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ABSTRACT: We developed a stochastic susceptible–exposed–infectious–removed (SEIR) model to
simulate a range of plausible morbillivirus outbreak scenarios in a randomly mixing population of 170
endangered Hawaiian monk seals (Neomonachus schauinslandi). We then modeled realistic vaccination
and quarantine measures to determine the potential efficacy of such mitigation efforts. Morbillivirus
outbreaks represent substantial risk to monk seals—91% of simulated baseline outbreaks grew (R0.1),
and in one-third of the scenarios all, or nearly all, individuals were infected. Simulated vaccination efforts
in response to an outbreak were not effective in substantially reducing infections, largely because of the
prolonged interval between vaccination and immunity. Prophylactic vaccination, in contrast, could be an
effective tool for preventing outbreaks. Herd immunity is practically achievable because of the small sizes
of monk seal populations and the animals’ accessibility on shore. Adding realistic spatial structure to the
model, as informed by movement of seals tracked in the main Hawaiian Islands with the use of telemetry,
greatly reduced the simulated impact of outbreaks (�10 seals were infected in 62% of spatially structured
simulations). Although response vaccination remained relatively ineffective, spatial segregation allowed
herd immunity to be achieved through prophylactic vaccination with less effort. In a randomly mixing
population of 170 seals, 86% would need to be vaccinated to achieve herd immunity in 95% of simulated
outbreaks, compared to only approximately 60% in three spatially segregated subgroups with the same
combined abundance. Simulations indicate that quarantining a modest number (up to 20) of ill seals has
the potential to extinguish even fast-growing outbreaks rapidly. The efficacy of quarantine, however, is
highly dependent upon rapid detection and response. We conclude that prophylactic vaccination
combined with a quarantine program supported by vigilant surveillance and rapid, reliable diagnosis could
greatly mitigate the threat of a morbillivirus outbreak in Hawaiian monk seals.
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INTRODUCTION

Epizootic disease can have devastating
effects on wildlife populations, especially on
isolated or small populations (MacPhee and
Greenwood 2013; Gordon et al. 2015). Ap-
proximately 1,300 Hawaiian monk seals (Neo-
monachus schauinslandi) remain throughout
the Hawaiian Archipelago (Baker et al. 2016b).
The species has extremely low genetic diversity
(Schultz et al. 2009) and has not been exposed
to many mammalian diseases because of its
isolation for millions of years (Scheel et al.
2014). Consequently, outbreaks of diseases to
which monk seals have not been previously
exposed could have devastating impacts. Mor-
billiviruses, specifically phocine distemper vi-
rus (PDV) and canine distemper virus (CDV),

have caused mass die-offs of phocids (Grachev
et al. 1989; Heide-Jørgensen and Harkonen
1992; Kennedy et al. 2000; Jensen et al. 2002).
To date, surveys for infectious disease indicate
that Hawaiian monk seals have not been
exposed to morbilliviruses (Aguirre et al.
2007). Thus, their naivety to morbillivirus
exposure increases concern about potential
impacts of an epizootic in monk seals.

Infectious disease modeling can elucidate
the likely course of outbreaks and help
identify the most effective and efficient
approaches to their mitigation (Vynnycky
and White 2010). Available tools to prevent
or control disease outbreaks in wild popula-
tions include vaccination (either prophylactic
or in response to an outbreak), quarantine,
and culling. Because of the endangered status
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of Hawaiian monk seals, culling is not
considered a viable option.

Here, we present a modeling effort that
integrates relevant information about morbil-
liviruses in general, PDV in phocids in
particular, and species-specific information
on Hawaiian monk seal population dynamics,
spatial structure, and contact patterns. The
model is used both to simulate a range of
plausible outbreak trajectories and to explore
mitigation options. Because there are great
uncertainties associated with many of the
model parameters, we do not attempt to
predict the most likely outcomes. Rather,
our objective is to identify which measures,
applied at practically achievable scales, have
the potential to prevent or minimize the
growth of a simulated plausible range of
morbillivirus outbreak trajectories.

