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ABSTRACT: Losses from infectious diseases are an important component of natural mortality among
marine fish species, but factors controlling the ecology of these diseases and their potential responses
to anthropogenic changes are poorly understood. We used viral hemorrhagic septicemia virus
(VHSV) and a laboratory stock of Pacific herring Clupea pallasii to investigate the kinetics of viral
shedding and its effect on disease transmission and host mortality. Outbreaks of acute disease,
accompanied by mortality and viral shedding, were initiated after waterborne exposure of herring to
concentrations of VHSV as low as 10! plaque-forming units (pfu) ml~!. Shed virus in flow-through
tanks was first detected 4 to 5 d post-exposure, peaked after 6 to 10 d, and was no longer detected
after 16 d. Shedding rates, calculated from density, flow and waterborne virus titer reached 1.8 to
5.0 x 10® pfu fish™! d~!. Onset of viral shedding was dose-dependent and preceded initial mortality by
2 d. At 21 d, cumulative mortality in treatment groups ranged from 81 to 100 % and was dependent
not on challenge dose, but on the kinetics and level of viral shedding by infected fish in the tank. Pos-
sible consequences of the viral shedding and disease kinetics are discussed in the context of epizootic

initiation and perpetuation among populations of wild Pacific herring.

KEY WORDS: Viral shedding - VHSV - Pacific herring - Clupea pallasii - Disease ecology

INTRODUCTION

Widespread in portions of the Northern Hemisphere,
viral hemorrhagic septicemia virus (VHSV) is one of
the most important pathogens of marine and fresh-
water fish, causing acute disease (viral hemorrhagic
septicemia, VHS) in a broad range of species (Skall et
al. 2005). Four major genogroups of VHSV have been
identified that generally correlate with geographic
range. Isolates of VHSV Genogroup IV have been
obtained from both marine and freshwater fishes in
North America and Japan. Two subtypes are known.
Isolates representing Genogroup IVa cause disease
and associated losses in marine and estuarine fishes
along the west coast of North America (Meyers & Win-
ton 1995, Hedrick et al. 2003) and in Japan (Mori et al.
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2002), while Genogroup IVb isolates are responsible
for emerging disease epizootics, some associated with
mass mortalities, in estuarine and freshwater fishes on
the east coast and Great Lakes regions of North Amer-
ica (Elsayed et al. 2006, Gagné et al. 2007, Groocock et
al. 2007, Lumsden et al. 2007).

Genogroup [Va isolates of VHSV from marine fish in
the North Pacific Ocean, hereafter referred to as
VHSYV, are highly pathogenic for Pacific herring Clu-
pea pallasii Valenciennes, 1847, and large epizootics
have occurred repeatedly throughout the eastern
North Pacific among free-ranging populations (Meyers
& Winton 1995, Kocan et al. 2001a, Hedrick et al. 2003)
and in confined stocks (Kocan et al. 1997, Hershberger
et al. 1999, 2001, 2006). Additionally, a leading hypo-
thesis for the collapse and failed recovery of Pacific
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herring populations in Prince William Sound, Alaska,
involves excess mortality from disease (Marty et al.
1998, 2003), although the precise role of VHS remains
controversial (Elston & Meyers 2009).

Factors contributing to the onset of VHS epizootics in
populations of wild marine fishes are not well under-
stood, but initial infection occurs following direct contact
with exogenous waterborne virus (Kocan et al. 2001a).
Laboratory studies show that epizootics are readily initi-
ated in naive stocks of Pacific herring after a 1 h water-
borne exposure to moderate levels (10° plaque-forming
units [pfu] ml™') or greater of VHSV (Kocan et al. 1997).
However, field surveys have detected only low titers of
virus (5 to 15 pfu ml™!) in samples of marine water col-
lected in the vicinity of free-ranging schools of herring
(Hershberger et al. 1999).

The objectives of this study were to determine the
minimum exposure thresholds required to initiate epi-
zootics of VHS in Pacific herring and to quantify the
kinetics of viral shedding from infected fish. These
empirically deduced infection thresholds and virus
shedding rates are discussed in the context of disease
initiation and perpetuation in wild marine fishes.

