 1.12 (1.07, 1.17) 

Monthly average temperature 56.68 4.78 0.98 (0.89, 1.06) 

Monthly average relative humidity 73.11 11.95 0.97 (0.92, 1.04) 

Biotic environmental 

Fox abundance 812.56 763.40 0.93 (0.91, 0.96) 

Skunk abundance 16.69 14.68 1.11 (1.06, 1.15) 

Pup seroprevalence 0.15 0.16 1.28 (1.21, 1.34) 

Table 6.3.2.4. Potential factors affecting Leptospira infection risk in 1226 foxes between 2004 and 
2019. Descriptive statistics are given for the unscaled covariates. Hazard ratios and the center 95% 
intervals are shown for the set of univariable models. *HR = Median hazard ratio. 

All biotic environmental variables had significant relationships with the risk of infection 
in univariate analyses. Fox abundance decreases the risk of infection as the population increases, 
whereas skunk abundance has the opposite effect. However, these two covariates are strongly 
negatively correlated, and there are major biases in the skunk abundance data, so the fox 
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abundance was maintained for further analyses. Pup seroprevalence had the largest effect size of 
any covariate. For a 16% increase in pup seroprevalence, the individual risk of infection 
increases by 28%. 

 

 

Figure 6.3.2.9. Distribution of hazard ratios estimated by univariate Cox proportional hazards 
model with imputed time of infection estimates. 
 

Multivariate model 
Across the three categories of covariates, we wanted to capture the trends in 

environmental covariates while controlling for individual-level differences. Thus, our 
multivariable model included sex, fox abundance, and 24-month cumulative precipitation 
(precip24). We also tested the inclusion of monthly average temperature and relative humidity, 
but neither covariate added significant contributions to the model fit (Table 6.3.2.5). 
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Model Median AIC 

Sex 8202.138 

Sex + Fox abundance 8199.406 

Sex + Fox abundance + Precip24 8188.088 

Sex + Fox abundance + Precip24 + Mean temperature 8186.117 

Sex + Fox abundance + Precip24 + Mean rel. humidity 8185.707 

Sex + Fox abundance + Precip24 + Pup seroprevalence 8177.671 

Table 6.3.2.5. Median Akaike information criterion (AIC) for multivariate Cox proportional 
hazards models across 100 bootstrap runs. Lower AIC values indicate models that achieve superior 
balance of parsimony and goodness of fit, with AIC differences of 10 or more providing a strong basis for 
model selection. 

In the multivariate model, we detected enhanced effects of those observed in the 
univariate models (Figure 6.3.2.10). After controlling for individual level variation, 24-month 
cumulative precipitation exhibited a stronger effect of increasing infection risk (median HR = 
1.15) and fox abundance exhibited a stronger protective effect (median HR = 0.90). These effects 
are qualitatively robust but diminished in magnitude when pup seroprevalence is included in the 
model (Table 6.3.2.6). Pup seroprevalence has a median hazard ratio of 1.21 after controlling for 
sex, precipitation, and fox abundance, which means that the risk increases by 21% with every 
one standard deviation increase in pup seroprevalence. 
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Figure 6.3.2.10. Distribution of hazard ratios estimated by multivariable Cox proportional hazards 
model with imputed time of infection estimates. Panel A shows the final multivariable model, which 
includes sex, yearly fox abundance, and 24-month cumulative precipitation. Panel B shows the same 
model with the inclusion of yearly pup seroprevalence. 

 

 Without pup SP With pup SP 

 HR* 95% Interval HR* 95% Interval 

Individual level 

Sex (Male) 1.04 (1.00, 1.09) 1.04 (0.99, 1.09) 

Abiotic environmental 

24-month cumulative precipitation (precip24) 1.15 (1.09, 1.20) 1.07 (1.01, 1.14) 

Biotic environmental 

Fox abundance 0.90 (0.87, 0.93) 0.95 (0.90, 0.98) 

Pup seroprevalence     1.21 (1.12, 1.30) 

Table 6.3.2.6. Estimates of median hazard ratios of multivariable Cox proportional hazards model 
with imputed times of seroconversion. *HR = Median hazard ratio. 
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Time-to-seroconversion curves 
We compared median time-to-seroconversion (the time corresponding to a 0.5 probability 

of seroconverting) for males and females at varying levels of fox abundance and 24-month 
cumulative precipitation. The low, medium, and high levels of fox abundance and 24-month 
cumulative precipitation were defined by the 10th, 50th, and 90th percentiles of each covariate. 
Regardless of stratification level, most median time-to-seroconversion estimates are greater than 
one year (Figure 6.3.2.11). Females have 2- to 4-week longer times than those of males across all 
levels of abundance and rainfall. The shortest median times (males: 345 days; females: 360 days) 
occur when foxes are at low abundance with high precipitation.  

We also compared the model’s predictions for the probability of infection during the 
different periods of time at risk on the island, under different conditions. After the first year at-
risk, male foxes have, at most, a 53% chance of seroconverting (Table 6.3.2.8). If the first year of 
life occurred during less ideal conditions for infection (i.e. high fox abundance and low 
cumulative precipitation), the probability of seroconverting could be as low as 32%. After 2 
years at-risk, the probability of seroconverting is greater than 58% under all abundance and 
precipitation conditions for both sexes. 
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Figure 6.3.2.11. Time-to-infection curves for low, medium, and high levels of fox abundance and 24-
month cumulative precipitation when stratified by sex. Low, medium, and high levels of abundance 
and precipitation are defined by the 10th, 50th, and 90th percentiles of each covariate. Within each subplot, 
the curves are stratified by sex (males = blue; females = coral). 

 
Low  

abundance 
Medium  

abundance 
High  

abundance   
Female 458 477 595 Low 

precipitation Male 444 456 568 
Female 416 430 501 Medium 

precipitation Male 398 415 471 
Female 360 379 442 High 

precipitation Male 345 359 425 

Table 6.3.2.7. Median survival times (days) given sex, 24-month cumulative precipitation, and fox 
abundance. The median survival time is the time corresponding to a 50% probability of 
seroconverting. 
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Low 

abundance 
Medium 

abundance 
High 

abundance   

1-year Female 0.40 0.38 0.32 
Low 

precipitation 
2-year 0.67 0.66 0.58 
1-year 

Male 
0.41 0.40 0.34 

2-year 0.70 0.68 0.60 
1-year 

Female 
0.45 0.43 0.37 

Medium 
precipitation 

2-year 0.74 0.72 0.64 
1-year 

Male 
0.47 0.45 0.38 

2-year 0.76 0.74 0.66 
1-year 

Female 
0.51 0.49 0.42 

High 
precipitation 

2-year 0.80 0.78 0.70 
1-year 

Male 
0.53 0.51 0.44 

2-year 0.81 0.80 0.72 

Table 6.3.2.8. Probability of seroconverting when stratified by sex, fox abundance, and 24-month 
precipitation after 1 and 2 years at risk. 
 

Implications for risk analysis 
We have applied a Cox proportional hazards model to evaluate factors that influence the 

hazard rate of infection with Leptospira for island foxes on SRI. We found that greater 
precipitation over the preceding 24-month period increases the risk of exposure, while monthly 
precipitation, temperature, and relative humidity had little effect. This indicates that multi-annual 
trends in precipitation and, notably, the previous two rainy seasons are more important in driving 
exposure risks than current climate conditions. Thus, under a changing climate, the long-term 
effects on the island’s water table will be more important in driving new infections than short-
term fluctuations. We postulate that this effect may be governed by changes in the distribution of 
standing water on the island, but further research is needed.  

Additionally, and somewhat counter-intuitively, we found that greater fox abundance has 
a protective effect against Leptospira exposure. Throughout the study period, fox abundance is 
steadily increasing, and thus this effect could be confounded with other temporal trends. In 
particular, we were concerned about confounding with the high risk from the initial large 
outbreak wave in 2006-8, compared to the lower risk as the pathogen transitioned to endemic 
circulation on the island. However, the effect remained in the model when pup seroprevalence 
was added as a proxy for overall prevalence of active infections on the island. Instead, we 
believe that this negative density dependence of risk may arise from the stabilization of island 
fox social structure as the reintroduced population became established on the island. As the 
population grew, foxes were less likely to move outside their home ranges and disperse across 
the island (Figure 6.3.4.3). This reduced overall mixing in the fox population, despite the larger 
population, which decreased risk of new infections. 

The shortest median times-to-seroconversion occurred at low fox abundance and high 24-
month cumulative precipitation. These conditions were met during the early phase of fox 
reintroduction in 2005 and 2006. In the winter months of 2005, the water table was at a peak 
with more than 30 inches of cumulative precipitation in the previous two years (more than 1.5 
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standard deviations above the average 24-month cumulative precipitation) while there were 
fewer than 40 foxes on the island. These combined conditions were highly conducive to 
Leptospira transmission according to our model and may have driven the initial outbreak of 
Leptospira in the population. 

As expected, including a measure of the level of infection on the island through pup 
seroprevalence significantly improved model fit and moderated the effects of fox abundance and 
24-month cumulative seroprevalence. It follows that having more disease present on the island 
would increase the risk of seroconverting and decrease the time required to seroconvert. 
However, in most systems and on other islands, this information would be unavailable at the 
beginning of an outbreak and would require intense monitoring to have accurate estimates 
throughout the study period. Thus, we excluded it in our primary multivariable model to evaluate 
what conditions would be ideal when disease-related information were unavailable. 

In conclusion, we found strong effects of fox abundance and 24-month cumulative 
precipitation on the risk of seroconverting. We believe that the precipitation effect reflects the 
transmission ecology of Leptospira in the Channel Island habitat, while the fox abundance effect 
is likely a proxy for stability of fox social structure and frequency of large movements across the 
island. Thus, if Leptospira were introduced on other islands, the risk of transmission would be 
greatest after a multi-year rainy period with a destabilized population. 

6.3.2.4. Analysis of host species effects and laboratory effects on serological reactivity profiles 

Highest MAT titer does not reliably indicate the infecting serovar 
All host species exhibited strong antibody cross-reactivity against the five Leptospira 

serovars included in the MAT panel. The serovar against which the highest antibody titer was 
mounted differed amongst the three host species, despite sharing the same infecting strain 
(Figure 6.3.2.12). The highest antibody titer detected in the majority of California sea lion 
(89.9%) and spotted skunk (100%) samples was against serovar Pomona, but the highest 
antibody titer detected in island fox samples was most often against serovar Autumnalis (69.5%). 
This vividly illustrates that the serovar against which the highest titer is detected should not be 
assumed to be the infecting serovar, as is still done in many studies and reports. 
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Figure 6.3.2.12. Host-specific patterns of relative MAT antibody titers detected against five 
Leptospira serovars when the infecting serovar is L. interrogans serovar Pomona. Each plot shows 
the relative antibody titer levels (antibody titer against one serovar divided by the highest antibody titer 
detected against any serovar in the 5-serovar MAT panel run for that sample) for California sea lions (left; 
purple; n=56), Channel Island foxes (middle; cyan; n=56), and spotted skunks (right; yellow; n=4). The 
shaded regions on each plot are a representative subsample of overlaid polygons linking the values for an 
individual sample. The continuous black line shows the standardized antibody titer level for each sample 
(sample titer/maximum sample titer) averaged across all samples for each serovar for that species. The 
dashed black lines and the percentages associated with each serovar indicate the proportion of samples for 
which that serovar has the highest titer out of all serovars in that individual’s panel, regardless of the 
actual titer. The numbers add up to more than 100% since multiple serovars can have the highest titer for 
any given sample (e.g. the highest antibody titer detected in the 5-serovar panel for that individual is both 
Pomona and Icterohemorrhagiae, with titers of 1:6400). 

Absolute magnitudes of MAT titers vary among host species  
We detected a clear difference in the absolute magnitude of anti-Leptospira antibody 

titers across the three host species (Figure 6.3.2.13). Across four of the five serovars, sea lions 
exhibit consistently higher antibody titers relative to foxes and skunks. The exception was 
serovar Autumnalis, against which similar antibody titer magnitudes were detected in sea lions 
and foxes (Figure 6.3.2.13, inset). Meanwhile, antibody titers detected in skunks were 
consistently lower than those in the other host species. This indicates that the common practice 
of using particular MAT titer levels as indications of current or recent infection must be 
undertaken with care and in light of species-specific data. If such inferences are desired, it is 
essential to develop datasets and models for each species, as we have done for island foxes 
(section 6.3.2.3). 

 
 



 167

 

Figure 6.3.2.13. Pairwise antibody titer levels against Leptospira interrogans serovars Pomona, 
Djasiman, Autumnalis, Bratislava, and Icterohaemorrhagiae in three host species. Each plot shows 
the pairwise endpoint MAT results on a log-scale for California sea lions (purple), Channel Island foxes 
(teal), and spotted skunks (yellow), all presumed to be infected with the same strain of serovar Pomona. 
The colors aggregate in a distinct pattern, showing that the serovar reactivity pattern is affected by the 
host species and that absolute titer magnitude differs among species. The black diagonal line corresponds 
to perfect equivalence between different serovars. Jitter has been added to the points to aid visualization. 
Inset: differences among host species in magnitude of MAT titer against each serovar. 
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Individual-level longitudinal fox data spanning 2009-2019 allowed us to examine titer 
dynamics and changes in the cross-reactivity profile through the course of infection and 
recovery. One fox, in particular, illustrates a course of infection during which the titer against the 
infecting serovar (Pomona) declined to zero through time while the titer against the non-infecting 
serovar (Autumnalis) remained positive and consistently higher than that against Pomona (Figure 
6.3.2.14). Although this is the clearest case study in our dataset, other individuals have similar 
courses of infection where their highest titer is against a non-infecting serovar (Figure A.13) 

 

 

Figure 6.3.2.14. Selected example of longitudinal antibody titer dynamics in a Channel Island fox. 
The top panel shows antibody titers against L. interrogans serovars Pomona and Autumnalis from 
longitudinally collected serum samples from one fox. The bottom panel indicates the PCR test result from 
urine samples taken at the same time as serum collection. 

These longitudinal data highlight a number of challenges. This individual was infected 
with serovar Pomona, but at every sampling event its MAT titer against serovar Autumnalis was 
higher than that for serovar Pomona. At the final sampling event, the individual no longer 
exhibited a positive MAT result against serovar Pomona, but was still seropositive for serovar 
Autumnalis. If the individual had been sampled only once, at this point in time, the natural 
interpretation would be that it had been exposed to serovar Autumnalis, not serovar Pomona as 
was actually the case.  

Both absolute and relative titer magnitudes can vary among certified laboratories 
 Analysis of 46 fox serum samples at three different labs showed that both absolute and 

relative serovar Pomona and Autumnalis titer levels varied systematically across labs (Figure 
6.3.2.15). When comparing absolute antibody titer magnitude against serovar Pomona, the 
median titer was lowest from Lab A and highest from Lab C (Figure 6.3.2.15B) with titers 
detected against serovar Pomona roughly one dilution greater at Lab B than Lab A, and more 
than three dilutions greater at Lab C than Lab A (Figure 6.3.2.15B). Endpoint titers against 
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serovar Autumnalis were not run for all samples at all three labs, so comparisons were not 
possible at log2 titer levels greater than 7. When assessing relative titer magnitude between labs, 
we found that at Lab A, antibody titers against serovar Autumnalis were generally higher than 
those against serovar Pomona (Figure 6.3.2.13), whereas at Labs B and C, antibody titers 
detected against serovar Autumnalis were generally equal to (Lab B) or less than (Lab C) those 
against serovar Pomona (Figure 6.3.2.15A, Figure A.14). 

 

Figure 6.3.2.15. Comparison of antibody titer results for fox serum samples evaluated at three 
testing labs. Island fox serum samples (n=46) were tested in three different certified testing laboratories. 
The MAT antibody titers for serovars Pomona and Autumnalis are shown. All Pomona titers were run to 
endpoint dilution. In Panel A, open circles indicate non-endpoint Autumnalis titers at 1:6400 (log MAT 
titer 7) whereas open squares denote samples that were positive against serovar Autumnalis at 1:100, but 
no dilutions were performed. Jitter has been added to the points to aid visualization. Panel B represents 
the difference in antibody titer magnitude for a subset (n=32) of samples that were run to endpoint for 
serovars Autumnalis and Pomona at all three labs. 

Implications for Leptospira ecology and epidemiology 
Through the comparison of antibody results from a 5-serovar MAT panel used to test sera 

from three host species at three different testing laboratories, we find that host factors influence 
MAT antibody cross-reactivity patterns, despite infection with the same causative agent. We also 
show that the highest detected antibody titer is not necessarily against the infecting serovar, and 
that the relative and absolute antibody titer magnitudes detected against different serovars can 
vary by diagnostic lab. MAT titers and cross-reactivity patterns are frequently used to infer 
Leptospira epidemiology, with some studies proposing without further evidence that the 
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infecting serovar is that against which the highest MAT antibody titer is detected (Bharadwaj et 
al., 2002; Bishara et al., 2002; Panaphut et al., 2002; Santos et al., 2016; Sehgal et al., 1995; 
Tunbridge et al., 2002), and interpreting high MAT antibody titers against multiple serovars as 
proof of multiple circulating strains (Pedersen et al., 2015).  

Our results highlight the fact that such interpretations can lead to inaccurate conclusions 
regarding the epidemiology of Leptospira transmission dynamics within and between host 
species. Our findings in sections 6.1.1 and 6.3.2.3 indicate that serologic data can be used to gain 
robust, high-resolution insights into Leptospira dynamics, and indeed that cross-reactivity 
patterns include additional information that can advance this goal. However, it is essential to 
account for host species effects, which requires development of suitable data resources and 
models. 