MATERIALS AND METHODS

Baseline susceptible–exposed–infectious–

removed model

To generate a baseline range of plausible
outbreaks, we used a simple compartmental
susceptible–exposed–infectious–removed (SEIR)
model (Vynnycky and White 2010). In the model,
the epidemic is initiated by the introduction of an
exposed individual into the population, and the
model then tracks the progression of the outbreak
as individual seals transition among states (sus-
ceptible, exposed, etc.). We assume that any
morbillivirus infection and the vaccine will be
permanently immunizing (Duignan et al. 2014).
Although we cannot predict the lethality of a
morbillivirus infection in monk seals, the final
model compartment (removed) accommodates
both survivors with life-long immunity and
fatalities, which are equivalent in terms of
modeling. The simulated population is closed
(does not change due to births, deaths, immigra-
tion, or emigration).

The SEIR model is governed by the following
equations:

Stþ1 ¼ St ��bðStItÞ

Etþ1 ¼ Et þ bðStItÞ � rEt

Itþ1 ¼ It þ rE� cIt

Rtþ1 ¼ Rt þ cIt

where St, Et, It, and Rt are the number of
susceptible, exposed, infectious, and removed
individuals at time t (in days). Their sum is N,
the total population size. The effective contact
rate (b) is the probability of effective contact
between two specific individuals per day, and we
assume random mixing among individuals. As is
common for wildlife populations, we assume
contact is density dependent (Vynnycky and
White 2010). The rate at which exposed individ-
uals become infectious (r) is the inverse of the
latency period, and c is the rate at which
infectious individuals recover or die (inverse of
the infectious period, D).

Ours is a discrete time model, with each time
step equal to 1 d, such that all temporal rate
parameters are defined per day. Each day, the
value for the number of individuals in each
compartment is equal to the number present at
the previous day adjusted in accordance with the
incremental change described by the preceding
difference equations (Fig. 1A).

Vaccination response module

We expanded the baseline SEIR model to
simulate a program of post-outbreak vaccination
response. The following additional parameters
governed the progression of this module: 1) ndet is
the threshold number of infectious seals for an
outbreak to be detected, 2) tresp is the time for
managers to mount a response and begin
vaccination, 3) v is the vaccination rate (propor-
tion of susceptible and exposed seals vaccinated
per day), and 4) timm is the number days from
vaccination until immunity.

In a simulated response vaccination scenario,
an outbreak begins according to the baseline
scenario, and once ndet seals have become
infectious, the outbreak is detected. Following
tresp days of mobilization, vaccination of any seals
that have not already exhibited symptoms (sus-
ceptible and exposed) are vaccinated at a constant
rate (v). Any seal that has already been exposed,
or becomes exposed within timm days of being
vaccinated, will become infectious. Those that are
not exposed prior to, or within timm days
postvaccination, become immune and move to
the removed compartment (Fig. 1B).

Prophylactic vaccination and herd immunity

Use of prophylactic vaccination to confer herd
immunity prior to an outbreak is a further
mitigation measure. Herd immunity is achieved
when sufficient individuals are immunized such
that the number of susceptible seals in the
population is reduced to a level whereby R0,1
(Vynnycky and White 2010, defined above as the
product bND). Substituting 1 for R0 and S for N
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FIGURE 1. (A) The baseline Hawaiian monk seal (Neomonachus schauinslandi) susceptible–exposed–
infectious–recovered (SEIR) simulation model process. At the start of a simulation, an exposed individual is
introduced into an entirely susceptible population and becomes infectious following the latent period.
Susceptible individuals become exposed through effective contact with infectious individuals (according to the
contact rate). Exposed individuals become infectious after latency, and finally move to the removed
compartment following the infectious period. (B) The Hawaiian monk seal (Neomonachus schauinslandi) SEIR
model with response vaccination module is identical to the baseline, except that after a threshold number of
infectious individuals exists, the outbreak is detected. Next, after the response time elapses, vaccination of
apparently healthy individuals (susceptible and exposed) is carried out according to the vaccination rate.
Vaccination of exposed individuals has no effect; they become infectious following latency. Susceptible
individuals that are vaccinated may become exposed (to infectious individuals according to the contact rate)
before the time to immunity has elapsed, and then progress to infectious and removed. Alternatively, if
susceptible vaccinated individuals are not exposed before the time to immunity has elapsed, they become
immune, and move to the removed compartment, bypassing the infectious compartment. (C) The Hawaiian
monk seal (Neomonachus schauinslandi) SEIR model with quarantine response module is identical to the
baseline, except that after a threshold number of infectious individuals exists, the outbreak is detected. Next,
after the response time elapses, ill (infectious) individuals are captured according to the quarantine rate and
moved directly to the removed compartment.
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and rearranging gives the maximum number of
susceptible individuals that may exist and achieve
herd immunity: (bD)�1. In a fully unexposed and
unvaccinated population, all individuals are sus-
ceptible such that initially, S is equivalent to the
total population size (N). Thus, N�(bD)�1 repre-
sents the number of individuals that must be
vaccinated to achieve herd immunity in a total
population of N. We used the random combina-
tions of b and D from the baseline scenarios along
with a fixed N (170 seals) to generate a
distribution of the number of seals to vaccinate
for herd immunity.

