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species.		(Dusky	gopher	frog	and	boreal	toad)	

Die-offs	and	Declines	

•  Amphibian	die-offs	quite	drama8c	
– adults	in	Europe	
–  tadpoles	in	North	America	(Wheelwright	et	al.	2014)	

•  Declines		
– common	frog	(Rana	temporaria)	(Teacher	et	al.	
2010)	

– whole	communi8es	in	Spain	(Price	et	al.	2014)	

•  Could	ranavirus	cause	ex0nc0on?	
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Popula8on	Models	
•  Great	tool	to	examine	how	changes	in	survival	might	
affect	popula8ons	

•  Apply	es8mates	of	survival	and	fecundity	to	star8ng	
popula8on	sizes	
–  es8mate	what	may	happen	in	the	future	by	simula8ng	
mortality	and	reproduc8on	for	some	number	of	years	

•  Years	with	ranavirus:	if	p	is	the	probability	of	survival	
p	=	ptypical	x	pranavirus	

 9 

Brunner et al. 2015).  To simulate mortality in years with ranavirus exposure, we multiplied the 186 

demographic transition probability by the survival probability when exposed to ranavirus for the 187 

appropriate life stage.  For these runs, we assumed that individuals that were exposed and 188 

survived were not exposed again during a subsequent life stage (Earl and Gray 2014).  For the 189 

pathogen interval exposure, we treated intervals in a probabilistic manner such that years with 190 

pathogen exposure were randomly determined using a binomial distribution appropriate for the 191 

exposure interval.  For example, ranavirus was not introduced exactly every ten years but on 192 

average every ten years for the ten-year exposure interval (Earl and Gray 2014).   193 

Dusky gopher frog model 194 

We created a three-stage matrix model for dusky gopher frogs.  In this model, the population size 195 

for stage i (where i = pm, 1, and 2+ for pre-metamorphosis and years 1 and > 2, respectively) at 196 

time t [Ni(t)] was calculated by multiplying the population matrix at time t – 1 by the transition 197 

matrix containing parameter estimates for survival (p) and fecundity (F; Eq. 1, Table 1).   198 

 199 

Npm(t) 0 0 F  Npm(t-1)    200 

N1(t) = p1 p2 0 x N1(t-1)   (Eq. 1) 201 

N2+(t) 0 p3 p4 N2+(t-1) 202 

We included hydroperiod in the model for the dusky gopher frog, because this is a major factor 203 

limiting metamorph production (Richter et al. 2003).  We set a hydroperiod threshold at 81 days.  204 

When the hydroperiod is below this threshold, no metamorphs are able to emerge, because the 205 

pond dries before tadpoles are able to complete metamorphosis.  Eighty one days is suggested as 206 

the minimum amount of time required for dusky gopher frogs to reach metamorphosis (Richter et 207 

al. 2003).  We examined two hydroperiod scenarios: a non-limiting hydroperiod (i.e., the 208 

Effects	of	Ranavirus	

•  Start	with	the	most	likely	scenario	where	
ex8nc8on	of	a	single	popula8on	could	occur	
– closed	popula8ons	
– very	suscep8ble	species	

•  Looked	at	experimental	challenge	trial	data	to	
choose	species	

Ranavirus	Challenge	

occurred in the embryo experiments for S. holbrookii and L.
sylvaticus; however, embryos of these species hatched prior to the
end of the 3-day virus challenge, hence exposing the hatchling to
virions. No infection occurred during the embryo experiments in
species that hatched after the virus challenge and first water
change. Thus, it appears that eggs protect their developing
embryos from ranavirus infection for the species we tested.
We documented high mortality during metamorphosis for all

species of Lithobates tested, which is frequently the stage documented

during anuran die-offs in the wild [43,44]. Cullen et al. [25] and
Cullen and Owens [26] reported high susceptibility of several
species of recently metamorphosed anurans compared to larvae or
adults when exposed to ranavirus. Warne et al. [45] also reported
higher mortality of ranavirus-exposed L. sylvaticus tadpoles during
metamorphosis. High infection and mortality during metamorpho-
sis may be associated with decreased immune function from
endogenous production of corticosteroids and lymphocyte apoptosis
[14,45,46,47], which has been demonstrated in X. laevis [48,49].