6.3.3. Impacts of Leptospira on the demography of island foxes 

Early mortalities associated with leptospirosis  

In the initial years of the reintroduction program, many of the released foxes died shortly 
after their reintroduction. While biological sampling and testing of the released foxes was 
limited, these high-resolution data give valuable insight into the early demographic impact of 
leptospirosis in the island fox population. Table 6.3.3.1 lists the fates of the foxes released from 
captivity between 2003 and 2006, showing that many foxes died or went missing soon after 
reintroduction. Here we briefly describe key findings:  

 Of the 12 foxes released in 2003, 5 were returned to captivity within 1-3 months due to 
rapid weight loss post release, two other foxes died of predation and trauma, and three 
went missing in 2005 or 2006.  

 Of the 13 foxes released in 2004, 6 died of predation and another 2 went missing within 1 
year of their release.  

 Of the 14 foxes released in 2005, 2 died of predation, 1 died of unknown causes, and 2 
others went missing within 1-3 months of their release. Six more foxes died within 1 year 
of being released, and two of these foxes, with deaths occurring in March and September 
of 2006, had kidney samples available for testing, and are the earliest confirmed cases of 
Leptospira infection in post-release foxes on Santa Rosa Island.  

 Of the 8 captive-born foxes released in 2006, five died rapidly following release, but, 
notably, unlike in prior year release cohorts, none were predation related. One fox died 
due to trauma, while the other 4 were listed as unknown. Two of these five foxes, which 
died 28 and 49 days post-release, had kidney samples available for testing, and both were 
positive for Leptospira.  

This close examination of the fates of the earliest released foxes suggests that Leptospira was 
having a significant impact on the foxes by 2006, and that the cause of death in early released 
foxes shifted from mainly predation mortalities to mainly unknown-cause mortalities. Where 
banked samples existed to allow testing, several of these early unknown-cause deaths were 
confirmed to be Leptospira-positive, including one individual that died in March 2006.  
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Year # Released Fate post Release 
2003 12 5 Returned to captivity within 1-3 months 

  1 Died 39 days post release, predation 
  1 Died 382 days post release, trauma 
  2 foxes went missing in 2005 
  1 fox went missing in 2006 
  2 had their first post release MAT test in 2006 and were positive 

2004 13 5 died within 1-3 months - all predation 
  1 went missing within 1-3 months 
  1 died within 1 year, predation  
  1 went missing within 1 year  

  2 died within 2 years (1 of which was tested MAT just prior to death and was 
positive) 

  1 went missing within 2 years and tested positive prior to going missing 
  2 went missing in 2009 and 2010 both tested negative multiple times 

2005 14 3 died within 1-3 months (2 predation, 1 unknown) 
  2 went missing within 1-3 months 

  6 died within 1 year (2 tested via PCR and were positive - Earliest known 
post reintroduction positives). 

  1 died in 2010 (tested MAT positive in 2006) 
  1 died in 2011 (tested MAT positive in 2006) 
  1 died in 2012 (tested MAT negative in 2006 and MAT positive in 2007) 

2006 8 captive-
born 

5 died within 1-3 months (1 trauma, 4 unknown, 2 tested via IHC and were 
positive) 

  1 missing within 2 years (tested MAT positive within 2 months) 
  1 died in 2012 (tested MAT positive in 2008) 
  1 went missing in 2014 (tested MAT positive in 2007) 

Table 6.3.3.1. Fates of foxes released from captivity between 2003-2006. This table lists the number of 
foxes initially released in each year and details the fates of those individuals. Foxes in italics indicated 
foxes that could have died from leptospirosis. N.B. 6 seropositive founder foxes released in 2006 are not 
shown, due to presumed antibody protection from Leptospira infection. 

Survival rate and causes of mortality could be determined from radio-collared foxes 
(Figure 6.3.3.1, Table 6.3.3.2). This analysis combines the fates of both the released and wild-
born foxes, whereas prior work considered only the fates of the released foxes. Kaplan-Meier 
survival estimates were 69% (95CI, 47%-90%) in 2004 and 71% (95CI, 57%-85%) in 2005, 
which then dropped to 45% (95CI, 33%-57%) in 2006 before increasing to range between 67%-
91% in the 2007-2011 seasons. As shown in Figure 6.3.3.1, many of the mortalities that occurred 
between 2004-2010 were due to predation, a few were due to trauma, and, for many others, the 
cause of death was unknown. In 2006, when the survival rate was at its lowest, there was a large 
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spike in the percentage of mortalities due to unknown causes. This spike in unknown-cause 
mortalities continued into 2007, while, in all other years between 2004-2010, predation was the 
primary cause of mortality. Notably, this spike in unknown-cause mortalities coincides with the 
timing of the initial wave of the Leptospira outbreak in SRI foxes (sections 6.1.1 and 6.3.2).  

 

 

Figure 6.3.3.1. Survival rate and causes of death of collared foxes by season. Kaplan-Meier survival 
estimates with 95% confidence interval in black and percentage of mortalities that were predation (red), 
trauma (purple) and unknown (blue). 

Retrospective testing allowed us to reassess some of these unknown early mortalities. 
Despite telemetry efforts, many carcasses were not found until they were too decayed for 
necropsy; therefore, only a small number of the unknown-cause mortalities were necropsied, and 
even fewer had recoverable kidney tissue to assess possible Leptospira infection. Altogether, we 
were able to test kidney samples from 12 foxes that died between 2004-2010 (Table 6.3.3.1). Ten 
died of unknown causes, but two died of known causes. Of these, one died in 2004 after being 
stuck in a pipe, while the other died of predation in 2008; kidneys from both of these foxes tested 
negative.  

Of the ten foxes with available kidney tissue but unknown cause of mortality, 6 were 
released captive-born foxes (4 from 2006, 1 from 2007 and 1 from 2008) and 4 were foxes born 
in the wild post-reintroduction (1 from 2007, 1 from 2009 and 2 from 2010). The kidneys were 
tested via IHC, PCR or both. The foxes that died in the 2008 and 2009 seasons both tested 
negative via PCR and IHC. All the other foxes, namely those that died in 2006, 2007, and 2010, 
tested positive via IHC or PCR. Figure 6.3.3.2 shows the detailed individual histories of the 9 
tested foxes that were born or released between 2003-2007. Five of the positive individuals were 
captive-born foxes with multiple negative MAT tests prior to release, and all became infected 
and died within 1 year of release. Two of these died 28 and 49 days after their releases in 
October and November 2006.  

Focusing on the period when unknown-cause mortalities spiked, of the 6 foxes that died 
of unknown causes in 2006 and 2007 and were tested for Leptospira infection, 100% tested 
positive. This is direct evidence of the lethal impact Leptospira can have on island foxes. 
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Another 8 foxes died of unknown causes in 2006 but could not be tested; it is plausible that most 
of these had leptospirosis as well, in which case the disease killed roughly one quarter of the 
fragile establishing population. Taken together, it is clear that Leptospira had a dramatic negative 
impact on the demography of the SRI foxes during this early period. 
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Season 
Active 
Collars 

Pop 
Estimate Morts 

Collared 
Morts 

Collars 
Perm 
went 

Missing 

Returned 
to 

Captivity 
Predation 

Morts 
Trauma 
Morts 

Unknown 
Morts 

Unknown 
Lepto 
Tested 

Unknown 
Lepto 
Test 

Positive 
2003 12 12 1 1 0 5 1 0 0 0 NA 
2004 23 24 5 5 1 1 4 1 0 0 0 
2005 38 41 7 7 5 0 6 0 1 0 NA 
2006 55 58 16 16 4 0 3 1 12 4 4 
2007 63 64 5 4 1 0 2 0 3 2* 2 
2008 92 122 11 9 7 0 10 0 1 1 0 
2009 72 313-466 17 15 12 0 10 2 5 1 0 
2010 63 233-351 11 11 7 0 8 0 3 2 2 

Table 6.3.3.2. Table of released and wild born radio collared foxes and of all wild fox mortalities. The table provides the number of active 
radio collars, the population estimate, the total number of mortalities, the number of mortalities that were radio collared, the number of radio 
collared foxes that went missing, the number of foxes that were returned to captivity, the number of mortalities that were due to predation, trauma 
or unknown cause, the number of unknown cause mortalities that were tested for Leptospira, and the number of those that tested positive in a 
given fox year. *A third fox of unknown mortality cause was tested in 2007 and was negative, however this fox was excluded from this table as it 
was a founding fox known to have been previously exposed and not therefore likely not susceptible to Leptospira infection 
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Figure 6.3.3.2. Individual timelines of released captive-born foxes or post-reintroduction wild-born foxes with kidney tissue tested via IHC 
or PCR. Only individuals born or released between 2003-2007 are included. Individuals were either assumed seronegative at birth (wild-born) or 
confirmed seronegative prior to release (captive-born). Of those released, all died within a year. In red squares, a ‘P’ indicates a positive and ‘N’ a 
negative IHC or PCR result on the kidney. 
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Preliminary results on demographic impacts - later phase (2009-2020) 
Our analyses of further demographic impacts of Leptospira infection are still underway, 

owing to sample analysis delays triggered by the COVID-19 pandemic and other challenges 
faced by the responsible team member. Here we summarize results to date, which we will 
continue refining in the course of on-going dissertation research. 

Preliminary analyses of survival impacts, achieved by analyzing grid capture data using 
multi-state robust design capture-mark-recapture models, have yielded null results indicating no 
reduction in apparent survival probability associated with Leptospira infection. Importantly, 
these analyses have not yet incorporated spatial movements, so true mortalities are confounded 
with fox movements away from their original trapping grids. Furthermore, there are potential 
challenges arising from the rapid progression to death observed in some of the early mortality 
records. If an uncollared fox gets infected and dies within a few months, we are unlikely to 
detect its infection using an annual trapping design; the known fates analysis of radio-collared 
foxes may shed more light on this point. Given the direct evidence of Leptospira-associated 
mortalities of otherwise healthy foxes, and the population-wide decrease in survivorship during 
the initial outbreak wave (described above), we believe that Leptospira infection probably does 
impact fox survival, but perhaps at too subtle a level to detect using annual trapping.  

Preliminary analyses of data on reproductive status indicate a possible impact of recent 
Leptospira infection on reproductive success. We examined records of 222 adult female foxes 
that were classified as Recent or Prior infections, and could be classified clearly as lactating or 
not lactating (which indicates whether they had a surviving pup). Females with recent infections 
had significantly lower probability of exhibiting signs of successful reproduction (0/21 vs 
35/166, one-tailed Fisher’s exact test, p=0.02); this is consistent with known effects of 
Leptospira in some other host species, where it is associated with abortion (Faine et al., 1999). 
We are working to test this finding using a larger database and using the alternative metric of 
pups per adult female on each grid.  

6.3.4. Transmission dynamics model for Leptospira in island foxes on SRI 

The stochastic simulation model for Leptospira transmission among SRI foxes was fitted 
to our observed data, then used to investigate the ecology of the system and assess management 
strategies. We first describe the results of model fitting, then summarize findings from the model 
simulations. 

Demographic parameters 

The models with year-specific survival resulted in the best fit to data (Table 6.3.4.1). 
Based on these results, we used the estimates for year-specific fertility and survival as the 
demographic parameters of the transmission model (Figure 6.3.4.1), with overall mean fertility 
𝐹෠௧ = 1.4, mean 𝜙෠௉,௧ = 0.8 and mean 𝜙෠஺,௧ = 0.8. 
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Model DIC 

𝐹௧ + 𝜙௉,௧ + 𝜙஺,௧ 299.2 

𝐹௧ + 𝜙௉ + 𝜙஺ 317.0 

𝐹௧ + 𝜙௉,௧ + 𝜙஺ 318.2 

𝐹௧ + 𝜙௉ + 𝜙஺,௧ 299.4 

Table 6.3.4.1. DIC values for demographic models. Parameters: 𝐹 (fertility), 𝜙௉ (pup survival), 𝜙஺ 
(adult survival). Indexing by 𝑡 indicates year-specific values (vs. constant across all years). 

 

Movement parameters 

The probability of moving differed significantly between seasons (Likelihood ratio chi-
squared test of generalized linear models with logit link function and binomial error distribution: 
Chi-sq = 8.8, df = 3, P = 0.03). Movement exhibited clear seasonality where foxes were more 
likely to move between functional patches between December and May (Figure 6.3.4.2). 

Figure 6.3.4.1. Posterior estimates (means and 95% credible intervals) of demographic parameters 
through time. These parameters include fertility, pup, and adult survival (model 𝐹௧ + 𝜙௉,௧ + 𝜙஺,௧) 



 178

 

Figure 6.3.4.2. Movement probability in different seasons. Proportion of foxes that were observed in 
multiple patches within the same season, out of foxes that were observed at least twice. Error bars show 
95% binomial exact confidence intervals.  

Movement distances were relatively small, with most movements being to a neighboring 
patch (Figure 6.3.4.3). This is consistent with the observations that island foxes tend to remain 
near their home range, with only periodic dispersal events, and that dispersal distances are short. 
Comparing movement patterns across different time periods revealed a clear pattern, where 
movements were more frequent and spanned longer distances during the early years of the 
reintroduced population (2004-2006 and 2007-2009). The probability of not moving was highest 
during the most recent period assessed, from 2013-2016. These patterns are consistent with the 
fact that the reintroduced population was less settled during the early years, potentially 
facilitating spread of the pathogen. 
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Figure 6.3.4.3. Movement distance frequency distribution in different seasons, for different time 
periods. The maximum pairwise distance observed was 5. Distances of zero patches indicate no 
movement. 

Movement patterns between pairs of patches were highly non-random and asymmetrical, 
with particular patches much more likely to serve as destinations (Figure 6.3.4.4). 
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Figure 6.3.4.4. Pairwise movement probability showing the relative proportion of movements from 
an origin patch to all other patches. Each row represents all movements observed from a certain patch 
to all other patches as proportions, with each row adding up to one.  

Infection parameters 

We found a marked difference in the distribution of antibody titer levels between PCR-
negative and PCR-positive samples (Figure 6.3.4.5). While PCR-negative samples rarely have 
antibody levels higher than 5, most PCR-positive samples have antibody levels of 6 or higher. 

Similarly, we observed a clear difference in the distribution of estimated times of 
infection, where the time between infection and the sample tended to be much longer for PCR-
negative samples than for PCR-positive samples (Figure 6.3.4.6). Given the reasonable 
assumption that PCR-positive urine is a proxy for infectiousness, we used these patterns to (1) 
choose infection states and (2) fit the relative simulated proportions of infection states to 
observed data. Because the number of fox sampling events for which there is a MAT result is 
much greater than that for which there are PCR results, we fit the model to patterns in MAT data 
alone, using the following mapping between infection states and titer levels: susceptibles (S: 
antibody level = 0), infectious (I: antibody level ൐ 5) and recovered (R: antibody level ൐ 0 and 
൑ 5).The distribution of infectious periods ( 1/𝛾) was estimated by fitting an exponential 
distribution (𝑒ିఊ∗௧) to the distribution of estimated time since infection for PCR-positive 
samples, with fitted 𝛾 ൌ 0.0024, resulting in a mean infectious period of 1/𝛾 ൌ 422 days. 
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Figure 6.3.4.5. Antibody titer distributions for island foxes with PCR-negative and PCR-positive 
samples. (A) Normalized density distributions. (B) The proportion of PCR-negative and PCR-positive 
samples for each antibody level. Note that the sample size was 1 for both antibody levels 10 and 12, and 0 
for antibody level 11, which gives disproportionate visual weight to a single PCR-negative animal with 
high titer. 
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Figure 6.3.4.6. Distribution of possible times since infection for PCR-negative (left) and PCR-
positive (right) samples. 
 

Model transmission parameters 

ABC model fitting resulted in the following posterior means (Figure 6.3.4.7) for the 
different transmission parameters: 

𝛽௜ ൌ 0.08 

𝛽௦௞௨௡௞ ൌ 0.004 

𝑞 ൌ 0.94 

1/𝛾 ൌ 370 
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These parameter estimates were used for all ensuing simulations used for different scenarios, 
unless otherwise noted.  

 

Figure 6.3.4.7. Posterior estimates for transmission parameters fitted using Approximate Bayesian 
Computation. 
 

Invasion, persistence, and monitoring 

We used our transmission model for Leptospira on SRI to predict the probability of 
endemic persistence of the pathogen under a range of demographic and environmental 
conditions. We found that the pathogen persisted in 100% of simulations (out of 500 per 
scenario) under normal rainfall and average demographic parameters, as well as for scenarios 
entailing three years of increased or decreased rainfall, or decreased fertility and survival (Table 
6.3.4.2). This strong tendency to circulate persistently is an expected consequence of the long 
infectious periods we have measured, combined with the annual influx of susceptible foxes 
following the birth season.  

We also simulated the probability that Leptospira could successfully invade the island, if 
a single fox gets infected by spillover in an otherwise fully susceptible fox population. Under a 
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range of demographic and environmental scenarios, the probability of invasion was always 
greater than 60%, and could be as high as 80% under increased rainfall conditions (Table 
6.3.4.2). Successful invasion was more likely when there had been elevated rainfall within the 
last 2 years, and also more likely when the fox population was smaller. We also investigated the 
impact of the seasonal timing of pathogen introduction, and we found that invasion success was 
lowest when an infected fox was introduced in the third quarter (Sep-Nov) and highest in the first 
quarter (Jan-Mar). Variation in invasion success is likely linked to the seasonal variation in 
movement patterns, which is lowest in the third quarter and highest in the first and fourth 
quarters, closely matching the seasonal patterns of invasion success. 