Quarantine module

This module simulates quarantine of ill indi-
viduals, thereby removing them from the infec-
tious compartment. Parameters involved in
simulating quarantine include: ndet and tresp

defined as above, and q is the capture rate
(proportion of infectious seals brought into
quarantine per day), and qmax is the maximum
number of individuals that can be held in
quarantine.

Under this scenario, once an outbreak occurs, is
detected (per ndet) and quarantine is initiated (per
tresp), recognizably ill seals (infectious) are cap-
tured and brought into quarantine according to q,
until the capacity for quarantine (qmax) has been
met, at which time no additional seals are brought
into quarantine. Quarantined seals are treated as
removed (Fig. 1C).

Parameter distributions and simulation process

Considerable uncertainty is associated with all
of the key parameters that drive the baseline
SEIR model, as well as the vaccination and
quarantine modules. The best estimates for each
parameter and their associated ranges were
derived from information about Hawaiian monk
seal biology, decades of experience with fieldwork
logistics, PDV outbreak parameters, and vaccina-
tion trials in other seal species. These values are
presented in the Results and their supporting
information is documented in the Supplementary
Material. We generated uniform distributions
bounded by each parameter’s plausible range.
For most parameters, the range was not symmet-
rical around the best estimate. We therefore
partitioned each parameter into a stepped uni-
form distribution where the median value equals
the best estimate.

The Hawaiian monk seal (Neomonachus
schauinslandi) metapopulation comprises multi-
ple subpopulations distributed throughout the
2,600-km-wide Hawaiian Archipelago (Fig. 2).
Most seals reside in the remote Northwestern
Hawaiian Islands, and the remainder in the main

Hawaiian Islands (Baker et al. 2011). Because of
their remote nature and limited human presence,
there is relatively low probability of timely
detection and response to outbreaks in the
Northwestern Hawaiian Islands. In contrast, seals
are conspicuous and accessible in the main
Hawaiian Islands; thus we designed the simula-
tions to represent this latter region. For example,
we specified a fixed population size of 170 seals
for all simulations, which is comparable to recent
estimates for the main Hawaiian Islands (Baker et
al. 2011).

To generate a range of plausible baseline
outbreak trajectories, 1,000 SEIR parameter sets
were randomly drawn from the distributions for
contact rate, latency, and infectious period. A 200-
d outbreak was then simulated for each of the
1,000 parameter sets, and summary information,
such as the basic reproductive number, R0, and
total number of seals infected, was stored. The
expected number of secondary infections arising
from an infectious individual entering an entirely
susceptible population (R0) is directly calculable,
thus:

R0 ¼ bND

where, again, b is the contact rate, N is the total
population size, and D is the duration of the
infectious period, or the inverse of c (Vynnycky
and White 2010).