MATERIALS AND METHODS

Minimum exposure levels required to initiate VHS
epizootics in groups of 1+ yr old (mean length = 100 mm,
SD = 7.2 mm), specific pathogen-free (SPF) Pacific her-
ring (Hershberger et al. 2007) were determined by im-
mersing fish in seawater containing dilutions of a VHSV
isolate (99-292) representative of Genogroup [Va. Pacific
herring were exposed to 10?, 10? or 10° pfu ml1™! for dura-
tions of 1 or 24 h (see Table 1) in triplicate seawater
tanks; negative controls consisted of equivalent groups
of herring in triplicate tanks where phosphate buffered
saline (0 pfu ml™!) was added. Each replicate 270 1 tank
contained 27 to 31 SPF herring. Upon initiation of the
immersion challenges, seawater supply to each tank was
turned off and appropriate dilutions of stock virus or
saline (control groups) were added. Supply water was
turned back on after the predetermined exposure
durations (1 or 24 h). Thereafter, seawater supply to each
tank was maintained at 3.5 1 min~! for the remainder
of the study (21 d). To quantify the concentration of
virus in each treatment, water samples were collected
from each replicate at the beginning (1 min, %) and end
(t1n Or tyyy) of the static virus exposure periods. Addition-
ally, to ensure that challenge virus was washed out after
the 1 h and 24 h exposures, water samples were col-
lected from each tank after the water flow had been
restored for 2 h. Ambient seawater temperature during
the initial exposure period was 8.2°C, and averaged
8.5°C (range, 8.1 t0 9.5°C) during the experiment.

After exposure, titers of shed VHSV in each treat-
ment were determined by sampling 1 ml of flowing sea-
water from each replicate at daily intervals. Water sam-
ples were stabilized by addition of an equal volume of
GIBCO® Minimum Essential Medium supplemented
with 40% fetal bovine serum, 100 IU ml! penicillin,
100 pg ml! streptomycin and 100 pg ml™! gentamycin,
and buffered to pH 7.8 with 1 M Tris (MEM-40). Virus
titer in the stabilized samples was enumerated by
plaque assay using monolayer cultures of epithelioma
papulosum cyprini (EPC) cells pretreated with poly-
ethylene glycol (Batts & Winton 1989). Concentrations
of waterborne VHSYV in each treatment were reported
as the arithmetic means of titers from the 3 replicates
and were expressed as pfu ml™*.

Daily virus shedding rates (pfu fish™' d-!) were calcu-
lated as:

Shedding rate = (waterborne virus titer x
flow rate) / fish count,

(D

where waterborne virus titer (pfu ml™') was deter-
mined from daily water samples, flow rate was 3.5 1
min~!, and fish count was the total number stocked into
the tank minus the sum of mortalities from all previous
days.

Dead and moribund fish were sampled daily and all
survivors were euthanized with an overdose of tricaine
methanesulfonate (MS-222) and sampled 28 d post-
exposure. Kidney and spleen tissues were removed
from all sampled fish, pooled by replicate tank and
homogenized and serial 10-fold dilutions of the homo-
genates plated onto EPC cells for plaque assay. Viral
tissue titers were calculated from dilution and plaque
count and expressed as pfu g of tissue.

RESULTS

Waterborne titers of exogenous VHSV in the static
exposure tanks were similar at the beginning and end
of the 1 h exposure period, but declined appreciably by
the end of the 24 h exposure period (Table 1). Mean
exposure titers in the 10!, 102 and 10° groups exposed
to VHSV for 1 h were 40, 253 and 2693 pfu ml ! at ty
and 47, 340 and 3063 pfu ml™! after 1 h, respectively.
Mean exposure titers in the 10' and 102 groups ex-
posed to VHSV for 24 h were 27 and 407 pfu ml! at ¢,
and 0 and 53 pfu ml™! after 24 h. Water samples taken
2 h after seawater flow was resumed indicated that the
challenge virus was rapidly flushed from the tanks.
Waterborne virus was not detected in any of the nega-
tive control replicates.