Figure 1. Percent mortality and infection among embryo, hatchling, larval, and metamorphosis developmental stages for Lithobates
sylvaticus, L. pipiens, L. clamitans, Anaxyrus americanus, Pseudacris feriarum, Hyla chrysoscelis, and Scaphiopus holbrookii. Similar shaded bars
with unlike letters are different (P,0.006) by logistic regression analysis; n= 20 per developmental stage for each species.
doi:10.1371/journal.pone.0022307.g001
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• 	FV3-like	
• Water	bath	
• 	Exposure	for	
3	days	

• Mortality	
aier	14	days	

• Haislip	et	al.	
2011	
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Wood	Frogs	
•  Lots	of	great	popula8on	data	(Keith	Berven)	
•  Large	range	
•  Pond	breeder	

Model	

•  Very	simple	stage-structured	matrix	model	of	females	
•  N	=	popula8on	size,	p=	probability	of	survival,	F=	
fecundity,	t=	8me	(years)	

Eggs	 	 	 	 	1	yr.	old 	 	 	2	yr.	old 	 	 	3+	yr.	old	

MATERIALS AND METHODS

Wood frogs are pond-breeding amphibians with a large

geographic range, including large portions of Canada and

the United States. They are explosive breeders that typically

mate and lay eggs (often as many as 1,000 in one clutch)

over a period of a few nights in early spring (Redmer and

Trauth 2005). Larvae develop over the next few months and

metamorphose in summer. Females mature in 1–4 years

depending on the population (Bellis 1961; Berven 1990,

1995). Adults generally breed only one or two times in their

lifetime (Berven 1990).

We created a four-stage female only, discrete time (1-

year increments) population matrix model (parameter

values in Table 1; Caswell 2000) to examine the effects of

ranavirus on closed populations of wood frogs. In this

model, the population size for stage i (where i = pm, 1, 2,

and 3+ for pre-metamorphosis and years 1, 2 and !3) at

time t [Ni(t)] is calculated by multiplying the population

matrix at time t - 1 by the transition matrix containing

parameter estimates for survival (p) and fecundity (F;

Eq. 1, Table 1).
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We parameterized the model using the same survival

and fecundity estimates in Harper et al. (2008), which were

from a robust population of wood frogs in Beltsville,

Maryland (USA) that was monitored for over 7 years

(Berven 1990). We used parameter estimates for female

wood frogs only, because they generally produce one clutch

per year, whereas males can fertilize multiple clutches and

are thus not considered to limit population growth. The

model is a post-breeding model, where 1 year in the model

spanned from the end of one mating season to the next.

Following Harper et al. (2008), estimates were drawn at a

specified frequency to simulate stochasticity. We took

weighted averages of these estimates to create a normal

distribution for each parameter in order to simulate sto-

chasticity in a continuous manner, which is more realistic

(Table 1). In each year of the model simulations, a random

value was drawn from the distribution for each parameter.

To introduce ranavirus into the population, we used

data from Haislip et al. (2011) who performed experimental

challenges for four pre-metamorphic life stages (egg,

hatchling, larva, metamorph) with a Frog Virus 3 (FV3)-like

isolate (Miller et al. 2007); FV3 is the type species of

Ranavirus (King et al. 2012). FV3-like ranaviruses are

responsible for most of the ranavirus die-offs in North

America, and FV3 is the species of Ranavirus most often

found in the wood frog range (Miller et al. 2011). Haislip

et al. (2011) exposed individuals to 103 plaque-forming

units (PFU)/mL of FV3 in a 0.5-L water bath for three days,

and monitored survival for 14 days. This concentration is

considered to be an environmentally relevant approxima-

tion of virus in water during a die-off (Gray et al. 2009). The

survival rates from Haislip et al. (2011) ranged from 0–57%

depending on life stage (Table 1). This is consistent with

wood frog die-offs in natural populations where researchers

often observe greater than 90% mortality (Green et al. 2002)

or fail to detect any live individuals despite intensive sam-

pling (Petranka et al. 2003; Todd-Thompson 2010).