To evaluate vaccination response as a tool to
mitigate outbreaks, 1,000 vaccination response
trajectories (using parameter sets randomly drawn
from the distributions of ndet, tresp, v, and timm)
were run for each of the above 1,000 baseline
scenarios, and summary statistics such as mean,
median, 5th and 95th percentiles of the resulting
number of seals infected, were stored. Mean
vaccination efficacy was calculated as the mean
proportional reduction in infections with vaccina-
tion compared to baseline. Quarantine response
efficacy was evaluated in an analogous manner,
with 1,000 quarantine simulations for each of the
1,000 baseline scenarios.

Heterogeneous contact—size and sex class

The simulations described thus far assumed
random (homogeneous) contact among all mem-
bers of the population. However, Baker et al.
(2016a) found statistically significant differences
in contact rates within and among some size/age
and sex classes of Hawaiian monk seals. We used a
more complex model with heterogeneous contact
to explore whether these class-specific contact
rates would substantially influence outbreak
trajectories.

We created a heterogeneous contact model
with four size classes (pup, juvenile, subadult, and
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adult) and two sexes, for a total of eight classes,
and 36 unique intra- and interclass pairings
following Baker et al. (2016a). Contact rates
between classes i and j are denoted by bij, and
the heterogeneous contact model maintains sep-
arate accounting for the number of seals in each
class within each SEIR category. Contact rates
govern changes in the susceptible and exposed
model compartments. At each time step, the
number of susceptible seals in class i that become
exposed is the sum of the number of susceptible
seals of class i exposed to infectious seals of all
classes, calculated using the unique bij for each
inter-class pairing. Thus, the number of exposed
seals in class i at time tþ1 is

Ei;tþ1 ¼ Ei;t þ
X8

j¼1

bijðSi;tIj;tÞ � rEi;t

Similarly, the summation term above gives the
reduction in number of susceptible seals in class i
that transition from susceptible to exposed.

With the use of association data, Baker et al.
(2016a) estimated a population mean b assuming
random mixing, as well as 36 bijs for the monk seal
population residing at Laysan Island in 1991. To
evaluate the influence of homogeneous contact on
outbreak trajectories, we compared a set of
simulations using the baseline SEIR model with
a fixed b assuming random mixing, to a separate
set of simulations using the heterogeneous contact
model parameterized with the bijs estimated by
Baker et al. (2016a). Trajectories using all possible
combinations for the remaining SEIR parameters
(latency and infectious period) were run in both
the homogeneous and heterogeneous contact
models. Further, in the heterogeneous contact
model, the class of the first exposed individual was
randomly assigned in each simulation. Finally,
recognizing that the size and sex class structure of
the simulated population could influence the
trajectory of outbreaks with heterogeneous con-

tact, we conducted the above comparison of
homogeneous with heterogeneous contact using
two different realistic class structures. The first
was that observed at Laysan Island 1991 (the
population in which the contact rates were
estimated), and other was the estimated size/sex
structure of the population in the main Hawaiian
Islands in 2014 (Table 1; Johanos 2015a, b). Both
structures were scaled to total population size of
170 seals.

Influence of spatial structure

Spatial structuring of the population could also
influence contact patterns and outbreak trajecto-
ries, as seals present on the same island will have a
higher probability of contacting one another than
a seal on a different island. To explore this matter,
we constructed a spatially structured model
featuring separate spatial nodes in each of which

FIGURE 2. The Hawaiian Archipelago, with demarcations showing the extent of the Northwestern and main
Hawaiian Islands. Place names of most islands and atolls where Hawaiian monk seals (Neomonachus
schauinslandi) occur are noted.

TABLE 1. Hawaiian monk seal (Neomonachus
schauinslandi) body size and sex class structures at
Laysan Island in 1991, and in the main Hawaiian
Islands in 2014. Values indicate the proportion of the
total population in each class.