 

Scenario Persistence (%) 

Persistence, normal conditions 100 

Persistence, with 3-year drought 100 

Persistence, with 3-year increased rainfall 100 

Persistence, with 3-year low demographic rates 100 

Invasion, with introduction in 1st quarter 75 

Invasion, with introduction in 2nd quarter 65 

Invasion, with introduction in 3rd quarter 61 

Invasion, with introduction in 4th quarter 71 

Invasion, half population size 76 

Invasion, with 3-year drought 72 

Invasion, with 3-year increased rainfall 80 

Table 6.3.4.2. Probabilities of Leptospira persistence and invasion under different scenarios. 
Probability of persistence was defined as the proportion of simulations in which at least one infected fox 
was present at the start of year 10, after initializing the system with 20% of foxes infected and 55% of 
foxes recovered. Probability of invasion was defined as the proportion of simulations in which at least one 
infected fox was present at the start of year 10, after initializing the system with 1 infected fox in an 
otherwise completely susceptible population. 

We investigated the efficacy of different fox monitoring strategies by characterizing the 
time delay before the first detection of an infected fox, for different sample sizes and 
periodicities of sampling, and for endemic and invasion scenarios. When transmission was 
endemic, detection was near-certain with a sample size of 5 or more foxes captured during a 
single month-long sampling session, regardless of the timing of this month (Figure 6.3.4.8). In an 
invasion scenario when an outbreak is just beginning, the time to detect the presence of the 
pathogen depends more strongly on the surveillance design. For all periodicities of sampling, the 
mean time to first detection was greater than a year for sample sizes of 20 foxes or lower (Figure 
6.3.4.8). For larger sample sizes, the average detection time could be brought down to 6 months 
or less under quarterly or semi-annual sampling. Under the annual sampling schemes currently 
used on the Channel Islands, typical first detection times were 1-2 years after introduction of the 
pathogen, with an increasing chance of detection in the year of introduction for sample sizes of 
40 foxes or more. 
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Figure 6.3.4.8. Timing of first detection of an infected fox, for different sampling regimes and 
simulation scenarios. Sampling was always done within one month, and spaced quarterly (every 3 
months), semi-annually (every 6 months) or annually (every 12 months). Simulated scenarios were for 
endemic transmission (starting with 20% infected foxes and 55% recovered foxes) and invasion (starting 
with 1 infected fox and no recovered foxes), and for population sizes near carrying capacity ("normal") 
and at half carrying capacity ("half"). Dots show the median time until detection, error bars indicate 2.5% 
and 97.5% quantiles. 

6.3.5. Transmission dynamics model for Leptospira in island foxes on San Clemente Island 

We also characterized the probability of invasion and time to first detection using our 
independent model of Leptospira transmission on San Clemente Island, built using a completely 
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different set of assumptions for fox distribution and contact. We found that invasion of 
Leptospira following the introduction of one infected fox on San Clemente Island had a success 
rate of 91% in a population at normal population size, and 87% at half the normal population 
size, when the population is fully susceptible. Time to first detection following invasion was 
highly dependent on sample size and frequency, and the time between invasion and detection 
range from 3 to 21 months depending on sample size. For the annual sampling intervals actually 
employed on SCL and other islands, the first detection occurred after one year on average, for all 
sample sizes, with an increasing chance of detection in the year of introduction as sample size 
grew. 

 

Figure 6.3.5.1. Timing of first detection of an infected fox on San Clemente Island, for different 
sampling regimes and simulation scenarios. Dots show the median time until detection, error bars 
indicate 2.5% and 97.5% quantiles. 
 



 187

6.3.6. Determine when infected CSL are found on the islands, during and after a major 
outbreak 

We used data on Leptospira from stranded sea lions at TMMC and from wild-caught, 
free-ranging sea lions to determine when, relative to Leptospira outbreaks occurring along the 
central California coast, infected sea lions are found on the Channel Islands, where they pose a 
potential infection risk to naïve island fox populations. As mentioned in 6.2.1, prior fieldwork 
revealed that during the outbreak cycle immediately preceding fadeout (i.e. 2010-2012), no 
Leptospira shedding was detected in CSL on San Miguel Island in the year before or during the 
large 2011 outbreak, but low shedding rates were detected in September 2012. This is consistent 
with the known migratory behavior of CSL, if a chain of transmission begins on the coast in the 
fall and continues through the animals’ northward migration in winter as well as their return 
migration to the islands in spring. This finding suggested that spillover risk to island fox 
populations on this and other rookery islands may peak in the year following major outbreaks. 

Data collected through a full 3-year outbreak cycle (pre-, during, post-outbreak years) in 
2017-2019 revealed a very different pattern (Table 6.3.6.1, Figure 6.3.6.1). We detected no 
shedding and no evidence of prior exposure (i.e. anti-Leptospira antibodies) in sea lions captured 
on San Miguel Island during this entire outbreak cycle. Thus, the 2017-2019 outbreak cycle did 
not repeat the pattern observed in 2010-2012, though it is possible that the recent cycle was 
atypical since it followed immediately after the 2017 reemergence of Leptospira in sea lions. 
Taken together, our observations on San Miguel Island indicate that infected CSL can bring 
Leptospira to the Channel Islands, but the pattern of infected CSL appearing the fall after a 
major outbreak was not reproduced. 

 

 

Figure 6.3.6.1. Leptospira exposure and infection prevalence in sea lions on San Miguel Island. 
Prevalence of anti-Leptospira antibodies indicating prior exposure (solid line and circle) and of leptospire 
shedding (as measured by PCR of urine; dashed line and hollow triangle) in California sea lions sampled 
in the spring and fall on San Miguel Island (SMI). These data are plotted over the time-series of the 
monthly number of stranded sea lions diagnosed with leptospirosis at the Marine Mammal Center (solid 
pink). SMI sea lion seroprevalence and shedding prevalence increased in 2012, the year after a major 
outbreak in 2011. In contrast, both measures remained at zero after reemergence and the major outbreak 
in 2018. 
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ANI SMI SNI OR.WA 

Year Season Total PCR MAT Total PCR MAT Total PCR MAT Total PCR MAT 

2008 Non-outbreak - - - - - - - - - - - - 

  Outbreak 16 - 1/16 (0.06) - - - - - - - - - 

2009 Non-outbreak - - - - - - - - - - - - 

  Outbreak - - - - - - - - - - - - 

2010 Non-outbreak - - - - - - - - - - - - 

  Outbreak 52 7/47 (0.15) 6/52 (0.12) 35 - 1/35 (0.03) - - - - - - 

2011 Non-outbreak - - - - - - - - - - - - 

  Outbreak 51 28/51 (0.55) 25/51 (0.49) 55 0/46 (0) 0/55 (0) - - - - - - 

2012 Non-outbreak - - - - - - - - - 26 1/26 (0.04) 11/24 (0.46) 

  Outbreak 55 18/54 (0.33) 4/55 (0.07) 61 7/45 (0.16) 1/61 (0.02) - - - 1 0/1 (0) - 

2013 Non-outbreak - - - - - - - - - - - - 

  Outbreak 58 0/56 (0) 1/57 (0.02) 27 0/22 (0) 0/27 (0) 67 0/59 (0) 0/67 (0) - - - 

2014 Non-outbreak - - - 64 0/64 (0) 2/64 (0.03) 62 0/60 (0) 2/62 (0.03) 27 0/24 (0) 12/27 (0.44) 

  Outbreak 60 0/57 (0) 1/58 (0.02) 60 0/59 (0) 0/60 (0) 61 0/60 (0) 0/61 (0) 34 0/33 (0) 19/34 (0.56) 

2015 Non-outbreak - - - 53 0/49 (0) 0/53 (0) - - - 63 0/60 (0) 25/60 (0.42) 

  Outbreak 67 0/62 (0) 0/66 (0) 22 0/20 (0) 0/22 (0) - - - 50 0/50 (0) 19/50 (0.38) 

2016 Non-outbreak - - - 62 0/58 (0) 0/60 (0) - - - 92 0/90 (0) 19/90 (0.21) 

  Outbreak 46 0/44 (0) 0/35 (0) 62 0/59 (0) 0/62 (0) - - - 41 0/40 (0) 8/40 (0.2) 

2017 Non-outbreak - - - 67 0/62 (0) 0/64 (0) - - - 24 0/23 (0) 9/23 (0.39) 

  Outbreak 38 6/24 (0.25) 1/37 (0.03) 60 0/56 (0) 0/60 (0) - - - 41 0/39 (0) 11/40 (0.28) 

2018 Non-outbreak - - - - - - - - - 27 0/27 (0) 17/27 (0.63) 

  Outbreak 63 1/60 (0.02) 3/63 (0.05) 60 0/53 (0) 0/60 (0) - - - 34 4/30 (0.13) 19/30 (0.63) 

2019 Non-outbreak - - - - - - - - - 49 0/19 (0) 15/30 (0.5) 

  Outbreak 64 0/59 (0) 1/64 (0.02) 61 0/60 (0) 0/61 (0) - - - 23 0/23 (0) 16/23 (0.7) 

Table 6.3.6.1. Shedding and seroprevalence data from free-ranging CSL. PCR and MAT test results (positive/total (prevalence); TOTAL – 
total animals sampled; P – results are pending) from samples collected from free-ranging California sea lions by site (Año Nuevo Island – ANI, 
San Miguel Island – SMI, San Nicolas Island – SNI, and Oregon and Washington – OR.WA), year and time of year (January – June is spring/non-
outbreak season, July – December is fall/outbreak season). 
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6.3.7. Analysis of San Nicolas Island 

Serology results show evidence of low but rising exposure to Leptospira 

The island fox population on SNI has declined sharply since 2009, for unknown reasons 
(US Navy, unpublished data, Sept 2018). To test whether exposure to Leptospira may have 
played a role in this decline, we conducted MAT analysis on 245 serum samples from SNI 
between 2010 and 2015 (Table 6.3.7.1), which included samples from 221 adults and 24 pups.  

When we apply the same criteria for seropositivity as used on Santa Rosa Island (i.e. 
positive to any of Pomona, Bratislava, Autumnalis, Icterohaemorrhagiae, and Djasiman), 7 out of 
245 samples were positive: one from each season from 2011-2014, and 3 from the 2015 season. 
Only one sample was positive to serovar Pomona, at a low titer of 1:200. Among the remaining 
samples, 7 other foxes were positive only to serovar Tarassovi, which is a serovar that has never 
been positive in SRI foxes in the 461 times it has been tested with SRI fox sera. Only one SNI 
fox sample had positive results to both serovar Tarassovi and one of the focal serovars from the 
SRI analysis; in particular, this fox was positive to both Tarassovi and Djasiman. All SNI pup 
samples were negative to all serovars. 

Taking the broadest definition of seropositivity (i.e. positive to any serovar), adult fox 
seroprevalence ranged between 0% (95%CI, 0%-23%) in 2010 to 13% (95%CI, 5%-29%) in 
2014 (Figure 6.3.7.1). Seroprevalence increased significantly over time. A chi square test was 
done to test if numbers of positive foxes varied in pairs of seasons, 2010-2011, 2012-2013, and 
2014-2015, which indicated a significant departure from the null hypothesis of no relation 
between seroprevalence and time across the 3 by 2 table (χ2=6.61, df=2, p=0.04). Pairwise 
testing was also performed among these time periods, with a significant increase detected 
between the earliest and latest pairs of seasons 2010-2011 and 2014-2015 (χ2=3.79, df=1, 
p=0.05). Thus, seroprevalence of antibodies against any serovar of Leptospira increased over the 
period of the recent SNI fox decline.  

Leptospira serology results were plotted on a map of SNI and results show a west to east 
movement of detected seropositive foxes across the island over time (Figure 6.3.7.1). The first 
foxes with evidence of exposure to Leptospira were on the western portion of the island in 2011-
2013, and, beginning in 2014, seropositive foxes were also detected in the eastern portion of the 
island.  
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 All Samples Adults Only Pups Only 
Season Pos N SP 95% CI Pos N SP 95%CI Pos N SP 95%CI 

2010 0 15 0% 0%-25% 0 13 0% 0%-23% 0 2 0% 0%-66% 

2011 1 47 2% 0%-11% 1 47 2% 0%-11% 0 0 NA NA 
2012 2 46 4% 1%-15% 2 42 5% 1%-16% 0 4 0% 0%-61% 

2013 2 49 4% 1%-14% 2 44 5% 1%-15% 0 5 0% 0%-54% 

2014 4 39 10% 4%-24% 4 31 13% 5%-29% 0 8 0% 0%-32% 

2015 5 49 10% 4%-22% 5 44 11% 5%-24% 0 5 0% 0%-54% 

Table 6.3.7.1. Seroprevalence of foxes on San Nicolas island by age class, 2010-2015.  
Table includes San Nicolas Island fox serum samples tested for anti-Leptospira antibodies via a 20 
serovar panel MAT analysis. Results are shown for all foxes, adults only, and pups only. N indicates the 
number of samples analyzed for each age group in each year. SP indicates the seroprevalence estimate, 
and 95% CI shows the 95% confidence interval around the seroprevalence estimate. Foxes were 
categorized as positive (Pos) if they had an antibody titer greater than or equal to 1:100 for any serovar. 
Time frames indicated are fox seasons March – February. 

MAT reactivity patterns do not match those seen on Santa Rosa Island  

At face value, the MAT profiles of SNI foxes do not resemble those from SRI foxes. 
Only one SNI fox showed any MAT reactivity against serovar Pomona, which is the strain 
causing the outbreak on SRI. As a further test of whether MAT results from SNI and SRI could 
reflect exposure to the same strain of Leptospira, we compared the titer levels and serovar cross-
reactivity pattern of the MAT results on the two islands. Positive MAT results from foxes on SNI 
have much lower titers than those from foxes on SRI: the highest SNI titers were 1:200, which is 
only one dilution above the cutoff to be considered positive, while SRI titers ranged as high as 

Figure 6.3.7.1. SNI Adult Fox Seroprevalence Maps. Annual maps of adult SNI fox Leptospira MAT 
results. Blue dots are negative results and red crosses are positive results. Time frames indicated are fox 
seasons March – February. Percentages indicate the prevalence of positive MAT results for the given 
year.  



 191

1:204,800. Furthermore, the serovar reactivity patterns in SNI fox samples do not match the 
cross-reactivity profile seen for SRI foxes (Figure 6.3.7.2, Figure 6.3.7.3). Our permutation test 
yielded an insignificant p-value of 0.32, indicating that the SNI data show no more evidence of 
the two-clade pattern associated with the SRI outbreak strain than the randomly permuted data.  

These differences are evident from inspection of the MAT reactivity patterns (Figure 
6.3.7.2., Figure 6.3.7.3). While the SRI strain has been genetically confirmed to be L. 
interrogans serovar Pomona, SRI foxes have shown cross-reactivity to 14 of the 20 serovars 
tested, with individual foxes reacting from 1 to 10 different serovars. Overall, SRI foxes react 
most frequently to serovars Autumnalis, Pomona, and Djasiman. In sharp contrast, seropositive 
SNI foxes showed reactions to a total of 6 serovars, with most individuals reacting to only one 
serovar, two reacting to two serovars, and one reacting to three serovars. SNI foxes reacted most 
frequently to serovar Tarassovi, a serovar to which no SRI fox has ever tested positive. 

 

Figure 6.3.7.2. MAT cross-reactivity profile for SRI foxes sampled during the outbreak, between 
2006 and 2013. Each row represents an individual fox, and the colors show the MAT titer against the 
serovar shown in the column header (titers range from 1=1:100 to 12=1:204,800; titer 0=negative). The 
dendrogram shows the serovar clustering pattern of the cross-reactivity profile. Serovars are abbreviated 
as follows: aut=Autumnalis, bra=Bratislava, cyn=Cynopteri, dja=Djasiman, ict=Icterohaemorrhagiae, 
man=Mankarso, pom=Pomona, pyr= Pyrogenes and wol=Wolffi. 
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Figure 6.3.7.3. MAT cross-reactivity profile for SNI foxes, 2010-2015. Each row represents an 
individual fox, and the colors show the MAT titer against the serovar shown in the column header (titers 
range from 1=1:100 to 2=1:200; titer 0=negative). Rows that are entirely dark blue represent individuals 
who tested positive only to a serovar outside the core set of 9 serovars considered in this analysis. The 
dendrogram shows the serovar clustering pattern of the cross-reactivity profile. Serovars are abbreviated 
as follows: aut=Autumnalis, bra=Bratislava, cyn=Cynopteri, dja=Djasiman, ict=Icterohaemorrhagiae, 
man=Mankarso, pom=Pomona, pyr= Pyrogenes and wol=Wolffi. 

Exploring the association between mortalities and Leptospira exposure 

Given the increase in Leptospira seroprevalence during the time frame of the recent 
population decline of SNI foxes, we analyzed mortality data to look for possible associations 
with Leptospira exposure. Figure 6.3.7.4 shows the number of non-anthropogenic mortalities 
through time in the SNI mortality database. The inconsistency in monitoring practices prevents 
any formal analysis of mortality counts across years, but there is an apparent increase in 
mortalities from the first round of telemetry monitoring in 2006-2009 to the second round of 
telemetry monitoring in 2014-2017. Figure 6.3.7.5 shows locations of these mortalities for the 
2010-2015 seasons.  



 193

 

Figure 6.3.7.4. Natural mortalities of island foxes on SNI, 1989-2017. Graph of numbers of non-
anthropogenic island fox mortalities on SNI per season. Green bars indicate seasons where foxes were 
collared with VHF collars with mortality sensors and tracked regularly via radio telemetry. Mortality 
detection rate is expected to be higher in seasons where foxes were collared and tracked via telemetry.  

 

Figure 6.3.7.5. Maps of natural mortalities of island foxes on SNI, 2010-2015. The locations of non-
anthropogenic island fox mortalities on SNI are mapped, for the 2010 through 2015 seasons.  