Simulations were run in a factorial design varying three

factors: life stage of ranavirus exposure (egg, hatchling,

larvae, or metamorph), exposure interval (none and every

50, 25, 10, 5, 2, and 1 years), and adult female carrying

capacity (50, 100, 500, 1,000 and 1,500). Life stages were

delineated as in Haislip et al. (2011), where egg, hatchling,

larvae and metamorph corresponded to pathogen exposure

starting at Gosner stage 11, 21, 30, and 41, respectively

(Gosner 1960). To simulate mortality in years with rana-

virus exposure, we multiplied the pre-metamorph to year

Table 1. Parameter estimates used in wood frog population

model derived from Harper et al. (2008) and Haislip et al (2011).

Parametera Parameter

estimate

Standard

deviation

p1 (Pre-metamorphic to year 1) 0.0350 0.0245

p2 (Year 1 to 2) 0.3775 0.1020

p3 (Year 2 to 3+) 0.2490 0.1575

p4 (Remain year 3+) 0.1200 0.0500

F1 (Year 1) 0.215 0.0548

F2 (Year 2) 334.5 31.944

F3 (Year 3) 338.3 31.6228

Ranavirus survival: egg 0.570 0

Ranavirus survival: hatchling 0.170 0

Ranavirus survival: larvae 0 0

Ranavirus survival: metamorph 0 0

ap survival probabilities and F fecundity (the average number of female

eggs produced per female modified by probability of breeding) that were

used in the transition matrix.

Ranavirus Could Cause Local Extinction 583

Model	Implementa8on	

•  Used	published	parameters	that	represent	a	very	
robust	popula8on	(Harper	et	al.	2008)		

•  Built	in	stochas8city	in	the	model-	drew	random	
values	for	parameters	from	a	normal	distribu8on	
each	year	

•  Sensi8vity	analysis-	which	parameter	values	change	
the	model	the	most?			
–  Survival	from	eggs	to	juvenile	has	most	influence	
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Simula8ons	
•  Ranavirus-	challenge	trial	data	for	each	life	
stage	
– Die-off	concentra8ons	of	virus	(103	pfu/mL)	
– Only	one	life	stage	is	exposed	at	a	8me	in	the	
pond	

– Examined	different	exposure	intervals	
– Examined	different	carrying	capaci8es	(#	of	adult	
females)	

•  Ran	each	scenario	1000	8mes-	calculated	
probability	of	ex8nc8on	and	8me	to	ex8nc8on	

populations at or near their carrying capacity (Fig. 4).

Exposure in the egg stage also resulted in population levels

near carrying capacity with minor declines of 3–4% when

exposure occurred every one to 2 years. As with the

extinction probability and time to extinction, population

declines were greater with exposure in the larval or meta-

morph stages than the hatchling stage and with more fre-

quent ranavirus exposure intervals. When the larval or

metamorph stages were exposed to ranavirus every 5 years

or when hatchlings were exposed every 2 years, population

declines were around 20% (Fig. 4).

The sensitivity analysis showed that wood frog popu-

lation dynamics were most sensitive to the pre-metamorph

to 1-year old transition probability (p1). This was true for

both the total population size (R2 = 0.19, P < 0.001) and

the probability of extinction (R2 = 0.35, P < 0.001). The

transition probability from year 1–2 (p2) and the fecundity

of 3+ year olds (F3+) showed significant sensitivity, but

correlations were extremely low (total N: R2 < 0.002;

extinction probability: R2 < 0.04). All other parameters

appeared to have very little influence on total population

size and extinction probability (all R2 < 0.002, all

p > 0.18).