Exposures of 1 h to approximately 10% to 10° pfu ml™*
resulted in epizootics in all treatment replicates
(Fig. 1A,C), characterized by 95 to 96 % cumulative



Hershberger et al.: VHSV shedding from Pacific herring 189

Table 1. Clupea pallasii exposed to VHSV. Titer of waterborne VHSV during the initial exposure period. Numerals in series indi-
cate the waterborne titer (pfu [plaque-forming units] ml™!) in each triplicate tank. *replicates where VHS epizootics did not
ensue. f3, and fe 1, samples were collected 2 h after the water supply was resumed to the 1 and 24 h treatments, respectively

Time after exposure Exposure treatments
(h) 1 h exposures — 24 h exposures
10! pfu ml! 10? pfu ml! 10° pfu ml! 10! pfu ml! 10% pfu ml!
0 40+, 40*, 40* 300, 220, 240 2620, 2040, 3420 20, 20*, 40* 500, 400, 320
1 20*, 80*, 40* 480, 380, 160 3160, 3090, 2940 60,0*, 0* 380, 280, 220
3 0*,0* 0* 40, 60, 40 1340, 1340, 1140
24 0,0*,0* 140, 0, 20
26 0,0* 0* 0,0,0
35001 A 35 3500 B 35
3000 30 3000 30
X X
2500 25 & 2500 25 &
T 2 1 =
'E 2000 20 ‘'@ € 2000 20 ©
- 5 o 5
T 1500 15 2 © 1500 15 2
o > o >
1000 10 5 1000 10 5
o )
500 5 500\ 5
0 0 0 0
012345678 9101112131415161718192021 012345678 9101112131415161718192021
Days post-exposure Days post-eposure
3500, G 35 3500 D 35
3000 30 3000 30
X X
2500 25 & 2500 25 &
i £ T 2
'E 2000 20 ‘' € 2000 20 ®
> 5 oS 5
i 1500 15 € @ 1500 15 ¢
o > o >
1000 10 = 1000 10 =
a} )
500 5 500 5

0
01234567 89101112131415161718192021
Days post-exposure

0
01234567 891011121314151617181920 21
Days post-exposure

Fig. 1. Clupea pallasii exposed to VHSV. Titer of waterborne VHSV (line) and daily mortality (bars) in tanks of pathogen-free
Pacific herring after exposure to virus. (A) Mean titer and daily mortality in triplicate tanks (n = 27 to 30 herring tank™! on Day 0)
after exposure to 2693 to 3063 plaque-forming units (pfu) ml~! for 1 h. Cumulative mortality was 95 % when the experiment was
terminated at 21 d after exposure. (B) Mean titer and daily mortality in triplicate tanks (n = 30 to 31 herring tank™! on Day 0) after
exposure to 293 to 407 pfu ml™! for 24 h. Cumulative mortality was 91 % when the experiment was terminated at 21 d after expo-
sure. (C) Mean titer and daily mortality in triplicate tanks (n = 30 to 31 herring tank™! on Day 0) after exposure to 253 to 340 pfu
ml~! for 1 h. Cumulative mortality was 96 % when the experiment was terminated at 21 d after exposure. (D) Mean titer and daily
mortality in a single tank of herring (n = 30) exposed to 23 to 27 pfu ml™! for 24 h. Of the 3 replicate tanks, a VHS epizootic
occurred in only one (shown)

mortality and recovery of VHSV from 51 of 59 tissue
pools (86 %) collected from daily mortalities (median
tissue titer = 5.7 x 10° pfu g~!). Additionally, VHSV was
detected in 5 of 5 tissue pools (100 %) obtained from 6
survivors (median tissue titer = 1.2 x 10* pfu ml™?).
However, epizootics did not occur in any replicate
group exposed to 10 pfu ml™! for 1 h, where cumula-

tive mortality was 2% and VHSV was recovered from
only 1 of 2 mortalities and at low titer (1.2 x 10% pfu g=1);
no VHSV was recovered from 3 tissue pools collected
from survivors.