Spatiotemporal analysis 
Seroprevalence data and mortality data were combined to test for a relationship between 

SNI fox mortalities and anti-Leptospira antibody seroprevalence through space and time. 
Negative binomial regression showed no significant relationship between unexplained mortality 
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counts and seroprevalence in either the 4-segment (p=0.13) and 3-segment analysis (p=0.28) 
(Figure 6.3.7.6, Figure 6.3.7.7, Table 6.3.7.2, Table 6.3.7.3). Both analyses show signs of a 
positive correlation, but the scarcity and irregular distribution of the data limit our power to 
detect a significant relationship. 

 

 

Figure 6.3.7.6. Analysis of relationship between fox mortality and seroprevalence, 4-segment model. 
The plot shows mortality counts versus estimated seroprevalence for each year-by-segment data point, for 
the analysis where SNI was divided into 4 segments. The fitted relation from negative binomial regression 
is shown in blue. 

 

Coefficients Estimate Std. Error Z Value Pr (> |Z|) 

Intercept (Morts) 1.74248 0.62949 2.768 0.00564** 
Seroprevalence 0.10092 0.09309 1.084 0.27832 

Null deviance: 21.321 on 18 DF Residual deviance: 20.154 on 17 DF AIC: 82 

Theta: 1.390 Standard Error: 0.764  

Table 6.3.7.2. Negative binomial regression results for the analysis of the relationship between fox 
mortality and seroprevalence, 4-segment model. The table includes the outputs for the negative 
binomial regression of mortality counts versus estimated seroprevalence for each year-by-segment data 
point, with the fitted relation shown as a blue line above.  
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Figure 6.3.7.7. Analysis of relationship between fox mortality and seroprevalence, 3-segment model. 
The plot shows mortality counts versus estimated seroprevalence for each year-by-segment data point, for 
the analysis where SNI was divided into 3 segments. The fitted relation from negative binomial regression 
is shown in blue.  

 

Coefficients Estimate Std. Error Z Value Pr (> |Z|) 

Intercept (Morts) 1.8189 0.6055 3.004 0.00266** 

Seroprevalence 0.1959 0.1285 1.525 0.12738 

Null deviance: 19.492 on 16 DF Residual deviance: 19.194 on 15 DF AIC: 75.81 
Theta: 2.42 Standard Error: 1.53  

Table 6.3.7.3. Negative binomial regression results for the analysis of the relationship between fox 
mortality and seroprevalence, 3-segment model. The table includes the outputs for the negative 
binomial regression of mortality counts versus estimated seroprevalence for each year-by-segment data 
point. 

Individual-level data on serology before death 
We examined records for 13 individual foxes on SNI that were known mortalities 

between 2010 and 2015 and had serum samples included in our study (Table 6.3.7.4). Most of 
the individuals’ serology tests were well before their date of death, and for all but one fox the 
MAT results were negative. One individual did have a 1:100 MAT titer to serovar Tarassovi, in a 
sample drawn over a year before its death. This positive result occurred in August 2014 and the 
fox died in November 2015. If this MAT result is a true positive, reflecting exposure to some 
strain of Leptospira, then these data show that in 2014 this exposure was not necessarily lethal to 
SNI foxes.  
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PIT tag MAT Date MAT Result Mortality Date 

01795 
10/31/12, 
09/02/13 

Neg 
Neg 9/12/15 

01839 08/30/13 Neg 3/6/15 
16248 08/28/11 Neg <11/23/12 
21440 08/29/11 Neg <<<8/24/14 
38057 08/08/15 Neg <12/21/15 

40530 

08/27/11 
09/29/12 
08/30/13 

Neg 
Neg 
Neg 8/8/15 

60001 

11/01/12 
09/01/13 
07/26/14 

Neg 
Neg 
Neg 1/27/15 

70B11 08/09/14 Tarassovi 1:100 11/4/15 
99103 08/04/14 Neg 8/21/14 

B1D0E 
09/29/12, 
08/09/15 

Neg 
Neg 12/9/15 

B7579 11/19/11 Neg 10/30/12 
B782F 09/02/13 Neg 12/30/15 
E104E 07/04/10 Neg <<<9/24/13 

Table 6.3.7.4. MAT results for 13 SNI foxes with known mortality between 2010 and 2015. The 
symbol < indicates that the carcass was decayed, since the fox died prior to the date the carcass was 
found. <<< indicates the carcass was significantly decayed, since the fox died long prior to the carcass 
being found. 

Necropsy Report Analysis 
Necropsy reports of all SNI mortalities from 1980-2017 from both anthropogenic and 

natural causes were reviewed to look for signs of kidney disease possibly caused by 
leptospirosis. Results were pooled by decade to assess whether kidney disease rates rose during 
the period of the population decline, when anti-Leptospira antibody seroprevalence also rose.  

There are no apparent differences in the proportion of carcasses presenting with kidney 
disease or abnormalities in the decades beginning in 1990, 2000, and 2010, each of which show 
kidney abnormalities in 48-56% of cases analyzed (Table 6.3.7.5). All of these do differ from the 
5% (95% CI, 1%-25%) of kidney abnormalities reported in the earliest available necropsy 
reports from 1980-1989. We note that reporting methods and pathologists have changed over 
time, and there is unknown potential for bias in the selection of mortalities for necropsy. In the 
key time frame around the population decline from 2009-2012, very few carcasses were 
necropsied (just 15 of at least 86 known mortalities). All these issues complicate comparisons of 
the frequency of kidney disease over time and could obscure actual changes.  

Seven SNI foxes that died between 2011 and 2016 had kidney tissue tested for Leptospira 
antigens via IHC, and all were negative. PCR testing for Leptospira DNA was not performed. 
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Decade 

Necropsy 
Reports 

Kidney 
Abnormalities 

 
Percent 

 
95% CI 

1980-1989 19 1 5% 1%-25% 
1990-1999 32 17 53% 35%-70% 
2000-2009 71 34 48% 37%-59% 
2010-2017 39 22 56% 41%-71% 

Table 6.3.7.5. Frequency of kidney abnormalities in SNI foxes, by decade of mortality.  
 

Comparison to earlier serosurveys on San Nicolas Island and other Channel Islands 

This study marks the first detection of antibodies against Leptospira in SNI foxes. Two 
previous serostudies that included MAT testing for anti-Leptospira antibodies were conducted on 
SNI foxes. Garcelon et al (Garcelon et al., 1992) tested 46 SNI fox serum samples from 1988 via 
MAT against 2 serovars (Canicola and Icterohaemorrhagiae), and no anti-Leptospira antibodies 
were detected. Clifford et al (Clifford et al., 2006) tested 45 SNI fox serum samples from 2001 
and 2002 via MAT against 6 serovars (Bratislava, Canicola, Hardjo, Grippotyphosa, 
Icterohaemorrhagiae, and Pomona) and no anti-Leptospira antibodies were detected. Samples in 
the Garcelon et al study were tested at the Washington Animal Disease Diagnostic Laboratory, 
and those in the Clifford et al study were tested at the Animal Health Diagnostic Laboratory at 
Cornell University. Direct comparison of samples tested at both CDC and Cornell, using serum 
samples from SRI foxes, has indicated that the CDC testing is more sensitive (unpublished 
data).  

However, these prior surveys also tested sera from island foxes on five other Channel 
Islands, and results from these same labs did detect anti-Leptospira antibodies in these other 
island fox populations. In 1988, Garcelon et al detected anti-Leptospira antibodies only on Santa 
Cruz Island at 48% seroprevalence. In 2001 and 2002, Clifford et al detected anti-Leptospira 
antibodies in island foxes on four of six islands with island fox populations (SCZ, SCA, SCL and 
SRI), with seroprevalences from 7.1% to 21.4%. Neither study published information on MAT 
titer levels, but merely indicated seroprevalence and stated that any titer at or above 1:100 was 
considered positive. As shown in sections 5.1.1. and 6.1.1. of this report, the recently detected 
outbreak impacting foxes on SRI has adult seroprevalences above 80% in some years, with peak 
MAT titers of 1:204,800. The seroprevalence we have detected on SNI agrees more with the 
lower seroprevalences observed over the year on the other islands, rather than the elevated level 
seen in the context of the SRI outbreak.  

Interpretation of MAT reactivity profile in SNI foxes 

Serovar reactivity patterns and titer levels differ sharply between SNI and SRI foxes. The 
low titers and unusual serovars in the SNI data could be interpreted as false positives, though the 
non-random patterns of exposure through time and space argue against this interpretation. 
Another likely explanation is that SNI foxes are being exposed to one or more different strains of 
Leptospira than the SRI outbreak strain, with unknown epidemiological and disease-causing 
traits. However, another explanation could be variation in immune response between SNI and 
SRI foxes. We see substantial individual variation in cross-reactivity patterns on SRI, where all 
evidence suggests that the only strain circulating is L. interrogans serovar Pomona. As SNI foxes 
have extremely low genetic variation (Robinson et al., 2016), it is possible that the immune 
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response of the SNI foxes varies greatly from that of the other island fox subspecies. It is 
plausible that some dimensions of the immune response could differ in SNI foxes, as Aguilar 
(Aguilar et al., 2004) concluded that the SNI population went through an extreme population 
bottleneck, resulting in genetic monomorphism at neutral loci, but that 5 loci on the immune-
related MHC genes experienced balancing selection with unprecedented selection coefficients. It 
is conceivable, if unlikely, that strong divergence in immune-related genes could lead to very 
different serologic responses to the same infecting strain. 

Overall there is no evidence that the SNI foxes are infected with the same strain that is 
impacting the SRI foxes. There is some evidence that exposure of SNI foxes to some strain of 
Leptospira has increased in the last decade, and some hints that this could be associated with SNI 
fox mortalities. If the US Navy is interested in learning the possible connections to the SNI fox 
decline more definitively, a more thorough investigation is needed. The first steps in moving 
forward would be to send the remaining carcasses from 2008 onward for necropsy and to test 
those carcasses, as well as past necropsied foxes, for the presence of Leptospira DNA via PCR 
and, if any kidney abnormalities are noted, also IHC. Further collection of serum samples and 
MAT analysis would enable more robust testing of the statistical relationships described above. 
Ultimately, only a culture isolate could identify what strain(s) of Leptospira, if any, are infecting 
SNI foxes, so efforts to culture kidney samples from fresh carcasses could also be undertaken. 
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7. Conclusions and Implications for Future 
Research/Implementation 

Our project set out to characterize the ecology of Leptospira interrogans serovar Pomona 
in the California coastal ecosystem, and to understand how non-stationary conditions have 
impacted the transmission dynamics and disease impacts of this pathogen in island foxes and 
California sea lions (CSL). In particular, we aimed to understand a dramatic outbreak of 
leptospirosis in the reintroduced island fox population on Santa Rosa Island (SRI), in the context 
of long-term circulation of the pathogen in California sea lions that share the coastal 
environment, and to extract useful insights to guide future management of the system.  

Our project proposal included the following summary of the major objectives of our 
work, showing what was known, what we hoped to learn, what non-stationary conditions might 
affect disease dynamics, and how our project could support future disease control and 
management. We have succeeded in addressing all major questions set out in our proposal, and 
our work has yielded further unanticipated benefits – in part arising from unprecedented 
environmental perturbations and their consequences.  

 

 

Figure 6.3.7.1. Summary of project goals, as included in our project proposal. 
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For one or two project outcomes, our current results are still preliminary, and we will 
continue work to refine and extend them. This is largely due to the impacts of the COVID-19 
pandemic, which was a major disruption to the final 18 months of our project, delaying lab 
analyses and imposing unforeseen personal and professional commitments on key team 
members. Owing to our team’s expertise in zoonotic pathogen emergence and dynamics, 
including new capabilities developed under this project (e.g. quantitative analysis of antibody 
kinetics), we were called to aid the national and global response to the pandemic. SERDP 
leadership was supportive of these activities, which led to a number of impactful contributions 
which credited SERDP support (Borremans et al., 2020; Fischer et al., 2020; Gostic et al., 2020; 
Morris et al., 2021; Mummah et al., 2020; Van Doremalen et al., 2020; Vespignani et al., 2020). 

Conclusions and Major Findings 

Objective 1: To identify the source of the current Leptospira outbreak in the endangered Santa 
Rosa Island fox.  

Based on information available when we proposed this work (namely: apparent lack of 
disease on SRI before 2000 when foxes entered captivity, lack of disease in captive foxes, 
widespread exposure of reintroduced foxes by 2010, and genetic similarity between the SRI 
outbreak strain and the CSL strain), we hypothesized that the pathogen strain causing the 
outbreak had been transmitted from CSL between 2004 and 2008. Our research on this project 
has proven this hypothesis to be incorrect; instead our findings aligned fully with an alternative 
hypothesis from the proposal (reproduced in Table 4.1) that the pathogen was introduced from 
other terrestrial hosts on the island. Our key findings on this objective include: 

 Leptospira was present on SRI in the 1980s and 1990s, and the wild foxes that founded 
the captive population had been exposed. Our analysis of serological cross-reactivity 
profiles indicates that this was the same strain that is causing the on-going outbreak on 
SRI, but we do not have pathogen isolates from before the captive period so we cannot 
use genetic methods to reach a definitive conclusion on strain identity. 

 Leptospira did not persist in the captive fox population. Thus captive-born foxes 
reintroduced from 2003 onward were naïve to Leptospira. 

 Leptospira rapidly re-emerged and caused widespread exposure and disease in the 
reintroduced fox population on SRI. By fall 2006, the first year with a substantial number 
of serum samples available, signs of exposure to Leptospira were present in the majority 
of adult foxes over most of the island’s area. 

 Island foxes were absent from the SRI landscape from May 2001 (last animal captured) 
to November 2003 (first release from captivity), and were present in extremely low 
abundance (<10 animals) for a year before and after this period, so another host species 
must have maintained circulation of the pathogen. To understand how the pathogen 
persisted in the SRI ecosystem while foxes were absent, we studied evidence of infection 
in all species of terrestrial mammal on SRI. Feral pigs showed evidence of exposure in 
1987, but were eradicated before 2001. Island spotted skunks have been involved in the 
on-going outbreak, at times showing high seroprevalence and infection rates, and 
shedding viable Leptospira organisms. Among the three other species of terrestrial 
mammal present on SRI during the period of fox captivity, data from deer mice and mule 
deer do not support a role for these species in maintaining the pathogen, and no samples 
are available from elk to assess their role. Integrating all evidence, we conclude that 
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spotted skunks are the most likely reservoir in which the pathogen persisted while foxes 
were absent, and hence the likely source of exposure to the reintroduced fox population.  

 We reconstructed the spatiotemporal origin of the outbreak with unprecedented resolution 
for a wildlife disease emergence event, pinpointing the first cases to a period in mid-late 
2005 and a region on the northern shore of the island. We accomplished this despite a 
lack of banked samples from this time period, by developing a model of serum antibody 
kinetics to estimate the time of infection of the earliest cases, and intersecting these times 
with reconstructed movement trajectories of the early foxes created by interpolating 
telemetry data. These findings tentatively support multiple introductions of Leptospira 
into the fox population, with no signature of proximity to marine mammal haul-outs, 
lending further support to our conclusion that island skunks were the likely source.  

 Analysis of whole genome sequences of 49 Leptospira isolates taken from island foxes, 
spotted skunks, CSL and elephant seals provides independent corroboration of these 
conclusions. The genome sequence data are inconsistent with our original hypothesis that 
the outbreak was triggered by spillover from CSL. Our phylogenetic reconstructions 
show a nested clade structure, with deep separation between the SRI outbreak isolates 
from foxes and skunks and a distinct clade containing the isolates circulating in CSL at 
the time the SRI outbreak originated. Using ‘molecular clock’ assumptions, we estimated 
that these two clades diverged tens or hundreds of years ago, well before the SRI foxes 
were taken into captivity. 

 Our phylogenetic analysis reveals multiple instances of cross-species and cross-
ecosystem transmission of Leptospira. Most remarkably, we detected direct evidence of 
terrestrial-to-marine spillover, as an isolate taken from a CSL on the California coast 
mapped unambiguously within the clade of SRI outbreak isolates from foxes and skunks. 
Additionally, and less surprisingly, the phylogenies show instances of cross-species 
transmission between CSL and elephant seals, and between foxes and skunks. The deeper 
clade structure of the phylogenies implies other past transmission events between 
terrestrial and marine ecosystems. We postulate that an as-yet-undiscovered reservoir of 
Leptospira, perhaps in a terrestrial host on the California coast, has seeded multiple 
lineages in marine mammal and island communities. 

Conclusion: The source of the outbreak in reintroduced Santa Rosa Island foxes was spillover 
from another terrestrial host species on the island, almost certainly island spotted skunks. The 
captive-bred foxes were reintroduced into a ‘hot’ landscape with undetected Leptospira already 
present, and by mid-late 2005 the pathogen had transmitted into foxes and initiated the outbreak. 
At the same time, genomic data indicate that Leptospira transmission can and does occur 
between the terrestrial and marine realms, so spillover between island species and marine 
mammal species is a continuing possibility (although sea lion to island fox transmission remains 
a hypothetical risk). 

Objective 2: To understand how non-stationary drivers shape Leptospira dynamics in the CSL 
population, and formulate a model capable of short-term outbreak prediction and long-term 
trend projection. 