DISCUSSION

Pathogens can cause extinction in a limited number of

scenarios (de Castro and Bolker 2005), and very few cases

of disease-induced extinction have been reported (Smith

et al. 2006). It has been hypothesized that ranaviruses might

be able to cause extinctions, because several characteristics

of this host-pathogen system may lead to density-inde-

pendent transmission (Miller et al. 2011). For highly sus-

ceptible hosts, such as the wood frog, our results

demonstrate that extinction is possible by ranavirus in

Fig. 1. Extinction probability over

1,000 years of wood frogs exposed to

ranavirus at different intervals in differ-

ent life stages for populations with

different adult female carrying capacities

(K). The larval and metamorph stages

are the same, because they experienced

the same mortality rate when exposed to

ranavirus in controlled experiments.

Note that extinction never occurred with

ranavirus exposure in the egg stage.

Ranavirus Could Cause Local Extinction 585Ex8nc8on	Probability	over	1000	Years	
Wood	Frogs	

Earl	and	Gray	(2014)	EcoHealth	11:	581-592.	

closed populations. Under the worst-case scenarios,

extinction occurred in as little as 25–44 years when expo-

sure was every 2 years, and in 5 years if exposure was every

year. These exposure intervals have been reported in some

wood frog populations (e.g., Petranka et al. 2007). Thus, it

is likely that ranavirus die-offs could be detrimental if a

population is demographically isolated (i.e., no immigra-

tion). In general, extinction was more likely and occurred

sooner if ranavirus exposure occurred in the larval or

metamorph stages under frequent exposure intervals in

populations with smaller carrying capacities. For popula-

tions that did not go extinct, population declines were

more likely under these same scenarios.

The life stage when a population was exposed to

ranavirus was one of the most important factors deter-

mining likelihood of extinction and declines. In experi-

mental trials, the egg stage had a 57% survival rate when

exposed to ranavirus (Haislip et al. 2011), which was high

enough to prevent extinction under all model scenarios and

resulted in almost no change in adult population size even

if ranavirus was present every year. Eggs may have a greater

survival rate with ranavirus exposure than other stages,

because they are protected by a thick gelatinous membrane

that may serve as a structural barrier (Berrill et al. 1998;

Pauli et al. 1999) or contain anti-viral properties (Han et al.

2008). Wood frog hatchlings, larvae and metamorphs are

Fig. 2. Time to extinction of wood frogs

exposed to ranavirus at different inter-

vals in different life stages for popula-

tions with different adult female carrying

capacities (K). The larval and metamor-

ph stages are the same, because they

experienced the same mortality rate

when exposed to ranavirus in controlled

experiments. Note that extinction never

occurred within 1,000 years with rana-

virus exposure in the egg stage. Error

bars represent standard error.

Fig. 3. Time to extinction of wood frogs exposed to ranavirus every

year and every 2 years in the larval or metamorph stage at different

female carrying capacities. Error bars represent standard error.

586 Julia E. Earl, Matthew J. Gray
Time	to	Ex8nc8on	

Wood	Frogs	
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Wood	Frog	Results	
•  Increase	in	ex8nc8on	probability,	8me	to	
ex8nc8on,	and	popula8on	declines	with	
increasing	frequency	of	ranavirus	exposure	

•  Most	effects	occur	with	ranavirus	in	the	larval	or	
metamorph	stage	
–  highest	mortality	with	exposure	
–  life	stage	with	highest	sensi8vity	

•  Concerning,	but		
– most	wood	frog	popula8ons	have	metapopula8on	
structure	allowing	immigra8on	to	mi8gate	declines	

– widespread	distribu8on	indicates	low	conserva8on	
concern	

Next	Step	

•  Examine	species	of	actual	conserva8on	
concern	
– Dusky	gopher	frog	(Lithobates	sevosus)	
– Boreal	toad	(Anaxyrus	boreas	boreas)	

•  Examine	effects	of	immigra8on	where	
appropriate-	Boreal	toad	

Dusky	Gopher	Frog-	Lithobates	sevosus	
•  One	of	the	most	
endangered	frogs	in	the	
USA-	listed	in	2001	

•  Only	one	regular,	viable	
popula8on-	Glen’s	Pond	
(MS)	

•  Pond	breeder-	eggs	in	
Dec.	

