Journal of Mammalogy, xx(x):1-9, 2018
DOI:10.1093/jmammal/gyy087

Cross-fostering as a conservation tool to augment endangered
carnivore populations

Eric M. GESE,” WILLIAM T. WADDELL, PATRICIA A. TERLETZKY, CHRIS F. LucasH, Scort R. McLELLAN,
AND SusaN K. BEHRNS

United States Department of Agriculture, Wildlife Services, National Wildlife Research Center, Department of Wildland
Resources, Utah State University, Logan, UT 84322, USA (EMG)

Point Defiance Zoo and Aquarium, 5400 North Pearl Street, Tacoma, WA 98407, USA (WTW, SKB)

Department of Wildland Resources, Utah State University, Logan, UT 84322 USA (PAT)

United States Fish and Wildlife Service, P.O. Box 1969, Manteo, NC 27954, USA (CFL; deceased)

Maine Department of Inland Fisheries and Wildlife, P.O. Box 551, Greenville, ME 04441, USA (SRM)

* Correspondent: eric.gese @usu.edu

Cross-fostering offspring with nonbiological parents could prove useful to augment populations of endangered
carnivores. We used cross-fostering to augment captive-born and wild-born litters for the endangered red wolf
(Canis rufus). Between 1987 and 2016, 23 cross-fostering events occurred involving captive-born pups fostered
into captive litters (n = 8 events) and captive-born pups fostered into wild recipient litters (n = 15 events).
Percentage of pups surviving 3 and 12 months was 91.7% for captive-born pups fostered into captive recipient
litters. For pups fostered into wild litters, percentage of pups surviving 5 months was > 94% among fostered pups
(pups fostered into a wild red wolf litter or replaced a hybrid litter), pups in recipient litters (wild-born litters
receiving fostered pups), and pups in control litters (wild-born litters not in a fostering event) when using pups
with known fates. Including pups with unknown fates as deaths, percentage of pups surviving 5 months was >
54% among fostered pups, pups in recipient litters, and pups in control litters. Among wild litters, percentage of
pups surviving 12 months was > 82% among fostered pups, pups in recipient litters, and pups in control litters
when using pups with known fates. Including pups with unknown fates as deaths, percentage of pups surviving
12 months was > 48% among fostered pups, pups in recipient litters, and pups in control litters. Although survival
to 12 months was similar among the groups, average life span was different with pups in control litters living
3.3 years, pups in recipient litters living 4.6 years, and fostered pups living 5.6 years. Of fostered pups surviving
> 12 months in the wild, 9 animals whelped or sired 26 litters. Cross-fostering was successful at augmenting litter
size for red wolves without any deleterious effects on recipient litters, illustrating fostering as a tool for increasing
populations of endangered carnivores.

Key words: augmentation, Canis rufus, cross-fostering, population, red wolf, survival

Maintaining or increasing population size is often the key
conservation objective for threatened and endangered species.
However, many rare or threatened mammalian species may
have low birth rates, and low survival and recruitment of young
(e.g., Laurenson 1994; Fuller et al. 2003; Groom et al. 2017).
Increasing survival rates of young carnivores born into wild
populations involves many variables (i.e., sufficient food of
high quality, protection from intra- and interspecific predation,
disease, human-caused mortality, or extreme weather) that may
act independently or in concert with each other (e.g., Mech and

Goyal 1995; Fuller et al. 2003; Angerbjorn et al. 2004; Bohling
and Waits 2015; Hinton et al. 2017). Although increased sur-
vival is essential for population growth, fundamentally a popu-
lation must produce new individuals to grow.

The red wolf (Canis rufus) was declared extinct in the wild
in 1980 (U.S. Fish and Wildlife Service 1989) and is currently
listed as critically endangered (IUCN 2017). To mitigate the
decline of red wolf population numbers, a breeding program was
established in 1973 at the Point Defiance Zoo and Aquarium,
Tacoma, Washington (Phillips et al. 2004). This managed
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breeding program, operated under the Species Survival Plan of
the Association of Zoos and Aquariums, was developed as a
cooperative breeding program to enhance long-term population
management for approved species (Hutchins and Wiese 1991).
The red wolf Species Survival Plan was designed to function as
a source population for initial and ongoing red wolf restoration
efforts (U.S. Fish and Wildlife Service 1989). Only 14 indi-
viduals were considered “pure” red wolves and were the found-
ers for the red wolf breeding program, with descendants of 12
founders serving as source individuals for reintroduction into
the Alligator River National Wildlife Refuge, North Carolina
(Phillips et al. 2003).

Low genetic diversity, increased genetic drift, and inbreeding
depression can be significant issues whenever low numbers of
breeding animals are involved, such as captive breeding pro-
grams (Rabon and Waddell 2010) or some wild populations
(Brzeski et al. 2014), which can result in reduced litter sizes
(Lockyear et al. 2009; Rabon and Waddell 2010). In addition,
the expansion of coyotes (Canis latrans) into the northeastern
North Carolina experimental population area and the risk of
hybridization represented another threat to red wolf restora-
tion (Kelly et al. 1999; Stoskopf et al. 2005; Fredrickson and
Hedrick 2006; Bohling and Waits 2015). To mitigate introgres-
sion of coyote genes into the red wolf population, an adapt-
ive management plan was implemented that 1) sterilized and
released coyotes to serve as nonbreeding placeholders (Gese and
Terletzky 2015), 2) removed coyotes from the area, 3) translo-
cated red wolves (McLellan and Rabon 2006), and 4) cross-fos-
tered captive-born pups into wild litters (Stoskopf et al. 2005).
Combined with intensive field management (Gese et al. 2015)
and genomic testing protocols (Miller et al. 2003), wild-born
pups could be identified as red wolf, red wolf-coyote hybrid,
or coyote, leading to the option of replacing hybrid individuals
with red wolf pups from the captive breeding population.