Proportion of the total population

Class
Laysan Island

(1991)
Main Hawaiian
Islands (2014)

Adult female 0.294 0.224

Adult male 0.353 0.241

Subadult female 0.047 0.071

Subadult male 0.053 0.082

Juvenile female 0.053 0.094

Juvenile male 0.076 0.082

Pup female 0.041 0.076

Pup male 0.082 0.129
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ran an SEIR model (identical to that depicted in
Fig. 1A). All individual seals within each node
were subject to daily probabilities of moving
between nodes. Outbreaks were initiated by
introducing a single exposed seal to one of the
nodes (randomly selected). Outbreaks then grew
within the initial node and would spread to other
node(s) if one or more exposed or infectious seals
moved. In order to maintain comparability with
the baseline SEIR (nonspatially structured) sim-
ulations, the total population of individual seals
was equally divided among spatial nodes at the
initiation of each simulation. As above, 1,000
simulations with randomly drawn parameters
were performed, each one now combined with
random movement realizations. Finally, to evalu-
ate how the efficacy of response vaccination might
be affected by seal movement patterns, we also
conducted vaccination response simulations (as in
Fig. 1B) incorporating spatial structure as above.
In these scenarios, once an outbreak has been
detected, vaccination is initiated at all spatial
nodes simultaneously.

The number of nodes and movement rates
amongst nodes was determined with the use of
data from 20 monk seals tracked with global
positioning system (GPS) cell phone instruments
in the main Hawaiian Islands during 2007–2014
(Wilson 2015; Robinson 2016). Daily movement
rates were estimated with the use of the number
of documented movements between two specific
islands completed by all seals divided by the total
number of seal tracking days.

Summary of simulation scenarios and

comparisons

We compared the above series of simulation
scenarios to elucidate both patterns that influ-
enced the plausible range of outbreak trajectories,
as well as which mitigation measures, vaccination
or quarantine, might prove effective in mitigating
outbreaks. Table 2 summarizes the specific
comparisons made and the insights they were
designed to provide.

RESULTS

Parameter space

Best estimates and ranges for parameters
governing transition among baseline SEIR
model compartments as well as parameters
governing vaccination and quarantine re-
sponse are presented in Table 3. For details
regarding how these values were determined
see Supplementary Materials.

Baseline simulations

The behavior of the simulated baseline
outbreaks was variable and exhibited realistic
properties and trajectories. For example, the
distribution of R0 values had a wide range but
presented a strong mode between 1 and 2.5,
which corresponds with the range of R0 values
Lonergan et al. (2010) estimated for the 1988
and 2002 PDV outbreaks in UK harbor seals
(Fig. 3). The basic reproductive number (R0)
exceeded 1 in 91% of the baseline scenarios,
meaning that in these cases the outbreak
would grow. In 33% of the scenarios, all or
nearly all (�167) of the 170 seals became
infected by day 200. The median number
infected was 156.

Vaccination

We compared the total number of seals
infected in simulations with and without
vaccination response, but only for those
baseline scenarios where R0�1 (thereby
excluding trivial cases where the simulated
outbreak would not grow). The mean re-
sponse vaccination efficacy was only 0.15.
Expected efficacy peaked at 0.42 in scenarios
where R0 was approximately 1.6 and rapidly
declined at higher values (Fig. 4). The
limited efficacy was not due to failure to
administer vaccinations; the simulated mean
number vaccinated in all scenarios with
R0.1 was 113 seals in a total population of
170. Rather, a large portion of the seals
vaccinated had either already been exposed
(especially in faster growing outbreaks) or
became exposed after vaccination but prior
to achieving immunity. In contrast, analysis
of the baseline scenarios revealed that to
achieve herd immunity in 95% of the
simulated baseline outbreaks, 86% (146
seals) of the population would need to be
prophylactically vaccinated.

Heterogeneous contact

Comparison of scenarios with random
versus heterogeneous contact revealed that
the observed class-specific contact patterns
(Baker et al. 2016a) had little influence on
outbreak trajectories. The total number of
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seals infected did not vary appreciably either
with homogeneous or heterogeneous mixing,
regardless of which size-sex class structure
was simulated or which class of seal was first
exposed (Fig. 5).

Spatial structure

Twenty seals fitted with GPS tags were
tracked for a combined total of 2,988 seal-
days. Seven seals were tagged on Kauai, seven
on Oahu, and six on Molokai, and at least one
of these seals was documented at all eight
main Hawaiian Islands. To simplify the

spatially structured SEIR model, we parti-

tioned the main Hawaiian Islands into three

nodes. There was frequent movement be-

tween adjacent Ni’ihau and Kauai Islands, so

these were combined as one node. Oahu was a

second node, and the four nearby islands that

constitute Maui Nui (Molokai, Lanai, Kahoo-

lawe, and Maui) were combined as the third

node. There was only one documented

movement to Hawaii Island at the eastern

end of the archipelago, and very few monk

seals use that island, so it was excluded from

spatial analysis.