•  Metamorphs	emerge	in	
June	when	the	pond	dries	

•  Adults	in	long	leaf	pine	
oien	associated	with	
Gopher	Tortoise	Burrows	

	

IUCN	
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Dusky	Gopher	Frog:	
	Ranavirus	Suscep8bility	

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

Su
rv

iv
al

 (%
) 

Days 

Control 
Embryo 
Hatchling 
Tadpole 
Metamorph 
Juvenile 

Su[on	et	al.	2014-	Examined	adults:	100%	mortality	in	18	days		

Model	

Juveniles	 Adults	

•  3	stage	model	
•  Parameterized	using	data	from	1995-2001	monitoring	
Glen’s	pond	(Richter	et	al.	2002,	2003)		

•  Hydroperiod	threshold	for	metamorph	produc8on-	
190	days	
•  examined	the	Glen’s	pond	avg.	hydroperiod	and	a	
nonlimi8ng	hydroperiod	

 9 

Brunner et al. 2015).  To simulate mortality in years with ranavirus exposure, we multiplied the 186 

demographic transition probability by the survival probability when exposed to ranavirus for the 187 

appropriate life stage.  For these runs, we assumed that individuals that were exposed and 188 

survived were not exposed again during a subsequent life stage (Earl and Gray 2014).  For the 189 

pathogen interval exposure, we treated intervals in a probabilistic manner such that years with 190 

pathogen exposure were randomly determined using a binomial distribution appropriate for the 191 

exposure interval.  For example, ranavirus was not introduced exactly every ten years but on 192 

average every ten years for the ten-year exposure interval (Earl and Gray 2014).   193 

Dusky gopher frog model 194 

We created a three-stage matrix model for dusky gopher frogs.  In this model, the population size 195 

for stage i (where i = pm, 1, and 2+ for pre-metamorphosis and years 1 and > 2, respectively) at 196 

time t [Ni(t)] was calculated by multiplying the population matrix at time t – 1 by the transition 197 

matrix containing parameter estimates for survival (p) and fecundity (F; Eq. 1, Table 1).   198 

 199 

Npm(t) 0 0 F  Npm(t-1)    200 

N1(t) = p1 p2 0 x N1(t-1)   (Eq. 1) 201 

N2+(t) 0 p3 p4 N2+(t-1) 202 

We included hydroperiod in the model for the dusky gopher frog, because this is a major factor 203 

limiting metamorph production (Richter et al. 2003).  We set a hydroperiod threshold at 81 days.  204 

When the hydroperiod is below this threshold, no metamorphs are able to emerge, because the 205 

pond dries before tadpoles are able to complete metamorphosis.  Eighty one days is suggested as 206 

the minimum amount of time required for dusky gopher frogs to reach metamorphosis (Richter et 207 

al. 2003).  We examined two hydroperiod scenarios: a non-limiting hydroperiod (i.e., the 208 

Time	to	Ex8nc8on	
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Boreal	Toads	
•  Anaxyrus	boreas	boreas	popula8ons	in	
Colorado	under	review	for	lis8ng	under	
the	Endangered	Species	Act	as	a	dis8nct	
popula8on	segment	

•  Major	declines	due	to	Bd	
•  Pond	breeder,	eggs	spring/summer	
•  Metamorphs	in	August	
•  Long-lived,	up	to	10	years	

Boreal	Toad	Ranavirus	Suscep8bility	
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Boreal	Toad	Model	
•  7	stage	model:	years	1-5,	breeders,	
nonbreeders	