For three decades since 1984, Leptospira caused annual seasonal outbreaks in the CSL 
population, as captured by a remarkable long-term dataset from stranded sea lions collected by 
our collaborators at The Marine Mammal Center. These outbreaks show strong interannual 
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variability, with an apparent tendency toward 3-5 year cycles. We hypothesized that the intensity 
of annual leptospirosis outbreaks in CSL is governed by non-stationary host demography, past 
disease exposures and prevailing environmental conditions. Our research on this project has 
proven this hypothesis correct, while also showing that extreme environmental anomalies can 
knock the system into a qualitatively different regime. In addition, we gained important new 
insights into the ecology of the CSL/Leptospira interaction. Our major findings on this objective 
include: 

 We extended the long-term time series of Leptospira dynamics in the CSL population, 
and documented an unprecedented 4-year cessation in leptospirosis strands in CSL from 
early 2013 to mid-2017, followed by reemergence of the disease in a small outbreak in 
2017, then the largest outbreak on record in 2018. We investigated this apparent ‘fadeout’ 
of infection using extensive serologic and PCR testing of samples from stranded and 
wild-captured CSL, and confirmed that all evidence is consistent with a spontaneous 
break in the endemic circulation of the pathogen after 30 years of uninterrupted annual 
outbreaks in CSL, followed by reintroduction of the pathogen 4 years later. 

 We extended the long-term demographic study of CSL, and estimated age- and sex-
specific survival probabilities each year using a mark-resight model. We integrated these 
with pup count data using a mathematical model, to develop an age- and sex-structured 
reconstruction of the CSL population for the period 1975-2018. We quantified severe 
impacts to the survival of young sea lions during a major marine heatwave in the Eastern 
Pacific Ocean from 2013-2016 (nicknamed “the Blob”), as well as the rebound of the 
CSL population after ocean conditions returned to normal.  

 We developed a novel algorithm to combine the long-term datasets on Leptospira 
incidence and CSL demography, to reconstruct the size and age structure of the 
population of susceptible CSL, i.e. how many sea lions were available to be infected by 
Leptospira each year. The susceptibility of the population varies markedly among years, 
due to environmentally-induced cohort failures and sporadic major outbreaks of 
leptospirosis which confer protection against Leptospira for those sea lions that survived 
infection. 

 We analyzed 30 years of annual leptospirosis incidence data prior to 2013 (when the 
fadeout occurred), and found that outbreak intensity is jointly driven by susceptible 
supply and variation in environmental drivers. We found that Leptospira transmission in 
CSL is driven most strongly by the supply of susceptible yearlings (of both sexes) and 
juvenile males. The most important environmental drivers relate to oceanographic 
conditions preceding and during the fall outbreak season, including the timing of the 
‘spring transition’ in upwelling (which is known to drive ecosystem productivity and 
CSL prey availability), sea surface temperature off the central coast of California during 
the summer, and the intensity of upwelling during the fall. We propose biological 
mechanisms for these effects, based on CSL foraging and migration behavior and the 
potential for poor feeding conditions to weaken CSL immune function, but further 
research is needed to test these proposals. Our best model explains 50% of the 
interannual variability in outbreak intensity, based on non-stationary demographic and 
environmental drivers.  

 We tested the ability of this model framework to make real-time predictions of outbreak 
intensity, using data that could be obtained by mid-summer each year (i.e. several months 
before the outbreak ramps up). Real-time predictive accuracy approached that of the 
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retrospective model, though the real-time model struggled to accurately predict extreme 
outbreak sizes. Through simulations we also found that climate change is expected to 
result in lower average outbreak sizes, but with more extreme peaks and troughs. 
Together, these findings show how a combination of intrinsic and extrinsic drivers can 
affect disease outbreaks in animals, contributing a powerful wildlife disease case study to 
a classical theme in population ecology. 

 The fadeout of Leptospira from the CSL population provided an unexpected 
demonstration of the extreme outcomes possible when environmental conditions deviate 
too far from normal. Using serologic, molecular, demographic, and ecological data and 
samples collected between 2010-19, we showed that Leptospira disappeared from the 
CSL population in 2013 and re-emerged in 2017. We provide multiple lines of evidence 
that perturbations in both host demography and seasonal movement patterns – both 
driven by oceanographic anomalies – caused pathogen fadeout in the system. When 
ocean conditions returned to normal after the Blob and 2016 El Niño event, the CSL 
population recovered and Leptospira was reintroduced and reestablished annual 
outbreaks. This is the first recorded example of spontaneous fadeout of an endemically 
circulating pathogen from a large, robust host population. These findings complement the 
conclusions of our outbreak intensity analysis, demonstrating the powerful influence of 
non-stationarities in climatic and intrinsic host factors on pathogen transmission and 
persistence in a natural system. 

Conclusion: Long-term studies of California sea lions and their interactions with Leptospira have 
enabled us to dissect the interplay of intrinsic and extrinsic forces that govern leptospirosis 
outbreaks in this host population. Oceanographic anomalies have strong impacts on CSL 
demography, and also moderate the transmission of Leptospira via their impacts on foraging and 
migratory behavior. Extreme fluctuations in environmental conditions are predicted to generate 
more extreme variation in outbreak intensity, as evidenced by the spontaneous fadeout of 
Leptospira from 2013-2017 and the largest outbreak on record in 2018.  

Objective 3: To characterize the ecology of Leptospira in island foxes, and develop a data-
driven model to project impacts and assess prevention and control strategies under changing 
conditions. 

Discovery of the leptospirosis outbreak on SRI prompted concerns about its long-term 
impact on the island’s fragile ecosystem, and on the potential risks posed to threatened and 
endangered island fox subspecies on other Channel Islands. Based on the observation that the 
pathogen had circulated for multiple years before our project began, and exposure in adult foxes 
was widespread, we hypothesized that Leptospira could establish persistent circulation in the fox 
population on SRI. Based on anecdotal observations of fox mortalities tied to Leptospira 
infection, and on the fact that SRI’s population growth lagged that of other islands, we postulated 
that the disease could also cause significant demographic impacts. Finally, we hypothesized that 
we could gain sufficient insight into the ecology of Leptospira in island foxes to understand risks 
to other island fox populations, and to provide evidence-based guidance regarding if, when and 
how to take actions to prevent Leptospira from invading naïve island fox populations on other 
islands. At the request of the US Navy, we investigated the possible role of Leptospira in an 
unexplained population decline of island foxes on San Nicolas Island (SNI). Our major findings 
on this objective include: 
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 By extending surveillance of the SRI outbreak until 2019, and analyzing banked samples 
to reconstruct the origins of the outbreak, we built a unique long-term dataset describing 
the progression of the outbreak from the first cases, through the initial epidemic wave, to 
an endemic state of continued circulation on the island. The dataset is comprised of 
almost 3000 biological samples collected in over 7800 fox captures, and over 400 
samples collected in over 3300 skunk captures. A dataset of this depth, duration and 
resolution is unprecedented for a wildlife disease system, and enables us to learn a great 
deal about the ecology of Leptospira in the island ecosystem and, more generally, about 
the dynamics of infectious disease in a population recovering from near-extinction.  

 Following the initial wave of infection in 2006-7, Leptospira has become established in 
the SRI ecosystem. Since 2011 it has infected 4-27% of island fox pups each year, 
indicating an on-going (if fluctuating) hazard of infection on the island. Seroprevalence 
in adult foxes has remained near 75%, indicating that most foxes get infected sometime 
in their life. Spatiotemporal mapping of our data shows that hot spots of infection move 
around from year to year, but seroprevalence shows that the pathogen reaches foxes 
found across the island.  

 Crucially, the island fox population on SRI has continued to grow despite the continuing 
circulation of Leptospira. A closer examination of mortalities during the initial outbreak 
wave showed that the pathogen had a major, undetected impact on the reintroduced 
population, with a spike in ‘unknown-cause’ mortalities in 2006-7 apparently attributable 
to leptospirosis. Evidence of demographic impacts are harder to discern in later data, 
possibly because of longer sampling intervals as the fox population grew; in addition to 
the direct mortalities observed, there are signs that Leptospira may reduce reproductive 
success as well, but further analyses are needed. The potential interactions of Leptospira 
with other stressors, such as drought, is an important avenue for future research. 

 Island spotted skunks played a crucial role in sparking the outbreak in foxes, but their 
importance to outbreak dynamics has diminished over the last decade as their population 
has declined. After 2015, data are sparse since very few skunks were captured, but it is 
clear that skunks continue to be exposed and infected on SRI. Demographic impacts of 
Leptospira on spotted skunks are unknown. 

 We were able to recapture and resample many foxes, giving rise to precious longitudinal 
data. Analyses of longitudinal antibody titer data showed that reinfection and titer 
boosting of foxes is very rare, if it happens at all. We identified systematic patterns of 
antibody titer kinetics in wild foxes, and developed a Bayesian model to estimate the time 
of infection of individual foxes from their antibody levels. This is a novel tool in wildlife 
disease ecology since previous models of this kind relied on laboratory exposure data to 
characterize titer kinetics. 

 Longitudinal PCR data showed direct evidence of urinary shedding of Leptospira for up 
to 3 years after infection, with a high proportion of individuals shedding for 1 year or 
more. Due to unavoidable censoring of data derived from widely-spaced fox capture 
events, these observed shedding durations are lower bounds on the actual shedding 
duration by individual foxes. However, we showed that our samples were sufficient to 
detect longer durations of shedding, if these occurred, so we are confident that our results 
approximate the true distribution of this crucial epidemiological parameter.  

 We used survival analysis to study the risk factors for Leptospira infection in SRI foxes, 
leveraging our longitudinal data and the time-of-infection estimates derived from our titer 
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kinetics model. Results showed clear dependence on non-stationary environmental 
factors, as infection risk was positively associated with cumulative precipitation over the 
past 24 months, and negatively associated with fox abundance. We believe that the 
precipitation effect reflects the role of standing water and moist soil in spreading this 
environmentally transmitted pathogen, while the fox abundance effect is likely a proxy 
for greater stability of fox social structure as the growing population began to saturate the 
island habitat. Thus, if Leptospira were introduced on other islands, the risk of 
transmission would be greatest after a multi-year rainy period with a destabilized 
population. (We note that these conditions describe SRI in 2005, when the current 
outbreak began.) 

 We developed a spatial, stochastic transmission model to represent the introduction and 
on-going dynamics of Leptospira spread on SRI. By fitting the model to our long-term 
surveillance data from the island, we corroborated and refined our knowledge of key 
epidemiological parameters. Notably, the model fitting estimated the infectious period of 
Leptospira to be exponentially distributed with a mean of 370 days, which closely 
matches the patterns discerned from our longitudinal shedding data.  

 We used the transmission model to predict future dynamics of Leptospira on SRI under 
baseline conditions and a range of non-stationary conditions. The model predicts that the 
pathogen will maintain persistent circulation with near certainty, in all scenarios 
examined. This is a logical consequence of the fact that island foxes exhibit such lengthy 
infectious periods for this pathogen; such chronic shedding enables persistent circulation 
even in small host populations, as we demonstrated in a separate analysis of Leptospira in 
CSL (Buhnerkempe et al., 2017).  

 We used our transmission model as a platform to examine the probability that Leptospira 
could invade a naïve island fox population, if introduced under different conditions of fox 
population abundance and precipitation. We found that thet pathogen had greater than 
60% probability of invading successfully under all circumstances examined, with higher 
probabilities associated with high-rainfall scenarios and with fall and winter 
introductions, when fox movements were more frequent. We also modeled the time delay 
before an incipient Leptospira outbreak would be detected, under a range of potential 
designs for surveillance and monitoring programs. We found that delays of 12 to 24 
months are likely under annual passive surveillance programs currently utilized on most 
islands; further scenarios will be explored in consultation with population managers.  

 To generalize our guidance for island fox managers, we developed a parallel model for 
San Clemente Island (adapted from a published model of viral epidemics on that island 
(Sanchez & Hudgens, 2020)). This model is spatial and stochastic like our SRI model, 
but has a completely different architecture, so this is a strong test of the robustness of our 
conclusions. The SCI model replicates the qualitative findings of the SRI model, 
including a high probability that Leptospira could invade successfully if introduced, and 
average delays of 12 months under achievable sampling schemes. 

 Finally, our investigation of the population decline of San Nicolas Island foxes found no 
evidence that the SNI foxes are infected with the same strain of Leptospira that is causing 
the outbreak in SRI foxes. There is evidence that exposure of SNI foxes to some strain of 
Leptospira has increased in the last decade, and some hints that this could be associated 
with SNI fox mortalities. Further study would be needed to confirm this link, and happily 
the SNI population has since rebounded.  
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Conclusion: Leptospira has become established in the SRI ecosystem, and our model simulations 
show that it is likely to persist long-term under a broad range of future potential demographic 
and environmental conditions. This persistence is governed largely by the lengthy duration of 
shedding by infected foxes, which enables the pathogen to maintain unbroken transmission 
despite the small size of the island fox population. The on-going outbreak is driven primarily by 
fox-to-fox transmission, and heavy precipitation seasons lead to elevated infection risk in 
ensuing years. Fortunately the demographic impact of Leptospira is sufficiently moderate that 
the fox population has continued to grow, despite widespread exposure of SRI foxes to the 
pathogen. However, the impact on island spotted skunks (now in decline) is unknown, as is the 
potential interaction with other stressors. Our models show that the pathogen could readily 
invade other island fox populations, if introduced, and that current monitoring programs would 
be unlikely to detect the pathogen before it establishes endemic spread.  

Implications for future research/implementation 

Our project vastly increased our understanding of Leptospira ecology in the California 
coastal ecosystem, revealing new insights and unprecedented phenomena in the long-studied 
CSL/Leptospira system, and shedding important light on the newly discovered island 
fox/Leptospira system. In addition to this new knowledge, our work has clear implications for 
the management of these systems, as well as broader lessons for population management and 
public health.  

Management implications: Santa Rosa Island 

We discovered that Leptospira is not a recent introduction to the SRI ecosystem. Our 
serologic analyses show that it was present in SRI foxes in the 1980s and that the last surviving 
wild foxes had anti-Leptospira antibodies when they were taken into captivity. Our genomic 
analyses indicate that the Leptospira lineage on SRI diverged from any other known lineage 
decades ago. Furthermore, we showed that the pathogen has established robust endemic 
circulation in the reintroduced fox population on SRI, with direct evidence of sustained presence 
in SRI foxes from 2005 to present.  

All available evidence indicates that the on-going SRI outbreak is driven by fox-to-fox 
transmission. The foxes are abundant and urinary shedding of the pathogen is highly prevalent 
(4-21% over the last decade) and long-lasting (often 1-3 years post-infection). In contrast, the 
skunks have declined sharply in abundance and we have never detected high prevalence of 
shedding in them, and there is no evidence that island deer mice, the only other terrestrial 
mammal present on SRI, get infected by Leptospira. Our mathematical model for Leptospira 
transmission on SRI was able to reproduce the initial outbreak and transition to endemic 
circulation without any contribution from skunks after 2006, and predicts long-term Leptospira 
persistence under foreseeable future conditions. We thus conclude that while another host 
species – almost certainly skunks – played a crucial role in sparking the outbreak in foxes, the 
on-going disease dynamics on the island are governed by the fox/Leptospira interaction and any 
external sources of infection are inconsequential. 

In 2016, after a decade and a half of heroic efforts by land managers and biologists, the 
island fox subspecies on SRI was delisted (along with island fox subspecies on three other 
islands). However, the island has been proposed for federal designation as a wilderness, and is 
already managed as such by NPS, which would ensure continued protection of island foxes 
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under NPS wilderness Management Policies 2006 (Section 6 Wilderness Preservation and 
Management) requiring “preservation of wilderness character and wilderness resources in an 
unimpaired condition”. Given that Leptospira has been present on SRI for decades, and that its 
fox population recovered rapidly post-reintroduction despite widespread Leptospira 
transmission, there is no imminent need for active management of the disease. However, should 
future non-stationarities cause new stresses on the fox population, the additional impacts of 
Leptospira on fox health and demography may pose a conservation challenge. Therefore, on-
going monitoring and study of Leptospira on SRI is warranted, to ensure a rapid response should 
a significant decline occur, and also to address several remaining knowledge gaps.  

The most important research needed to guide management on SRI is to gain more insight 
into possible conservation risks from this pathogen. Our project was able to demonstrate that 
some premature deaths of island foxes are associated with Leptospira, but our work to resolve 
the precise effects of the pathogen on fox survival and reproduction is on-going. It appears that 
Leptospira exerts subtle demographic costs, which on their own, and under the current climatic 
conditions, are not severe enough to prevent population growth, but do constitute a burden on the 
population that might interact with other future stressors. Population viability analyses have 
emphasized that island fox populations are naturally small and prone to fluctuations due to 
interactions between density dependence and environmental variability (chiefly rainfall) (Bakker 
et al., 2009; Bakker & Doak, 2008). We have shown that Leptospira incidence fluctuates in 
response to the same cues. Understanding the joint effects of disease and environmental stress on 
island fox demography would aid in anticipating conservation challenges. One major tool to aid 
this effort is the spatial, stochastic transmission model we have developed and fit to data for 
Leptospira on SRI. This model provides a platform to integrate new information and predict 
consequences of changing extrinsic factors including climate change, drought, or new biotic 
interactions such as a novel parasite or return of predation by golden eagles. Importantly, this 
model can also be adapted readily to understand the possible invasion and transmission dynamics 
of other pathogens of conservation concern for island foxes, such as canine distemper virus 
(Timm et al., 2009), complementing the capabilities of existing models that are non-spatial or 
have not been calibrated to real-world epidemic data (Doak et al., 2013; Sanchez & Hudgens, 
2019). 