TABLE 3. Parameter space for susceptible–exposed–infectious–recovered (SEIR) modeling of morbillivirus
outbreaks in Hawaiian monk seals (Neomonachus schauinslandi). Lowest and highest values define the range,
with best values also provided. See Supplementary Materials for further detail.

Values

Parameter Lowest Best Highest

Contact rate (b) 0.000374 0.001122 0.003366

Latency period (1/r) 1 d 5 d 7 d

Infectious period (D¼1/c) 7 d 12 d 18 d

Threshold ill seals to detect outbreak (Ndet) 1 10 30

Response time (tresp) 0 d 2 d 4 d

Vaccination rate (v) 0.01 0.07 0.20

Time to immunity (timm) 21 45 120

Quarantine capture rate (q) 0.5

Maximum in quarantine (qmax) 20

TABLE 2. Summary of susceptible–exposed–infectious–recovered (SEIR) model scenarios used to address
specific questions regarding plausible trajectories of morbillivirus outbreaks in simulated Hawaiian monk seal
(Neomonachus schauinslandi) populations. The potential efficacies of mitigation measures (response vaccination
and quarantine) are also assessed.

Scenarios compared Question

Baseline versus vaccination response Is response vaccination likely to reduce the number of
seals infected substantially?

Baseline versus class-specific contact Is heterogeneous contact among size and sex classes
likely to influence outbreak trajectories substantially?

Baseline versus spatially structured Are observed spatial structure and movement patterns
of seals in the main Hawaiian Islands likely to
influence outbreak trajectories substantially?

Spatially structured no response versus spatially
structured vaccination response

Are observed spatial structure and movement patterns
of seals in the main Hawaiian Islands likely to
influence the efficacy of response vaccination?

Baseline versus quarantine response Is quarantine response likely to reduce the number of
seals infected substantially?

BAKER ET AL.—MONK SEAL MORBILLIVIRUS OUTBREAK MODELING 7



No seal was documented moving directly
between Maui Nui and Kauai-Ni’ihau without
landing at Oahu on the way. Therefore, the
spatial SEIR model incorporated two bidirec-
tional daily per capita movement rates linking
the three nodes: Kauai-Ni’ihau to/from Oahu
at 0.0031 movements/(seal3day) and Oahu to/

from Maui Nui at 0.0048 movements/(seal3-
day).

Introducing spatial structure in the mod-
eled population strongly affected the outcome
of simulated outbreaks. The distribution of
the total number of seals infected in the
spatially structured scenarios was markedly
different from the baseline scenarios (Fig. 6).
Fewer than 10 seals were infected in 62% of
the spatially structured scenarios.

Although the simulated growth and extent
of outbreaks was greatly reduced when spatial
structure was incorporated into the model, the
mean efficacy of response vaccination was
only slightly higher (0.18 versus 0.15) than in
the baseline scenario. In contrast, the exis-
tence of three semi-isolated spatial nodes
within the modeled population effectively
reduced the threshold for achieving herd
immunity through prophylactic vaccination.
If the three separate nodes were completely
isolated, their combined abundance was N,

FIGURE 5. Distributions of the total number of
Hawaiian monk seals (Neomonachus schauinslandi)
infected during 1,000 simulated morbillivirus out-
breaks. Box plots indicate median (dark line), 25th and
75th percentiles (box), and range (whiskers). (A)
Homogeneous and heterogeneous contact with Laysan
Island 1991 size and sex class structure. (B) Homoge-
neous and heterogeneous contact with main Hawaiian
Islands 2014 size and sex class structure. (C)
Heterogeneous contact showing variation with size
and sex of the first individual exposed, Laysan Island
1991 age and sex structure. (D) Heterogeneous
contact showing variation with size and sex of the first
individual exposed, main Hawaiian Islands 2014 age
and sex structure. A¼adult, S¼subadult, J¼juvenile,
P¼pup, F¼female, M¼male.