Laboratory-induced VHS epizootics occurred after
24 h exposure of SPF herring to waterborne concentra-
tions of VHSV ranging from 10! to 10% pfu ml! (Fig. 1).
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Table 2. Clupea pallasii exposed to VHSV. Daily VHSV shedding rates from
Pacific herring in each treatment (pfu [plaque-forming units] herring™! d-}).
Shedding rates represent the mean of 3 replicates, except where noted. Mini-
mum detectable shedding rate, based on the assay detection threshold (20 pfu
ml'), tank flow rate (3.5 1 min~!), number of fish in the replicates on Day 0 (n =
30) and number of replicates (n = 3) was 1.1 x 10° pfu fish™! d~!. Shed virus was
not detected in any negative control replicate nor in replicates exposed to
10! pfuml for 1 h. Days 0 and 1 after exposure are not included to eliminate any
residual waterborne challenge virus from the calculations. na: not applicable

Viral shedding from infected Pacific
herring occurred in all treatments
where epizootics were initiated, but
was not detected in negative controls
or in low exposure treatments where
epizootics did not occur. Viral shed-
ding was first detected 4 to 5 d post-

exposure and preceded the onset of

host mortality by 1 to 2 d (Fig. 1).

replicate only
bCumulative mortality reached 100 % in this tank

%A VHS epizootic (characterized by mortality, positive tissues and positive
water titers) occurred in only 1 of the 3 replicates in this treatment. Results
from this treatment indicate the calculated shedding rates from the positive

]e)xagc?slljlcr)zt 10° pfuml™, 102 p]filfg?l?}l,re trf(;tlg)lf?lnltlsll’l, 10! pfu ml™, Shedding peaked 6 to _10 d_ post-
1 h exposure 24 h exposure 1h exposure 24 h exposure?® exposure, when mean titers in the

flowing water tanks reached 987 to

2 0 0 0 0 2093 pfu ml'. Peaks in viral shed-
3 L1x 10: 0 ; 1.1x10° 0 ding preceded peaks in daily mortal-
é 1? i 188 33 i 186 67 2 105 67 g 105 ity by 1 to 2 d. Calculated shedding
6 3.9 % 108 31 %107 33 %107 6.7 x 107 rates reached levels of 1.8 to 5.0 x
7 3.0 x 10° 5.8x 107 2.2 % 10° 5.7 x 107 10° pfu fish™! d™' at 9 to 10 d post-
8 1.4 x108 9.3 x 107 1.7 x 108 5.4 x 107 exposure (Table 2); these maximum
9 2.1x10° 1.8x10° 3.5x10° 3.8x10° rates are probably conservative be-
1(1) ‘11523 x 10: 1'5 x 102 ?'8 x 10: fg x 102 cause the calculation assumed that all
12 2:8 z 187 1; i 183 2? i 183 6i3 i 187 herring in the tanks were shedding
13 4.7 x 107 7.4 x 107 7.7 x 107 1.0 x 108 equal amounts of virus. Temporal
14 1.7 x 107 8.8 x 107 4.3x107 1.7 x 10® onset and peak of virus shedding
15 1.1x 107 1.3x 107 1.9% 107 2.0 x 107 were directly related to the exposure
16 0 1.2x 107 1.7 x 107 na® concentration, with higher exposure
1; 8 g g Ez titers resulting in both earlier onset
19 0 0 0 na and peak of viral shedding; however,
20 0 0 0 na the magnitude of VHSV shedding
21 0 0 0 na was not proportional to exposure

level. Shed VHSV was no longer
detected after 15 to 16 d post-expo-
sure, but low-level mortality persisted
in treatments with VHS epizootics
until the surviving fish were eutha-

Epizootics occurred in all replicates exposed to 10? pfu
ml?!, characterized by 91 % cumulative mortality and
recovery of VHSV from 26 of 29 (90 %) tissue pools from
daily mortalities (median tissue titer = 3.4 x 10° pfu g?).
Additionally, VHSV was detected in 2 of 2 tissue pools
from 7 survivors (tissue titers = 3.4 x 10° and 3.2 x
10° pfu g~'). Exposure of Pacific herring to 10! pfu m1™*
for 24 h resulted in a VHS epizootic in 1 of the 3 repli-
cates, when 100 % cumulative mortality occurred after
16 d (Fig. 1D) and virus was recovered from 7 of 8
(88 %) tissue pools from daily mortalities (median tissue
titer = 5.3 x 10° pfu g!). Cumulative mortality in the
other 2 replicates, where VHS epizootics did not occur,
was 3 % and VHSV was not recovered from any of 5 tis-
sue pools of mortalities or survivors (n = 57). Similarly,
cumulative mortality in negative control groups was
4% and VHSV was not recovered in tissue pools from
any survivors or mortalities.

nized on Day 28.