Another issue, of increasing concern on SRI, is the possible impact of Leptospira on the 
island skunk population. While current abundance estimates are approximate, the endemic island 
spotted skunk population on SRI is clearly in decline, and our team members have joined a 
Working Group to investigate this issue (Island Spotted Skunk Working Group, 2020). Note that 
we have concluded (based on indirect evidence) that island skunks maintained circulation of 
Leptospira while the foxes were in captivity, and skunk abundance soared during this time, so it 
appears unlikely that Leptospira has severe impacts on skunk demography. This is reassuring, 
but as a practical matter it should be a priority to resolve the conflicting results on skunk 
serology from the two diagnostic labs we used, in order to have a reliable metric of Leptospira 
exposure to support monitoring of this declining endemic species.  

Understanding the routes by which Leptospira transmits on SRI would bolster any future 
efforts to manage the pathogen and would clarify risks to other species including island skunks, 
marine mammals, and humans. SRI is a National Park that welcomes many members of the 
general public to camp and explore its natural splendors, and Leptospira is a zoonotic agent that 
can cause severe or fatal disease. Our findings indicate that infection risk to foxes is influenced 
by precipitation over the preceding two years, which is consistent with Leptospira’s known 
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ability to transmit via surface water or soil in other settings, and with emerging evidence that 
heavy rains can disperse infectious leptospires that have survived in soil for 6 months or more 
(Bierque et al., 2020). Investigation of possible environmental reservoirs of Leptospira, via PCR, 
metagenomic analysis, or culture of environmental samples, would yield valuable insight into the 
distribution of infection risk. Priority sites for sampling include standing water, moist soils, and 
fox or skunk latrine sites, particularly near campgrounds, picnic areas, and areas where CSL or 
elephant seals haul out on the island. These investigations into transmission routes and 
environmental reservoirs would yield valuable information to mitigate transmission risk to 
susceptible hosts, including human visitors to SRI. 

Management implications: other Channel Islands 

Our work has demonstrated that the strain of Leptospira associated with the SRI outbreak 
is well-adapted to circulate in island fox populations. The pathogen infects foxes efficiently and 
sheds for an extended duration, enabling persistence even at low population sizes. We built and 
analyzed two distinct transmission models, representing Leptospira in island foxes on SRI and 
San Clemente Island (SCL). Notably both models showed that Leptospira has a high probability 
of invading and developing into a large-scale outbreak if introduced to a naïve island fox 
population. Despite limited demographic impacts on SRI foxes thus far, introduction of a novel 
pathogen to a species of concern on a fragile island ecosystem, and under uncertain future 
conditions, is clearly undesirable. In addition, beyond its impact on island foxes, Leptospira has 
a broad host range that includes humans, and could cause more severe consequences in other 
hosts. Thus preventing introduction and establishment of Leptospira in their unique island fox 
subspecies should be a priority of land managers on the other Channel Islands.  

With this in mind, the first important question is where such an introduction might come 
from. Our initial hypothesis that the SRI outbreak was sparked by spillover from sea lions proved 
false, as we learned that the pathogen had existed on SRI for decades before the fox population 
crash. However, our project still yielded valuable new insights into cross-species and cross-
ecosystem transmission of Leptospira, and the possible sources of risk to other islands. Namely:  

 Spillover from sea lions remains plausible, since CSL are infected in high numbers and 
have major rookeries and haulouts throughout the Channel Islands, and scavenging of 
CSL carcasses by island foxes has been reported. However, while we did document one 
instance of terrestrial-to-marine transmission (via genomic evidence that a Leptospira 
isolate from a sea lion nested clearly within the SRI outbreak clade), we have seen no 
evidence suggesting marine-to-terrestrial transmission. Our years of sampling CSL on 
San Miguel Island revealed low to zero prevalence of active infection on the rookery. 
Furthermore, it is important to note that Leptospira has circulated in CSL almost 
continuously since 1984, and has not yet successfully invaded the fox population on any 
other island, including those with major rookeries (SMI, SNI, and SCL). Altogether, we 
assess the risk of introduction from sea lions to be low, but not zero. 

 The original source of infection for SRI is likely to remain unknown. Leptospira has been 
present on the island for decades or possibly centuries, and over this timespan the island 
was home to many introduced species such as pigs and sheep that are known hosts for the 
serovar involved in this outbreak (Leptospira interrogans serovar Pomona). We 
unearthed historic serum samples from SRI pigs that showed high seroprevalence to 
serovar Pomona in the 1980s, which demonstrates their past involvement but does not 
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implicate them as the source. All livestock species were removed from the island long 
ago, and no further biological specimens remain.  

 Our analyses show evidence of multiple introductions of Leptospira from an unidentified 
reservoir to species in the California coastal ecosystem. We analyzed the genome 
sequences of Leptospira isolates obtained from SRI foxes and CSL before, during and 
after the 2013-2017 Leptospira fadeout from sea lions, as well as isolates from elephant 
seals on the California coast. Multiple lineages in marine mammals, in addition to the 
lineage from SRI foxes and skunks, share a common ancestor at the root of the 
phylogeny. We have evidence of 3-4 separate introductions of Leptospira to CSL and 
elephant seals in just the last decade, indicating that cross-species/cross-ecosystem 
transmission is common and has macroscopic impacts on Leptospira circulation in the 
California coastal ecosystem.  

 Determining the reservoir responsible for these introductions would shed valuable light 
on sources of potential risk to other island fox populations. The strain of Leptospira 
involved in this system (Leptospira interrogans serovar Pomona) has a broad host range 
including raccoons, foxes, coyotes, and pigs. In separate research conducted at UCLA, 
we have found high seroprevalence of antibodies against L. interrogans serovar Pomona 
and urinary leptospire shedding in several wildlife species in Los Angeles County, 
including raccoons (Procyon lotor). Raccoons have been observed to ‘stow away’ on 
ferries and other vessels, and are suspected to have sparked the 1999 canine distemper 
epidemic on Catalina Island (Timm et al., 2009). Dogs can also be infected by 
Leptospira, so introduction via recreational boaters who violate the prohibition on dogs is 
also possible. Thus, there are plausible routes of introduction from mainland reservoirs of 
Leptospira to island fox populations on current unaffected islands. 
 
Identifying the unknown reservoir of Leptospira in the California coastal ecosystem 

would enable an informed, holistic assessment of risks posed to DoD lands in the Channel 
Islands and elsewhere on the coast. Research to sample candidate wildlife hosts, including 
raccoons, possums, striped skunks, coyotes, and feral pigs, would yield important insights into 
the circulation of this zoonotic pathogen in California. Systematic sampling from wildlife 
rehabilitation centers and veterinary clinics would also produce valuable information. It is 
essential that such efforts include bacterial culture, since isolates are required for definitive 
typing of Leptospira, and we have now shown that whole genome sequencing can establish 
transmission connections between host species and ecosystems. 

The second key question is how island managers can prevent establishment of Leptospira 
in their island’s fox population, if it is introduced. Here the crucial factor is how quickly the 
introduction is detected, since our work has shown that Leptospira can establish endemic 
circulation if allowed to spread unchecked for a year or more. Our reconstruction of the SRI 
outbreak’s origins indicated that the first cases occurred in mid-2005, and the pathogen was 
widespread by September 2006 when the first broad serosurvey was conducted -- although 
notably the SRI fox population was still small and unsettled at that time. Our modeling analyses 
mapped out the expected delay before the first case was detected under a range of invasion 
scenarios and sampling designs (see Figure 6.3.4.8 and Figure 6.3.5.1). While the quantitative 
results differ by scenario, and for our SRI and SCL models, the take-home finding is that under 
sampling schemes presently in place on the Channel Islands (i.e. sampling 40-100 foxes per year 
for serology, once per year), delays of 12-24 months are expected before passive surveillance 
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detects a seropositive individual. For serosurveillance to yield faster detection times, sampling 
would need to be more frequent than annual (which is logistically unsustainable) or perhaps 
could be focused in regions of greatest concern for pathogen introductions (e.g. near piers and 
other boat landing sites) or periods of greatest concern (e.g. during and immediately after major 
outbreaks in CSL). The work on this project was intended as a proof of concept that modeling 
could aid surveillance design; we would welcome the opportunity to conduct further work with 
interested island managers to analyze surveillance designs of interest.  

Another key strategy is the maintenance of a sentinel population of foxes that are 
monitored actively via telemetry, so fox deaths can be investigated in a timely manner. From 
our experience on SRI and SNI, the limiting factor is carcass condition and whether biological 
samples can be salvaged for diagnostics. Thus, rapid detection and recovery must be prioritized, 
highlighting the irreplaceable role of frequent ground or aerial telemetry surveys. It was a cluster 
of fox deaths in 2010 that ultimately led to the discovery of the Leptospira outbreak on SRI. 
Notably, however, our retrospective work has shown that a large cluster of ‘unknown-cause’ 
deaths in 2006-7 was likely caused by the initial wave of the Leptospira outbreak. At the time 
there were many other pressing concerns, including on-going eagle predation, but this highlights 
the importance of building and maintaining awareness of pathogens present on the landscape, 
and on comparable landscapes. Our investigations of Leptospira on SRI lay a firm foundation for 
investigating mortality clusters on other Channel Islands, as shown in our investigation of the 
SNI fox population decline. 

In summary, based on current knowledge the best practices to reduce risk of Leptospira 
invasion on the other Channel Islands would involve intensive biosecurity measures at mainland 
ports and island landing sites to prevent introduction by terrestrial wildlife or pet dogs, routine 
surveillance and (minimally) annual serologic screening for exposure to L. interrogans serovar 
Pomona, and maintenance of collared sentinel fox populations with frequent telemetry ‘life 
checks’. Based on our findings from SRI, this surveillance should be intensified for several years 
following heavy rain reasons. These strategies could be made stronger and more precise by 
additional research to identify the unknown reservoir of Leptospira that is seeding outbreaks 
throughout the coastal ecosystem, and by further modeling analyses to optimize surveillance 
design in response to managers’ needs. If the unknown reservoir can be found, then further gains 
would come from monitoring Leptospira dynamics in the reservoir, so periods of peak 
prevalence -- and hence highest risk for spillover -- can be identified and preventive measures 
can be stepped up.  

Management implications: CSL population 

Over the past 50 years, aided by the Marine Mammal Protection Act, the US stock of 
CSL has grown to a robust population of roughly 300,000 individuals. Much of this growth has 
taken place despite on-going circulation of Leptospira, which has caused repeated deadly 
outbreaks in CSL since 1984. Therefore it is apparent that, under current conditions, the CSL 
population is not threatened and there is no need for active management of Leptospira for 
conservation purposes. However, there are compelling reasons why it is important to monitor the 
health of the CSL population and its on-going interactions with Leptospira. CSL are a federally 
protected species, and mass stranding events due to leptospirosis or other causes raise concerns 
in the general public. The Marine Mammal Protection Act defines an unusual mortality event 
(UME) as “a stranding that is unexpected; involves a significant die-off of any marine mammal 
population; and demands immediate response.” Identifying and responding to UMEs requires 
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baseline data and scientific knowledge to assess their cause and what threat they may pose to the 
subject species. Furthermore, as large-bodied and long-lived apex predators that occupy the near-
shore environment, CSL act as an important sentinel species for ocean health and its connections 
to environmental conservation and public health (Hazen et al., 2019; Randhawa et al., 2015). 
Finally, Leptospira has a wide host range and leptospirosis outbreaks in CSL can pose a direct 
risk to humans and animals that share the sea lion’s coastal habitat. 

Our project extended long-term data sets that describe CSL population ecology and 
Leptospira dynamics over several decades. Such long-term time series, and the scientific 
knowledge that can be gained from them, are irreplaceable assets for understanding current and 
future fluctuations in demography or disease impacts. In our work, we have developed new 
insight into the factors driving leptospirosis outbreak intensity, and their underlying mechanisms. 
We developed a semi-parametric model that can predict the risk of a major seasonal outbreak in 
CSL each year in real time, if input data-streams are maintained. This predictive capability 
would provide valuable information to marine mammal stranding and rehabilitation networks, 
allowing them to more effectively and humanely respond to leptospirosis-related strandings. 
Such predictions could also provide advance warning to land managers, including those 
responsible for island foxes, enabling them to modify pathogen surveillance efforts in species of 
concern according to current risk (e.g. stepping up surveillance near major CSL haulouts or 
rookeries). Finally, advance warning of CSL outbreaks would help coastal land managers and 
public health officials to prepare ahead and provide important public health messages regarding 
infection risk to humans and their pets that share the coastal environment with sea lions during 
major stranding events.  

Opportune timing and the long-term nature of our broader study enabled us to observe, 
confirm, and investigate the unprecedented fadeout of Leptospira from the CSL population in 
2013, followed by its re-emergence in 2017 and the largest outbreak on record in 2018. This 
surprising series of events typified the extreme dynamics that our model predicts will occur with 
increasing frequency, as global change leads to more severe oceanographic and climatic 
anomalies. We leveraged the depth of scientific study of CSL to understand the key drivers of 
this fadeout and re-emergence, but the broader lesson was that past patterns are not a full guide 
to what is possible in a changing world. In these complex ecological systems centered on 
nonlinear species interactions, correlational analyses and extrapolation of descriptive statistical 
models will not provide reliable projections to guide decision making. 

To support more robust understanding and predictive ability for the CSL/Leptospira 
system and comparable systems, future research should focus on connecting population-level 
patterns to the underlying organismal dimension of response to environmental stressors. Most 
research on marine infectious disease -- and particularly on the impacts of climate change on 
marine disease -- has focused on marine invertebrates and fish, and often on direct impacts of 
temperature on these ectothermic hosts (Burge et al., 2014; Vega Thurber et al., 2020). For 
marine mammals, as endotherms and apex predators, changes in ocean and climate conditions 
will act via their physiology, trophic ecology, and behavior. These factors in turn will depend on 
the ecology and changing distributions of their prey species, and on the connections between 
nutrient and energy intake and CSL immune competence and survival. Our work made some 
inroads on understanding these complex pathways of causation, but there is much more to do. 
Well-designed studies that link the health and physiology of individual animals to the patterns 
observed at population scales could illuminate these questions, particularly if this work is 
sustained long enough to characterize baseline patterns plus the response to one or more 
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environmental perturbations. In parallel, supporting further work to link and analyze relevant 
large-scale datasets, for instance by collaborating with fisheries scientists to map changes in CSL 
prey distribution, could yield great benefits with modest investments.  

Summary 

This project has illuminated the ecology of Leptospira in the California coastal 
ecosystem, via deep and multidisciplinary investigation of two focal systems: the recently-
emerged Leptospira outbreak in island foxes and spotted skunks on Santa Rosa Island, and the 
long-standing endemic circulation of Leptospira in California sea lions. Both systems yielded 
surprises: the ‘novel’ outbreak on SRI turned out to be the re-emergence of a pathogen that had 
been present on the island for decades, and the ‘endemic’ pathogen in CSL disappeared for four 
years in the midst of our study. Both systems also revealed underlying structures where intrinsic 
processes (host demography and population immunity) interact with extrinsic non-stationarities 
(changing climate, ocean, and ecological conditions) to govern the dynamics of disease spread 
and resulting impacts on host  population ecology.  

One unifying theme, with repercussions across species monitoring and disease 
surveillance programs everywhere but especially for long-lived and protected species, is the 
extraordinary value of long-term studies with systematic surveillance and sample archiving. Our 
project benefited from decades of foundational work laid by government scientists and non-profit 
organizations, whose efforts produced priceless long-term time series data and freezers full of 
banked samples. These long-term investments have an irreplaceable role in understanding how 
complex ecological systems are responding to our changing world. These systems are non-linear, 
and for long-lived species the timescales of perturbation and response can be many years. 
Similarly, and obviously, responses to slow shifts in environmental conditions (e.g. global 
temperature) require long-term data, particularly for wildlife species of concern where 
experimental studies are not an option. Simply stated, for dynamic nonlinear systems, we can’t 
learn about impacts of a changing world from snapshots. Instead, we need to be able to 
characterize the dynamics over time, including shifts in dynamical behavior, which requires 
investment in sustained long-term studies with consistent methodology.  

In addition to their clear benefits for tracking long-term trends and establishing baselines 
for what is normal (and what is a normal amount of variation), these long-term studies can pay 
off in unexpected ways. In our project, the banked serum and tissue samples from the first 
cohorts of foxes reintroduced to SRI helped us to reconstruct the origins of an outbreak that was 
occurring undetected at the time. Banked samples from decades before helped to prove that the 
pathogen had actually been present on the island all along. Even more vividly, our on-going 
intensive surveillance of Leptospira in CSL enabled us to nail down the fact that the pathogen 
faded out spontaneously from the CSL population. Without our intensive study, the absence of 
leptospirosis for a few years might have gone unnoted or been attributed to the vagaries of 
passive surveillance (via the adage ‘absence of evidence is not evidence of absence’). But in the 
context of our long-term, systematic study of the system, we have strong evidence that the 
pathogen actually was absent from the system.  

Long-term monitoring programs are priceless assets in our efforts to understand the 
impacts of climate change and other non-stationarities on wildlife species of concern. These 
programs should be supported with stable funding, and with facilities for archiving precious 
biological samples. These investments can be leveraged further by supporting targeted additional 
field studies to gain deeper insights into particular challenges or mechanisms, and by teaming 
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with quantitative biologists and modelers who can help to extract maximum value from the data. 
Collaboration between agency scientists and academics can also maximize return on investment, 
by providing concrete and actionable guidance to species managers while also identifying 
conceptual themes that may help to generalize the findings to other systems. Through this 
integrative and interdisciplinary program of research, we can build scientific knowledge and 
produce evidence-based guidance to promote environmental conservation and resilience in our 
changing world.  
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9. Appendices 

Appendix A. Supporting Data 

Supporting data for 5.1.2. and 6.1.2. 

Location data for seven foxes with time of infection estimates before 2006. Data and 
metadata can be found at: https://github.com/rileyo/foxserdp/blob/master/spatialdata2004-06.csv. 