FIGURE 3. Distribution of 1000 R0 values from
baseline morbillivirus outbreak simulations in a
Hawaiian monk seal (Neomonachus schauinslandi)
population. The solid line above the distribution
indicates the 95% confidence interval ranges estimat-
ed for 1988 (lower line) and 2002 (upper line) phocine
distemper virus (PDV) outbreaks in UK harbor seals
(Phoca vitulina, from Lonergan et al. 2010).

FIGURE 4. Relationship between efficacy of re-
sponse vaccination, defined as the proportional
reduction in infections, and R0, the basic reproductive
number in morbillivirus outbreak simulations in a
Hawaiian monk seal (Neomonachus schauinslandi)
population. For each of 1,000 baseline outbreak
simulations, 1,000 vaccination response scenarios were
run. Mean (open circles), fifth (filled circles), and 95th
percentiles (crosses) represent the distribution of
response vaccination efficacy for each baseline sce-
nario.
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and at least (bD)�1 individuals were present in
each node, then the number required to
vaccinate in order to achieve herd immunity
in all three nodes would be N�3(bD)�1, which
is less than required in a single population of
size N, namely, N�(bD)�1. This is approxi-
mately the same situation as the spatially
structured model scenario, except that the
modeled nodes are linked by small daily
movement probabilities, such that chance
movements could marginally diminish herd
immunity. Applying the calculation above for
three segregated nodes shows that herd
immunity could be achieved in approximately
95% of the spatially structured scenarios by
prophylactically vaccinating 60% of the seals
within each node (compared to 86% in the
baseline scenarios).

Quarantine

Efficacy of quarantining ill animals in
response to an outbreak varied greatly with
R0, but also strongly depended upon how
rapidly quarantine began. When R0 was low
(just above one), mean efficacy was also low
but rapidly rose to a peak of nearly 90%
reduction in infections when R0’2 (Fig. 7). As

R0 increased beyond 2, mean efficacy steadily
declined, accompanied by a dramatic increase
in the range of outcomes, such that the fifth
and 95th percentiles were approximately 0
and 1, respectively. This variability in efficacy
was largely driven by the threshold for
detecting an outbreak (ndet) and the time
between detection and commencing quaran-
tine (tresp). For example, if the first ill animal
were detected (ndet¼1), outbreaks could be
effectively halted even if initiation of quaran-
tine was delayed up to 4 d, regardless of the
R0 value (Fig. 8A). Even if six animals were ill
prior to detection (ndet¼6), quarantine could
still limit the number of infections, especially
if response time were rapid (Fig. 8B).
However, at higher values of ndet, infections
would tend outrun the quarantine effort,
resulting in limited efficacy, especially at
higher R0 values (Fig. 8C–F).

DISCUSSION

The baseline SEIR scenarios were intended
to provide a plausible range of morbillivirus
outbreak scenarios against which to measure
the relative efficacy of mitigation actions. This

FIGURE 7. Relationship between efficacy of quar-
antine, defined as the proportional reduction in
infections, and R0, the basic reproductive number in
morbillivirus outbreak simulations in a Hawaiian monk
seal (Neomonachus schauinslandi) population. For
each of 1,000 baseline outbreak simulations, 1,000
quarantine scenarios were run. Mean (open circles),
fifth (filled circles), and 95th percentiles (crosses)
represent the distribution of quarantine efficacy for
each baseline scenario.

FIGURE 6. Distributions of the number of Hawai-
ian monk seals (Neomonachus schauinslandi) seals
infected during simulated morbillivirus outbreaks in a
total population of 170. Black bars represent 1,000
baseline scenarios in which the entire population is
randomly mixing. Grey bars represent 1,000 spatially
structured scenarios in which the population is divided
into three separate nodes. Seals mix randomly within
each node and move between nodes according to daily
probabilities.
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objective was achieved as evidenced by the