DISCUSSION

The laboratory disease model used in this study
included both the natural host and pathogen that are
typically involved with disease epizootics throughout
the eastern North Pacific (Meyers & Winton 1995,
Hedrick et al. 2003), and the results have practical
applications for understanding the epidemiology of
VHS among wild Pacific herring in a natural system.
The minimum waterborne exposure level of VHSV
required to initiate a disease epizootic was 10" pfu ml™!
for 24 h duration (Fig. 1D); higher exposure titers
resulted in more consistent epizootics that were initi-
ated after shorter exposure durations (Fig. 1A-C). The
probability of initiating an epizootic in the laboratory
was probably a function of successfully infecting a
small percentage of individuals during the period of
initial viral exposure. Once infected, these individuals
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later amplified the amount of waterborne virus in the
tank by shedding massive quantities virus (as high as
10® pfu herring™! d°!, Table 2), thereby exposing tank
cohorts to much higher levels than occurred during the
initial exposure level (Fig. 1). This mechanism is sup-
ported by the kinetics of the epizootic that occurred
after exposure to 10! pfu ml™! for 24 h, when a single
fish was probably infected during the initial exposure
on Day 0, shed virus into the water on Days 5 to 7 and
died on Day 8 (Fig. 1D). Exogenous virus shed from
this individual was concentrated in the tank (Fig. 1D)
at much higher titers than the initial exposure (Table 1),
and the resulting increased infection pressure was suf-
ficient to initiate a full epizootic among the previously
uninfected cohorts in the tank. Therefore, the labora-
tory-based VHS model-system used here is probably
sensitive to factors that increase the probability of
infection in a single individual, including increasing
the number of individuals in the tank, decreasing rate
of water exchange, increasing the proportion of highly
susceptible individuals or increasing the VHSV expo-
sure titer and duration.

In the natural environment, VHSV infections are
found in free-ranging schools of Pacific herring among
a very small percentage of individual fish (Marty et al.
1998, Kocan et al. 2001a). These fish actively shed
virus because detectable titers of waterborne VHSV
can be readily found soon after placing newly captured
wild herring into static transport tanks, and VHS epi-
zootics routinely occur following the stress of capture,
transfer and confinement of wild cohorts in laboratory
aquaria or marine net pens (Hershberger et al. 1999,
2001, 2006, Kocan et al. 2001a). During endemic condi-
tions, free-ranging Pacific herring appear to experi-
ence relatively low infection pressures due to their
highly migratory behavior and the dilution of virus
shed by a small number of individuals in a large water
mass. However, infection pressures can become ele-
vated during transient periods of the herring life his-
tory when large schools congregate in areas with lim-
ited water exchange or in abnormally high densities,
such as in predator-corralled aggregations commonly
referred to as 'bait balls' or during annual spawning
aggregations, where detectable levels of waterborne
VHSV have been documented (Hershberger et al.
1999). Similar viral shedding and host mortality kinet-
ics occur with VHSV (Genogroup Ia) and rainbow trout
Oncorhynchus mykiss (de Kinkelin et al. 1979, Neu-
kirch & Glass 1984). As a consequence, VHS is consid-
ered the most serious viral disease of farmed rainbow
trout in Europe (Smail 1999) where yearly losses
from the disease are estimated at 20000 to 30000 t
(de Kinkelin & Bearzotti 1981). In these situations, the
combination of high shedding rates by infected indi-
viduals, high densities of largely naive animals and

low virus dilution rates can result in increased infec-
tion pressures, higher transmission rates, higher infec-
tion prevalence and resulting amplification of shed
virus. This scenario results in a dramatically increased
Ry, the ratio of infected individuals that result from a
single infected individual in the population (Ostfeld
2009), which can drive the disease beyond a critical
tipping point where it transitions from enzootic to epi-
zootic. Once an epizootic is initiated, acute mortality
events can result and quickly spread to other species
and geographic areas, owing to massive quantities of
virus shed from the diseased population. We demon-
strate that minimum exposure levels sufficient to initi-
ate this amplification cascade can approach the lower
detection threshold of standard virus enumeration
techniques (Fig. 1D); however, initial exposure levels
required to initiate epizootics in wild populations are
probably variable and depend on constantly changing
factors associated with population size, herd immunity,
behavioral characteristics, fish age, susceptibility, an-
thropogenic stressors, season, chance or environmen-
tal variables such as temperature and salinity.