Supporting data for 5.1.3. and 6.1.3. 

Sample Name Batch Year Host 
Sample 
tissue 

Included 
in tree 

CSL06-048_S14 3 1988 CSL Kidney x 
CSL06-048_S22 2 1988 CSL Kidney  
CSL10029_S4 1 2011 CSL Urine x 
CSL10039_S5 1 2011 CSL Kidney x 
CSL10040_S15 3 2011 CSL Kidney x 
CSL10040_S6 1 2011 CSL Kidney  
CSL10052_S8 1 2011 CSL Kidney x 
CSL10082_S9 1 2011 CSL Kidney x 
CSL10082K-1_S23 3 2011 CSL Kidney  
CSL10082K-2_S24 3 2011 CSL Kidney 
CSL10083_S10 1 2011 CSL Kidney 
CSL10083_S7 2 2011 CSL Urine x 
CSL10083K_S22 3 2011 CSL Kidney  
CSL10083U_S21 3 2011 CSL Urine  
CSL10084_S11 1 2011 CSL Kidney  
CSL10084_S8 2 2011 CSL Urine x 
CSL10087_S12 1 2011 CSL Kidney  
CSL10087_S9 2 2011 CSL Urine x 
CSL10097_S16 1 2011 CSL Kidney x 
CSL10101_S10 2 2011 CSL Urine x 
CSL10101_S13 1 2011 CSL Kidney  
CSL10113_S14 1 2011 CSL Kidney x 
CSL10120_S15 1 2011 CSL Kidney x 
CSL10442_S11 3 2012 CSL Urine x 
CSL11-224_S19 2 2011 CSL Kidney x 
CSL209-11_S18 1 2011 CSL Urine x 
CSL215-11_S19 1 2011 CSL Urine x 
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CSL31_S17 1 2010 CSL Urine  
CSL31U_S18 3 2010 CSL Urine x 
CSL5651-11_S20 1 2011 CSL Urine x 
CSL6175_S1 1 2004 CSL Kidney x 
CSL6187_S11 2 2004 CSL Kidney x 
CSL6210_S17 3 2004 CSL Kidney x 
CSL6210_S18 2 2004 CSL Kidney  
CSL6434-11_S3 3 2011 CSL Urine x 
CSL7091_S12 2 2006 CSL Kidney x 
CSL7108_S13 2 2006 CSL Kidney x 
CSL7374-12_S24 2 2011 CSL Urine x 
CSL7522_S14 2 2007 CSL Unknown x 
CSL7522_S20 2 2007 CSL Unknown  
CSL7525_S16 2 2007 CSL Kidney x 
CSL7533_S15 2 2007 CSL Kidney x 
CSL7703-12_S10 3 2012 CSL Urine x 
CSL7905_S17 2 2008 CSL Unknown x 
CSL7905_S21 2 2008 CSL Unknown  
CSL9784_S7 1 2011 CSL Kidney x 
CSL9887_S2 1 2010 CSL Kidney  
CSL9887_S19 3 2010 CSL Kidney x 
CSL9979_S3 1 2011 CSL Kidney x 
ES077_S16 3 2011 ES Kidney x 
ES077_S24 1 2011 ES Kidney  
ES3197_S21 1 2011 ES Kidney x 
ES3197_S22 1 2011 ES Urine  
ES3208_S23 1 2011 ES Urine x 
Fox23850_S1 3 2015 Fox Urine x 
Fox24024_S4 3 2017 Fox Urine x 
Fox24072_S23 2 2015 Fox Urine x 
Fox32256_S3 2 2011 Fox Urine x 
Fox36401_S2 2 2011 Fox Urine x 
Fox86076_S8 3 2013 Fox Urine x 
Fox87536_S2 3 2013 Fox Urine x 
FoxC0D60_S4 2 2011 Fox Urine x 
FoxC6561_S9 3 2013 Fox Urine x 
FoxE6D47_S1 2 2011 Fox Urine x 
SkunkA0451_S5 2 2011 Spotted skunk Urine x 
SkunkE7B4A_S20 3 2011 Spotted skunk Urine  
SkunkE7B4A_S6 2 2011 Spotted skunk Urine x 

Table A.1. Sequenced genomes from four host species in the Coastal California Ecosystem. 
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MLST Scheme ST 
Allele ID 

glmU pntA sucA tpiA pfkB mreA caiB adk icdA LipL32 LipL41 rrs2 secY 
Scheme #1 

[Boonsilp 2013] 
140 3 3 3 3 4 5 16       

Scheme #2 
[Varni 2014] 

52 2 3    1  3 2 10 4   

Scheme #3 
[Ahmed 2006] 

58        2 2 3 4 2 6 

Table A.2. Multi-locus strain typing (MLST) results. Isolates were analyzed against the three published MLST schemes and all resulted 
in the same strain type and allele reference numbers for each scheme. 

.



 249

Supporting data for 5.3.2.4. and 6.3.2.4. 

Intervals of time-at-risk for 1226 foxes for analyzing risk factors for infections. Data and 
metadata can be found at: https://github.com/rileyo/foxserdp/blob/master/survivalIntervals.csv 

Supporting data for 5.3.4. and 6.3.4. 

The data and metadata for the fox transmission model can be found at: 
https://github.com/bennyborremans/fox_lepto_data 

The data for the CSL outbreak model can be found at: 
https://github.com/bennyborremans/CSL_lepto_outbreak_model 
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Appendix B. List of Scientific/Technical Publications 

1. Articles in peer-reviewed journals 
a. In print 
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Appendix C. Other Supporting Material 

Supplementary information for 5.2.3.1. and 6.2.3.1. 

Environment and body condition 
Here we present statistical analyses for the effects of comorbidities (i.e. having been 

diagnosed with pneumonia, domoic acid toxicity, or malnutrition) on the correlation between 
BMI and spring transition. Sea lions diagnosed with pneumonia stranded during years with a 
significantly later spring transition (0.12 ± 0.02 vs 0.02 ± 0.01, F-value = 15.6, df = 8759, P-
value < 0.0001). There was no significant effect of pneumonia diagnosis on the correlation 
between spring transition and BMI, except for yearlings, where the negative correlation was only 
statistically significant for those diagnosed with pneumonia (effect est. = -0.63 ± 0.17, F-value = 
13.5, df = 819, P-value = 0.0003). Sea lions diagnosed with domoic acid stranded during years 
with a significantly earlier spring transition (-0.41 ± 0.02 vs 0.11 ± 0.01, F-value = 296, df = 
8759, P-value < 0.0001). For yearlings and juveniles not diagnosed with domoic acid toxicity, 
but not for other age classes or for yearlings/juveniles diagnosed with domoic acid toxicity, there 
was a significant negative correlation between BMI and spring transition (yearlings: effect est. = 
-0.30 ± 0.09, F-value = 10.5, df = 3589, P-value = 0.001; juveniles: effect est. = -0.72 ± 0.14, F-
value = 28.1, df = 1469, P-value < 0.0001). Sea lions diagnosed with malnutrition stranded 
during years with a significantly earlier spring transition (-0.35 ± 0.02 vs 0.19 ± 0.01, F-value = 
533, df = 8759, P-value < 0.0001). There was a significant effect of malnutrition diagnosis on the 
correlation between spring transition and BMI, where the correlation was less strong for sea lions 
not diagnosed with malnutrition (Pups malnutrition: no significant correlation; Pups non-
malnutrition: effect est. = -2.7 ± 0.6, F-value = 20.1, df = 87, P-value < 0.0001; Yearlings 
malnutrition: effect est. = -0.3 ± 0.1, F-value = 10.0, df = 1513, P-value = 0.002; Yearlings non-
malnutrition: effect est. = -1.3 ± 0.1, F-value = 85.3, df = 2165, P-value < 0.0001; Juveniles 
malnutrition: no significant correlation. Juveniles non-malnutrition: effect est. = -1.0 ± 0.1, F-
value = 50.1, df = 1399, P-value < 0.0001; Subadults malnutrition: effect est. = -1.7 ± 0.7, F-
value = 6.7, df = 134, P-value = 0.01; Subadults non-malnutrition: effect est. = -0.9 ± 0.2, F-
value = 20.3, df = 1181, P-value < 0.0001; Adults malnutrition: effect est. = -2.4 ± 1.0, F-value = 
6.3, df = 124, P-value = 0.01; Adults non-malnutrition: no significant correlation). Taken 
together, these results indicate that the effects of comorbidities are inconsistent and only seen for 
some age classes. 

Environment and sea lion movement 
Variation in sea lion movement patterns was another important potential mechanism 

linking environment and Leptospira transmission. As Leptospira interrogans serovar Pomona is 
not expected to survive long in salt water (Trueba et al., 2004), successful transmission requires 
close contacts between sea lions, which means that mixing patterns are likely to be crucial. 
Unfortunately, while there is some qualitative information on how and when different 
demographic groups move, there are no data available that can be used to parameterize even 
rudimentary movement models needed to test hypotheses on how environment affects population 
mixing. Answering these questions properly would require a thorough study of sea lion 
movement patterns in relation to life history and environment, which is outside the scope of this 
article. However, as a first attempt at gaining more insight into the relationship between 
environment and movement, we analyzed TMMC strand counts over time as a rough proxy for 
how many sea lions of different age and sex classes were in the central sea lion range at a given 
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time (35º59'N, 121º30'W to 37º42'N, 123º05'W), and test the correlation between this proxy and 
environmental variables SST and upwelling. Only strand counts in the northern half of the 
TMMC range (north of Monterey, 36.6N) were chosen in order to maximize the signal contained 
in movement in the central sea lion range, as we expect that there will be less variation in 
movement in the southern range due to the obligatory link of pups and lactating females to the 
rookeries in the Channel Islands (Melin et al., 2000) 

The number of stranded sea lions in the northern half of the TMMC range was counted 
for young sea lions (male and female yearlings, male juveniles, female subadults), male adults, 
and female adults, as these three demographic groups are known to exhibit highly different 
movement patterns throughout the year (Gearin et al., 2017; Melin et al., 2000; Peterson & 
Bartholomew, 1967). Importantly, in order to produce a measure of sea lion location and not just 
a measure of how many stranded in a given year, all strand counts were normalized by the 
respective estimated population sizes for each group. A downside of using stranding data as a 
proxy for the movement patterns of the wild population is that each cause of stranding can affect 
age/sex classes differently, resulting in biased estimates of sea lions present in the TMMC range. 
In an attempt to avoid this bias, the causes that are known to be strongly age/sex were filtered out 
of the dataset prior to movement analyses. These causes are leptospirosis, domoic acid toxicity, 
cancer, and malnutrition (Greig et al., 2005). Despite this filtering however it is likely that there 
are still unknown biases influencing strand counts, and we must stress that the use of stranding 
data within the TMMC range only is a far from ideal way to characterize movement and mixing 
throughout the sea lion range. Nevertheless, we believe it is worth investigating these data in 
case a strong pattern emerges that can be used as a basis for future research.  

Annual strand counts are calculated for three periods corresponding with candidate 
environmental variables: (1) June through October, (2) June and July, (3) August through 
October. Correlations between the top selected environmental variables (Table 6.2.3.3) and the 
strand counts corresponding with the time in the year (June-October for Spring Transition, June-
July for SST, August-October for SST and Upwelling) are tested using ANOVA of the fitted 
linear regression with strand counts as outcome variable and environmental variable as 
independent variable.  

There is a significant positive correlation between number of strands and SST for young 
animals and for male adults (Table A.3). There are no significant correlations for any of the other 
environmental variables (Table A.3). Increased strands at high SST in the center of the sea lion 
range may indicate farther foraging due to bad conditions (Feldkamp et al., 1991; Melin et al., 
2008) , or perhaps earlier migration northward for male adults. While the absence of a similar 
significant effect for female adults may be due to the fact there really is none, it may also be due 
to the fact that a large proportion of female adults are constrained to feeding areas near the 
rookeries in the south of the range (Melin et al., 2000). The consequence of farther movement 
and earlier migration would be that in bad years with high SST there would be less mixing, 
resulting in lower transmission rates in the period leading up to the outbreak season, and smaller 
outbreaks. 
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Table A.3. ANOVA statistics for the linear regression of environmental variables vs. number of 
strands (normalized by dividing by population size of the corresponding demographic groups) in 
the TMMC range. 
 

Supplementary information for 5.3.1 and 6.3.1 

 

Figure A.1. Island fox infection prevalence on SRI, 2010-2019, comparing the two PCR protocols. 
The Wu protocol for PCR (solid yellow) was used throughout the study, and the more sensitive CSU 
protocol (solid gold) was added beginning in 2016. 95% confidence intervals are shown with dashed 
lines.  
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Fox Year 
All Adult Pup 

POS/N (SP) 95% CI POS/N (SP) 95% CI POS/N (SP) 95% CI 
2004 0/1 (0) 0-98% 0/1 (1) 0-98% NA NA 
2005 NA NA NA NA NA NA 
2006 4/4 (1) 40-100% 4/4 (1) 40-100% NA NA 
2007 2/3 (0.67) 9-99% 1/2 (0.5) 1-99% 1/1 (1) 3-100% 
2008 0/2 (0) 0-84% 0/2 (0) 0-84% NA NA 
2009 0/1 (0) 0-98% 0/1 (0) 0-98% NA NA 
2010 2/2 (1) 16-100% 2/2 (1) 16-100% NA NA 
2011 7/33 (0.21) 9-39% 7/29 (0.24) 10-44% 0/4 (0) 0-60% 
2012 8/44 (0.18) 8-33% 7/38 (0.18) 8-34% 1/6 (0.17) 0-64% 
2013 34/166 (0.2) 15-27% 32/144 (0.22) 16-30% 2/22 (0.09) 1-29% 
2014 8/199 (0.04) 2-8% 7/176 (0.04) 2-8% 1/23 (0.04) 0-22% 
2015 20/175 (0.11) 7-17% 17/141 (0.12) 7-19% 3/34 (0.09) 2-24% 
2016 4/56 (0.07) 2-17% 3/47 (0.06) 1-18% 1/9 (0.11) 0-48% 
2017 11/75 (0.15) 5-20% 10/67 (0.15) 4-21% 1/8 (0.13) 0-53% 
2018 8/51 (0.16) 5-25% 8/44 (0.18) 7-30% 0/7 (0) 0-34% 
2019 27/116 (0.23) 13-28% 25/107 (0.23) 12-28% 2/9 (0.22) 3-60% 

Table A.4. Prevalence of infection with Leptospira in SRI island foxes over time, showing results 
from the CSU protocol. Positive results (POS), sample size (N), infection prevalence and 95% 
confidence intervals (CI) for all foxes, adult foxes, and pups, based on positive PCR or IHC results per 
fox year. Numbers shown in grey were obtained using the Wu protocol, and are identical to numbers in 
Table 6.3.1.2. Numbers shown in black were obtained using the CSU protocol, and differ from Table 
6.3.1.2. One sample per individual fox was used per fox year. If a fox had both positive and negative 
samples within a fox year, it was treated as positive for this calculation. Culture results were not included, 
as no fox tested positive for culture without also testing positive via PCR.  

 

Figure A.2. Skunk prevalence and seroprevalence over time, showing lab differences. Longitudinal 
skunk seroprevalence (solid red) from MAT results tested at CDC throughout the study, and skunk 
seroprevalence for 2016-2019 based on results from AHDC (solid pink). 95% confidence intervals are 
shown with dashed lines.  
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Fox Year 
CDC ADHC 

POS/N (SP) 95% CI POS/N (SP) 95% CI 
2010 2/9 (0.22) 3-60% NA NA 
2011 13/31 (0.42) 25-61% NA NA 
2012 12/66 (0.18) 10-30% NA NA 
2013 14/74 (0.19) 11-30% NA NA 
2014 17/84 (0.2) 12-30% NA NA 
2015 3/23 (0.13) 3-34% NA NA 
2016 0/5 (0) 0-52% 7/7 (1) 59-100% 
2017 NA NA NA NA 
2018 0/4 (0) 0-60% 4/4 (1) 40-100% 
2019 2/7 (0.29) 4-71% 7/7 (1) 59-100% 

Table A.5. Seroprevalence of anti-Leptospira antibodies in island spotted skunks, comparing results 
from CDC and ADHC. Positive results (POS), sample size (N), infection prevalence and 95% 
confidence intervals (CI) intervals for skunks, using MAT results per fox year. One sample per individual 
skunk was used per fox year. If a skunk had both positive and negative samples within a fox year, it was 
treated as positive for this calculation. 

 

Figure A.3. Spatiotemporal patterns of seroprevalence in island spotted skunks (CDC results 2010-
2015, ADHC results 2016-2019). Spatial distribution of MAT positive (red pluses) and negative samples 
(blue circles) in island spotted skunks for each year. This figure is the analogue of Figure 6.3.1.7, except 
the ADHC results are shown from 2016-2019 in place of CDC results. 
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Supplementary information for 5.3.2.2 and 6.3.2.2 

Prior distribution of peak antibody level 
A subset of recently negative individuals was used to provide information about what the 

possible distribution of peak antibody levels could be. Antibody levels were assumed to have 
peaked during the interval between the last negative timepoint preceding the first positive one. 
Here, a negative timepoint could be either a negative sample or an animal’s birth date. After data 
exploration, a subset of individuals was selected for which the maximum time between the last 
negative and first positive timepoints was 250 days. This resulted in a dataset of 54 individuals. 
Although a period of 250 days is still a relatively long interval, selecting a smaller interval would 
have resulted in a much smaller dataset due to the seasonality of sampling. In order to take this 
into account we used a prior distribution with a slightly larger mean than the distribution fitted to 
the observed data, but with a broader standard deviation. This resulted in a prior distribution that 
is weakly informative, thus allowing a large influence of the data on the posterior likelihood. 
Figure S1 shows the distribution of observed antibody levels and the fitted normal distributions. 
The distribution was fitted using the function fitdistr of R package MASS (Venables & Ripley, 
2002). Using simulated data, we found that the effect of the prior distribution specifications was 
not large, and that the mean peak antibody level could be estimated well (Figure A.4 and Table 
A.6). 