•  Females	skip	breeding	at	least	every	other	year	
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 227 

N1(t)   0 0 0 0 0 F*pa 0     N1(t-1)  228 

N2(t) =  p1 0 0 0 0 0 0  x   N2(t-1)  229 

N3(t)   0 pj 0 0 0 0 0     N3(t-1) 230 

N4(t)   0 0 pj 0 0 0 0     N4(t-1) 231 

N5(t)   0 0 0 pj 0 0 0     N5(t-1) 232 

Nb(t)   0 0 0 0 pj 0 pa*Ψb     Nb(t-1) 233 

Nnb(t)  0 0 0 0 0 pa pa*Ψnb     Nnb(t-1) 234 

 235 

Different survival probabilities were used for year one (p1), juveniles (pj), and adults (pa, Table 236 

1).  Transition probabilities included the transition of a non-breeder to stay a non-breeder (Ψnb), 237 

and the transition of a non-breeder to a breeder (Ψb, Muths et al. 2010).  The transition 238 

probability for a breeder becoming a non-breeder is one (Muths et al. 2010) and not included as a 239 

separate parameter.  Parameter estimates for clutch size, survival from egg to year one, and 240 

juvenile survival were based on Biek et al. (2002), and estimates for female survival and the 241 

transition probabilities were based on Muths et al. (2010).   242 

Adult female carrying capacity was set as a population limit, where the combined 243 

abundance of breeding and non-breeding females could not exceed this level.  Carrying 244 

capacities were estimated as the numbers of females detected at ponds during breeding 245 

(maximum of 107; Jackson 2008) and adjusted to account for non-breeding females.  We 246 

examined carrying capacities of 250, 150, 100, and 50 adult females.  In years when carrying 247 

capacity was exceeded, we set the number of adult females at the carrying capacity equally 248 

divided between breeding and nonbreeding adults.  We also included immigration in the boreal 249 
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Other	Features	

•  Different	Carrying	Capaci8es:	50-250	adult	
females	

•  Key	ques8on:	Will	immigra8on	“rescue”	
popula8ons	from	ranavirus?	
– Low	levels	of	immigra8on	

•  Muths	et	al.	2006	found	only	17	males	and	3	females	
switched	breeding	sites	out	of	>1900	captures	over	15	
years	

– Model:	immigra8on	of	1	adult	female	over	
different	intervals-	every	2-50	years	

Boreal	Toads:		
Ex8nc8on	Probability	(150	years)	

 34 

Fig. 3 
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Fig. 4 

 

 

 

0 

25 

50 

75 

100 

125 

150 

None 50 25 10 5 2 1 

Ti
m

e 
to

 e
xt

in
ct

io
n 

(y
ea

rs
) 

K = 250 

None 
Every 50 years 
Every 25 years 
Every 10 years 
Every 5 years 
Every 2 years 

Immigration 

0 

25 

50 

75 

100 

125 

150 

None 50 25 10 5 2 1 

K = 150 

0 

25 

50 

75 

100 

125 

150 

None 50 25 10 5 2 1 

Ti
m

e 
to

 e
xt

in
ct

io
n 

(y
ea

rs
) 

Exposure interval (years) 

K = 100 

0 

25 

50 

75 

100 

125 

150 

None 50 25 10 5 2 1 
Exposure interval (years) 

K = 50 



3/22/16	

9	

Conclusions	
•  Ranavirus	has	the	poten8al	to	cause	
ex8nc8on	in	highly	suscep8ble	species	
–  in	common	species	with	no	immigra8on	
–  in	endangered	species	
–  in	species	of	conserva8on	concern	even	with	low	
levels	of	immigra8on	

•  Ex8nc8on	risk	varies	with	the	interval	of	
exposure	and	carrying	capacity	

•  Immigra8on	may	not	“rescue”	popula8ons	
unless	very	frequent	
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