From a host population perspective, Pacific herring
help to mitigate the negative effects of these intermit-
tent outbreaks of acute VHS by developing a solid
adaptive immunity after surviving an epizootic. This
hypothesis is supported by field studies that showed a
greater resistance to VHS among older age cohorts
(Hershberger et al. 1999, 2001, Marty et al. 2003)
and by laboratory studies demonstrating resistance
among herring that survive previous epizootics of
VHS (Kocan et al. 1997, 2001a, Hershberger et al.
2007). Therefore, VHS epizootics can be avoided dur-
ing transient periods of higher infection pressure if
significant portions of the population are immune and
if adverse environmental or physiological factors do
not result in suppression of a protective immune
response. In this regard, several of the reported epi-
zootics among Pacific herring and Pacific sardines
Sardinops sagax in the NE Pacific Ocean have been
associated with stocks of fish that encountered abnor-
mally low water temperatures, which presumably
reduced the ability of the fish immune system to resist
infection (Hedrick et al. 2003).

An apparent paradox exists when considering the
persistence of VHSV in populations of Pacific herring
that are so highly susceptible to acute disease. Al-
though initiation of viral shedding 1 to 2 d before host
mortality occurs (Fig. 1) may facilitate continuous
passage of VHSV to new hosts in a school, the rapid
kinetics of acute disease should quickly exhaust a
discrete population of susceptible individuals and
eventually result in virus extinction. Therefore, if con-
tinuous passage of virus to susceptible members of the
population represents the primary mechanism respon-
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sible for VHSV persistence, then viral compensatory
mechanisms are necessary, including a broad host
range (Skall et al. 2005) and prolonged viral stability
in seawater (Hawley & Garver 2008), ovarian fluid
(Kocan et al. 2001b) and/or suspended particulates
(Yoshinaka et al. 2000). Additionally, it is likely that
VHSYV is also maintained in wild populations through
sub-acute manifestations of the disease. In the Euro-
pean rainbow trout industry, it has long been recog-
nized that VHS can be present in acute, chronic and
nervous manifestations (Smail 1999), and disease
kinetics of the acute form are similar to those we
described in Pacific herring (Fig. 1). However, a lasting
persistent infection can occur in chronic and nervous
forms of the disease, whereby virus can be isolated
from organs and nervous tissues for extended periods
after exposure. For example, viral shedding occurred
for more than 30 d after exposure of rainbow trout
to VHSV at normal temperatures (Neukirch & Glass
1984), and a low titer of VHSV was detected in the
brain of a trout held at low temperature for 421 d
(Neukirch 1986). Current studies in our laboratory
indicate that analogous sub-acute forms of VHS
can also exist in Pacific herring and are characterized
by slower onset of mortality, recovery of virus from
tissues of persistent carriers and higher viral tissue
titers in nervous tissues than in kidney/spleen homo-
genates (P. Hershberger unpubl. data). These sub-
acute manifestations of VHS in Pacific herring prob-
ably also contribute to VHSV persistence in wild
Pacific herring populations by replicating and shed-
ding virus without the immediate predisposition of
host mortality.

Major gaps continue to exist in our understanding of
ecological principles that govern disease initiation pro-
cesses in wild fish populations, principally because tra-
ditional approaches to studying disease ecology con-
sist primarily of epidemiological inferences based on
factor analyses from infection and disease surveil-
lances. Although epidemiological correlations are use-
ful for developing hypotheses based on field observa-
tions, they are unable to assign causality to factors that
predispose wild fish populations to disease. However,
development of the empirical disease model described
here, based on the availability of colonies of SPF
marine fish, represents a major advancement in our
scientific approach by providing a means of controlled
manipulation to natural host—pathogen—environment
relationships. This empirical approach, when used in
combination with traditional epidemiological tools, can
be expanded to address other timely issues in disease
ecology, including the effects of climate change on the
frequency of disease epizootics (Harvell et al. 2002,
2009, Marcogliese 2008, Dobson 2009, Lafferty 2009,
Ostfeld 2009, Pascual & Bouma 2009, Randolph 2009).
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