correspondence of the mode of the simulated

R0 distribution with estimates of this param-

eter during actual epizootics in harbor seals

(Fig. 3). This is reassuring, considering that

the parameter space for contact rate and

duration of the infectious period (the variables

used to calculate R0 since population size was

fixed) was derived from behavioral observa-

tions of Hawaiian monk seals and studies of

captive harbor seals infected with PDV,

respectively. The baseline scenarios also

support apprehension regarding morbillivirus

in monk seals, as 91% of the simulated

FIGURE 8. Relationship between the mean number of Hawaiian monk seals (Neomonachus schauinslandi)
infected during simulated morbillivirus outbreaks, the basic reproductive number (R0), the threshold number of
infectious seals for an outbreak to be detected (ndet), and the time from detection until quarantine is initiated
(tresp). For each of 1,000 baseline outbreak simulations, 1,000 quarantine scenarios were run. Panels A–F present
increasing values of ndet (1, 6, 12, 18, 24, and 30) and values of tresp from 1 to 4 d. In each panel the dotted line
indicates the mean infected for baseline no-quarantine scenarios.
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outbreaks in a randomly mixing population of
170 seals had R0.1, and in a third of cases
nearly the entirely population was infected.

Heterogeneous contact patterns can pro-
foundly influence the trajectory of disease
outbreaks (Bansal et al. 2007), yet the
statistically significant differences in contact
rates estimated among Hawaiian monk seal
size and sex classes (Baker et al. 2016a) had no
appreciable effect on simulated outbreak
results (Fig. 5). This allowed us to assume
confidently homogeneous contact in the
vaccination, quarantine, and spatially struc-
tured scenarios, which greatly simplified
model structure.

Perhaps the most practical result of this
study was the determination that vaccination
efforts in response to an outbreak cannot be
relied upon to reduce the number of
individuals infected effectively (Fig. 4). The
crux of the failure of this approach is the
prolonged period between vaccination and
acquired immunity, which is not amenable to
improvement without compromising vaccine
safety. Prophylactic vaccination to achieve
herd immunity prior to an outbreak appears
to be the only viable vaccination strategy to
protect monk seals against potential morbil-
livirus outbreaks. Although this requires
immunizing a large proportion of the popu-
lation, the small number of monk seals
remaining and their accessibility makes this
a feasible prevention strategy. Accordingly, a
pilot prophylactic seal vaccination program
was initiated in Hawaii in 2016 (Malakoff
2016).

The spatially structured SEIR simulation
indicates that outbreaks in the main Hawaiian
Islands monk seal population would be far less
severe than they would be in a single,
randomly mixing population of equal abun-
dance. The low rate of movement among
islands relative to the plausible ranges of
latency and infectious period effectively limit
contact and disease spread, so that �10 seals
were infected in over 60% of the modelled
scenarios (Fig. 6). Another benefit of the
spatial structure of the main Hawaiian Islands
is that it substantially reduces the number of

seals that require vaccination to achieve herd
immunity.

Despite the promise that prophylactic
vaccination could shield Hawaiian monk seals
against a morbillivirus outbreak, there are
considerable uncertainties regarding whether
available vaccines (developed for CDV) would
in fact confer immunity to whatever strain of
PDV might appear in these seals. Controlled
studies of captive harbor seals indicate that
commercially available recombinant vaccines
for domestic species can be safely used in
phocids and that vaccinated seals mount CDV
antibody titers consistent with immunity
(Quinley et al. 2013). Similar unpublished
studies have been conducted in captive
Hawaiian monk seals. However, actually
challenging vaccinated individuals with viral
infection in these studies was precluded.

Fortunately, our simulations suggest that
quarantine could be an effective complemen-
tary or back up (should prophylactic vaccina-
tion fail) strategy. Quarantining even a
relatively small number of infected seals has
the potential to extinguish even severe (high
R0) outbreaks (Fig. 8A). However, the efficacy
of quarantine is highly sensitive to outbreak
detection and response times. These can be
minimized by surveillance (including clinical
monitoring, serology, histology, and PCR),
planning, and preparedness. In conclusion,
modeling indicates prophylactic vaccination
and quarantine supported by vigilant surveil-
lance are the best tools for mitigation of
morbillivirus risks to endangered Hawaiian
monk seals.
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