 

Figure A.4. Antibody levels for a subset of individual foxes that tested negative relatively recently. 
(Left: serovar Pomona, right: serovar Autumnalis). Fitted distributions are shown in teal, and distributions 
used as priors are shown in orange. 
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Parameter Prior distribution 

𝛽଴,௉௢௠௢௡௔, 
𝛽଴,஺௨௧௨௠௡௔௟௜௦ 

𝑝ሺ𝑙𝑜𝑔 ሺ𝛽଴ሻሻ~𝑁൫𝛽଴
௛,𝛴ఉ଴

௛ ൯, 
multivariate normal distribution with mean vector 𝛽଴

௛ ൌ ሾ7 7.5 ሿ and 
covariance matrix 𝜎ఉ଴

௛ ൌ ሾ2 0 0 2 ሿ . 

𝜎ఉబ,ು೚೘೚೙ೌ
, 

𝜎ఉబ,ಲೠ೟ೠ೘೙ೌ೗೔ೞ
 

𝑝ሺ𝜎ఉ଴ሻ~𝑊𝑖𝑠ℎ𝑎𝑟𝑡ሺ𝑉,𝑑𝑓ሻ,  
Wishart distribution with scale matrix 𝑉 ൌ ሾ2.5 0 0 3 ሿ and degrees of 

freedom 𝑑𝑓 ൌ 2.  

𝜆଴ 
𝑝ሺ𝜆଴ሻ~𝐺𝑎𝑚𝑚𝑎ሺ1,20ሻ, 

Gamma distribution with the same parameters for serovars Pomona and 
Autumnalis. 

𝜎ఒబ 
𝑝ሺ𝜎ఒ଴ሻ~𝐺𝑎𝑚𝑚𝑎ሺ2,3ሻ, 

Gamma distribution with the same parameters for serovars Pomona and 
Autumnalis. 

𝑟଴ 
𝑝ሺ𝑟଴ሻ~𝑁ሺ𝑙𝑜𝑔ሺ0.5ሻ, 0.1ሻ, 

Normal distribution with the same parameters for serovars Pomona and 
Autumnalis. 

𝑣଴ 
𝑝ሺ𝑣଴ሻ~𝑁ሺ𝑙𝑜𝑔ሺ0.0005ሻ, 1ሻ, 

Normal distribution with the same parameters for serovars Pomona and 
Autumnalis. 

Table A.6. Hyperpriors for the different parameters. 

Simulations and sensitivity analysis 
The model fitting approach was tested using simulated data for 75 individuals, using the 

double exponential function (see 5.3.2.2). For each individual a peak antibody level representing 
serovar Pomona was randomly generated from a certain normal distribution that depended on the 
simulated scenario (see section 1 below). A second peak antibody level representing serovar 
Autumnalis was generated from a different distribution of which the mean was 0.84 𝑙𝑜𝑔ଶ units 
higher, and with an additional standard deviation of 0.5 to add realistic variation. Next, a decay 
rate was randomly generated from a certain distribution (see section 2 below), where the mean of 
the distribution for serovar Autumnalis was 20% higher than that for serovar Pomona. Using 
those parameters, between two and five samples (the number was randomly chosen with equal 
probability) were generated for each individual at random times after the peak antibody time, 
with a maximum time of 2000 days. A negative sample preceding the first positive sample was 
also generated to inform the maximum peak antibody interval size, where the time was randomly 
generated up to a maximum of 500 days prior to the peak antibody time. Last, noise was 
randomly added to the data where each sample had a probability of 5% to decrease by one 𝑙𝑜𝑔ଶ 
unit, 90% to remain the same, and 5% to increase by one 𝑙𝑜𝑔ଶ unit. This represents variation 
resulting from the microscopic agglutination assay in two-fold dilution units. Each individual’s 
peak time sample was removed from the dataset prior to model fitting, to represent reality. 

Simulations were done for two scenarios:  

1. Effect of peak antibody level prior specification. In order to test the effect of the 
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specifications of the prior distribution of peak antibody level on the posterior estimate, 
we fitted the same simulated data using different prior specifications of peak antibody. 
Peak antibody levels (serovar Pomona) were generated from normal distribution 
𝑁ሺ7,1ሻ, and decay rates from 𝑁ሺ0.0008, 0.0002ሻ. Model parameters were fit for six 
prior distributions of peak antibody level, to assess the effect of the mean and the 
standard deviation on the posterior estimates: 𝑁ሺ6,1ሻ, 𝑁ሺ8,1ሻ, 𝑁ሺ10,1ሻ, 𝑁ሺ8,2ሻ, 
𝑁ሺ8,3ሻ, 𝑁ሺ8,4ሻ. For all prior distributions the posterior estimates accurately estimated 
mean peak antibody level at the population level (Figure A.5). Individual-level 
estimates of peak antibody time were good overall (Figure A.6, Figure A.7), but when 
the “real” (i.e. simulated) peak antibody level was at the extremes of the population-
level distribution the estimates became less accurate. 

 

Figure A.5. Posterior estimates of peak antibody level for different prior distributions. Real = 
generated distributions with means 7 (SD 1) and 7.8 (SD 1) for serovars Pomona and Autumnalis, 
respectively.  
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Figure A.6. Effect of prior peak antibody level means. Posterior densities of peak antibody time, peak 
antibody level, and decay rate for the first half of the 75 simulated individuals. Dots indicate the “real” 
simulated value, distributions are posterior densities flipped vertically 
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Figure A.7. Effect of prior peak antibody level standard deviations. Posterior densities of peak 
antibody time, peak antibody level, and decay rate for the first half of the 75 simulated individuals. Dots 
indicate the “real” simulated value, distributions are posterior densities flipped vertically. 
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Figure A.8. Effect of prior peak antibody level standard deviations. Posterior densities of peak 
antibody time, peak antibody level, and decay rate for the second half of the 75 simulated individuals. 
Dots indicate the “real” simulated value, distributions are posterior densities flipped vertically. 

2. Effect of the magnitude of peak antibody level and decay rate. Mean peak antibody level 
as well as decay rate are expected to have a strong effect on how well the models will be 
able to estimate peak antibody time. In order to quantify this, we fitted models to a series of 
datasets simulated using a range of peak antibody levels and decay rates. The effect of the 
different function shapes was then quantified as the mean reduction in the peak antibody 
interval time. Peak antibody levels (serovar Pomona) were generated from distributions with 
mean 7 and standard deviations 0.5, 1, 2 and 3. Decay rates (serovar Pomona) were 
generated from normal distributions with means 0.005, 0.001, 0.0005, 0.0001 and standard 
deviation 0.0002. Figure A.9 shows antibody decay for the different decay rates. Model 
parameters were fit for each combination of peak antibody level and decay rate distributions. 
Model performance was clearly dependent on the characteristics of antibody decay, where 
smaller variation in peak antibody level and/or faster decay resulted in more accurate 
estimates of peak antibody time, and larger gains of the posterior distribution of peak 
antibody times relative to the prior uniform interval (Table A.7). 
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Figure A.9. Antibody decay curves for different decay rates. 
 

Last, in order to quantify the effect of decay rate on how well the method can be expected 
to estimate peak antibody time, we calculated the time needed to decay from antibody level 8 to 
6 log2 dilution units for a range of decay rates (Figure A.10). A larger time window will result in 
a less precise estimate of peak antibody time, and Figure A.10 clearly illustrates that decay rate 
will be a major determinant of how well a time-of-infection estimation method can be expected 
to perform. 
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Peak antibody interval reduction (%) Relative entropy (bits) 

Peak Ab 
SD (log2 

units) 

Decay rate (log2 units/day) Peak Ab 
SD (log2 

units) 

Decay rate (log2 units/day) 

0.005 0.001 0.0005 0.0001 0.005 0.001 0.0005 0.0001 

0.5 49 52 39 10 0.5 1.04 1.07 0.71 0.11 
1.0 48 40 27 8 1.0 1.01 0.75 0.44 0.07 
2.0 41 30 17 7 2.0 0.75 0.51 0.23 0.05 
3.0 37 21 13 6 3.0 0.66 0.33 0.17 0.04 

Table A.7. Model performance on individual seroconversion time (𝜽𝒊). Gained information on 
seroconversion time relative to the prior knowledge, a uniform interval bound by the last negative and 
first positive samples. Left: the percentage by which the seroconversion interval size was reduced, where 
the 95% CrI of the posterior distribution was taken as the new interval. Right: the information gained by 
the posterior distribution, expressed as relative entropy, where a higher value indicates a larger 
information gain expressed in ‘bits’ units. 

Correlations between peak antibody level and covariates 
We tested whether observed peak antibody level correlated with certain variables, as such 

a correlation could be integrated into a model of peak antibody time and improve the posterior 
estimate. Peak antibody level was approximated by the level of the first positive sample for the 
subset of 54 individuals that had been infected recently (see 5.3.2.1). Variables tested were: sex, 

Figure A.10. The number of days (window size) it takes for antibodies to decay from 8 to 6 log2 
dilution units, for a range of biologically realistic decay rates. The yellow dot marks a decay rate close 
to the one estimated for serovar Pomona. Inset figures show the decay function for selected decay rates, 
with the window between antibody levels 8 and 6 indicated with dotted lines. 
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body weight, a body condition score, age class, reproductive status, birth year and sample 
collection month. Correlations were tested for each variable using a linear model with normal 
error distribution, using 𝑙𝑜𝑔ଶ antibody level as outcome variable. The linear models were fitted 
using rjags (Plummer 2019), with uninformative normal prior 𝑁ሺ0,100ሻ for the effect estimates. 

There were no variables for which the 95% credible intervals did not include 0. 
The same analysis was performed using peak antibody levels estimates from the models 

instead of observed values for recently negative individuals. Similarly, no significant effects 
were observed.  

Peak antibody levels of serovars Pomona and Autumnalis 
Because a preliminary analysis of the antibody levels for serovars Pomona and 

Autumnalis suggested a linear correlation, we explicitly incorporated this into the Bayesian 
model to test whether this was indeed the case. This was done using a multivariate normal 
distribution for the peak antibody levels of both serovars. The model indeed found a strong 
correlation between the two (Figure A.11). where peak antibody levels for serovar Pomona are 
on average 0.67 𝑙𝑜𝑔ଶ units lower than those for serovar Autumnalis, with a slope of 0.99 (95% 
CrI 0.90 to 1.14) and an R2 value of 0.99 (95% CrI 0.94 to 1.00). 

 

 

Figure A.11. Correlation between peak antibody levels for serovars Pomona and Autumnalis. (A) 
Posterior means of each individual. (B) Posterior MCMC samples of the overall means of peak antibody 
level for the last 20,000 iterations 

Predictors of model performance 
We tested whether any variables correlated with an individual’s reduction in the peak 

antibody interval size. Candidate variables were prior peak antibody interval size, number of 
samples, time range covered by the samples, estimated peak antibody level and estimated decay 
rate for serovar Pomona. Correlations were tested using linear models with a log-transformed 
interval reduction outcome variable. Results are shown in Table A.8, Table A.9, and Figure A.4.  
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Variable 
Effect 

estimate 
F value 

(df) 
P value AIC 

Prior peak antibody 
interval size 

0.14 36.9 (305) < 0.0001 298 

Number of samples -0.04 2.3 (305) 0.13 331 

Time range of samples -0.01 0.2 (305) 0.63 333 

Peak antibody level 
posterior mean 

0.08 10.6 (305) 0.001 323 

Decay rate posterior 
mean 

0.19 81.4 (305) < 0.0001 260 

Antibody level of the 
first positive sample 

0.05 5.4 (305) 0.02 328 

Table A.8. Statistics for the correlations between outcome variable ‘% peak antibody interval 
reduction’ and candidate variables. 
 

Variable AIC 

Peak level + decay rate + interval size 156 

Decay rate + interval size 210 

Decay rate + peak level 230 

Peak level + decay rate + number of 
samples 231 

Decay rate + first positive level 248 

Decay rate posterior mean 260 

Peak level + interval size 282 

Prior peak antibody interval size 298 

Peak antibody level posterior mean 323 

Peak level + number of samples 323 

Antibody level of the first positive sample 328 

Number of samples 331 

Time range of samples 333 

Table A.9. AIC values for linear regression models including single and multiple variables fitted to 
outcome variable ‘% peak antibody interval reduction’.  
Sorted by AIC value 
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JAGS code 
JAGS code for the double exponential model.  

# priors 
for(j in 1:length(neg.int)){ 

    
# multivariate distribution for pomona and autumnalis peak antibody levels 
mu_pom_aut[j,1:2] ~ dmnorm(mu_pom_aut_mean,mu_pom_aut_precision) 

    
# extract mean peak levels for pomona and autumnalis 
mu_pomona[j] <- mu_pom_aut[j,1] 
mu_aut[j] <- mu_pom_aut[j,2] 

    
# decay rates pomona and autumnalis 
decay_pomona[j] ~ dnorm(decay_overall_pomona,decay_tau_overall_pomona) 
decay_aut[j] ~ dnorm(decay_overall_aut,decay_tau_overall_aut) 

    
# time between peak level and first positive, shared between pomona and autumnalis 
theta[j] ~ dunif(neg.int[j],0) 

} 
   

sigma_pomona ~ dunif(0,50) 
tau_pomona <- 1/(sigma_pomona*sigma_pomona) 

   
sigma_aut ~ dunif(0,50) 
tau_aut <- 1/(sigma_aut*sigma_aut) 
 
lab_effect ~ dnorm(0,0.01) 

   
   
#hyper priors 
   

# multivariate pomona autumnalis mean and sd 
mu_pom_aut_mean ~ dmnorm(mu_means,tau_means) 

Figure A.12. Peak antibody interval reduction (heatmap colors) for key correlates decay rate, peak 
antibody interval size, and level of the first positive sample. 
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mu_pom_aut_precision ~ dwish(omega,wishdf) 
   

# extract individual means peak level 
mu_overall_pomona <- mu_pom_aut_mean[1] 
mu_overall_aut <- mu_pom_aut_mean[2] 

   
# multivariate precision matrix 
inverse_mu_pom_aut_precision <- inverse(mu_pom_aut_precision) 
sigma_overall_pomona <- inverse_mu_pom_aut_precision[1,1]^(1/2) 
sigma_overall_aut <- inverse_mu_pom_aut_precision[2,2]^(1/2) 

   
# decay rates   
decay_overall_pomona ~ dgamma(decay.rate.mean.prior.shape.pomona,decay.rate.mean.prior.rate.pomona) 
decay_sigma_overall_pomona ~ dgamma(decay.rate.sd.prior.shape.pomona,decay.rate.sd.prior.rate.pomona) 
decay_tau_overall_pomona <- 1/(decay_sigma_overall_pomona*decay_sigma_overall_pomona) 

   
decay_overall_aut ~ dgamma(decay.rate.mean.prior.shape.aut,decay.rate.mean.prior.rate.aut) 
decay_sigma_overall_aut ~ dgamma(decay.rate.sd.prior.shape.aut,decay.rate.sd.prior.rate.aut) 
decay_tau_overall_aut <- 1/(decay_sigma_overall_aut*decay_sigma_overall_aut) 

   
   
# likelihood 

for(i in 1:length(time)){ 
# predicted level pomona 
titer_pred_pomona[i] <- lab_effect*lab[i] + mu_pomona[id[i]]*exp(-decay_pomona[id[i]]*(time[i]-

theta[id[i]])) 
true_titer_pomona[i] ~ dnorm(titer_pred_pomona[i],tau_pomona) 
 
# interval censoring 
titer_pomona[i] ~ dinterval(true_titer_pomona[i], c(1,2,3,4,5,6,7,8,9,10,11,12,13)) 

    
# predicted level autumnalis 
titer_pred_aut[i] <- lab_effect*lab[i] + mu_aut[id[i]]*exp(-decay_aut[id[i]]*(time[i]-theta[id[i]])) 
true_titer_aut[i] ~ dnorm(titer_pred_aut[i],tau_aut) 
 
# interval censoring 
titer_aut[i] ~ dinterval(true_titer_aut[i], c(1,2,3,4,5,6,7,8,9,10,11,12,13)) 

    
# store sum loglikelihood as parameter for WAIC calculation 
LogLik[i] = log(dnorm(titer_pomona[i], true_titer_pomona[i],tau_pomona)) + log(dnorm(titer_aut[i], 

true_titer_aut[i],tau_aut)) 
} 
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Supplementary information for 5.3.2.4. and 6.3.2.4  

 

Figure A.13. Longitudinal antibody titer dynamics in Channel Island foxes. 
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Figure A.14. Differences in antibody titer magnitude for a subset (n=32) of samples that were run to 
endpoint for serovars Autumnalis and Pomona at all three labs  
 
 

Serovar 
Pomona 

titer level 
at Lab A 

0 1:100 1:200 1:400 1:800 1:1600 1:3200 1:6400 1:12800 1:25600 1:51200 

0 (but 
pos 

against 
Aut) 

# Samples 
chosen for 

comparison 
10 3 3 3 3 3 3 3 4 2 3 6 

Table A.10. The number of samples chosen per serovar Pomona titer level at Lab A for inter-lab 
titer comparison. 
 

Supplementary information for 5.3.4. and 6.3.4. 

This information can be found at: https://github.com/bennyborremans/CSL_lepto_outbreak_model 
 