Cross-fostering, the raising of young by nonbiologically
related individuals, has the potential to increase population sizes
of threatened or endangered species (Kitchen and Knowlton
2006; Stoskopf 2012). Fostering of offspring from natal to
surrogate parents has been conducted with Columbian ground
squirrels (Spermophilus columbianus—Murie et al. 1998),
captive coyotes (Kitchen and Knowlton 2006), many bird spe-
cies (Powell and Cuthbert 1993; Drewien et al. 1997; Oswald
et al. 2013), and has been observed without human facilitation
in black bears (Ursus americanus—Benson and Chamberlain
2006). Fostered young that were raised successfully have been
both captive-born (Kitchen and Knowlton 2006) and orphaned
in the wild (McNutt et al. 2008). Most research on cross-foster-
ing of canid species has been limited to small sample sizes (< 4
litters) or anecdotal records, although fostering in African wild
dogs (Lycaon pictus—McNutt et al. 2008), coyotes (Kitchen
and Knowlton 2006), and wolves (Canis lupus—Schultz et al.
2007; Jansson et al. 2015; Scharis and Amundin 2015) has
greatly advanced our understanding of factors required for suc-
cessful cross-fostering. Kitchen and Knowlton (2006) reported
that the age at which captive-born fostered pups were intro-
duced to captive recipient litters influenced survival rates and

that fostered pups > 6 weeks old did not survive. Survival of
fostered gray wolf pups has been ambiguous. Some pups >
4-5 months old survived into adulthood while other pups, of
the same litter, did not survive (Bradley et al. 2005; Schultz
et al. 2007). Fostering young pups increases the probability of
survival and success. For example, captive-born gray wolf pups
that were only 4-6 days old were fostered into captive recipi-
ent litters, were readily accepted by the foster female, and had
high survival (Scharis and Amundin 2015). The Mexican wolf
(Canis lupus baileyi) population in the southwestern United
States was founded by 7 individuals resulting in a highly inbred
population (Harding et al. 2016). Cross-fostering of 2 wild
pups (1 female and 1 male) to a wild recipient litter of 3 pups
resulted in the survival of all 5 pups for at least 8§ months, sug-
gesting that cross-fostering has the potential to increase litter
size and subsequently population size of this endangered canid
(Harding et al. 2016).

The potential benefits associated with fostering nonmaternal
offspring include improved genetic fitness for a population and
reduced inbreeding depression (Jansson et al. 2015), in addition
to the numerous advantages associated with living in groups
(Kokko et al. 2001; Ausband et al. 2016; Lehtonen and Jaatinen
2016). The gray wolf in Sweden is descended from 5 individu-
als and is highly inbred, but Jansson et al. (2015) suggested that
augmentation of wild recipient litters from captive fostered lit-
ters should potentially reduce the inbreeding coefficient.

We summarized data on age, litter size, sex ratio, and sur-
vival to 3 and 12 months of age for captive-born pups fostered
into captive recipient litters, and survival to 5 and 12 months of
age for captive-born pups fostered into wild recipient litters. To
successfully augment a wild population, fostering should not
be deleterious to the recipient litter; therefore, we examined the
same parameters for pups within the recipient litter in the wild.
In addition, as a “control,” we documented the same metrics
for an equal number of litters of wild-born red wolf pups not
involved in a fostering event (i.e., control litters). These param-
eters were used to evaluate the success and utility of cross-
fostering red wolf pups that were captive-born into litters of
captive-born and wild-born red wolves.

MATERIALS AND METHODS

Red wolf pups involved in fostering events were born and fos-
tered at 11 facilities across the United States: Beardsley Zoo,
Connecticut; Brevard Zoo, Florida; Cape Romain National
Wildlife Refuge, South Carolina; Dan Nicholas Nature
Center, North Carolina; Great Smoky Mountains National
Park, Tennessee; Lincoln Park Zoo, Illinois; Miller Park Zoo,
Illinois; North Carolina Zoo, North Carolina; Oglebay Zoo,
West Virginia; Point Defiance Zoo and Aquarium, Washington;
and the Red Wolf Recovery Area, North Carolina. Pups fos-
tered into wild wolf litters were released into 2 locations: 1
fostering event in the Great Smoky Mountains National Park,
Tennessee, and 14 fostering events augmenting wild red wolf
litters in the Red Wolf Recovery Area located on the Albemarle
Peninsula in northeastern North Carolina. For descriptions of
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the study areas and history of recovery efforts in these 2 sites,
see Lucash et al. (1998) for Great Smoky Mountains National
Park, Tennessee, and Bohling and Waits (2015) and Gese et al.
(2015) for the Red Wolf Recovery Area, North Carolina.

We considered the location of source and recipient litters,
litter sizes, and age of the pups as initial factors before foster-
ing attempts; age of captive-born pups was known from birth
date. We introduced captive-born fostered pups only to captive
recipient litters that had successfully raised at least 1 litter to
adulthood (Green et al. 2002). History of successfully raising
litters of wild recipient parents was not available. We attempted
to match as closely as possible the ages of foster pups and pups
in recipient litters and in all fostering events; the eyes of fos-
tered and recipient litter pups were closed or had just opened
(i.e., pups were 1014 days old—Kreeger 2003). Fostered pups
transferred to captive recipient litters did not have their scents
masked nor did animal care staff; however, fostered pups trans-
ferred to wild recipient litters were handled by personnel wear-
ing latex gloves.

Captive-born pups fostered into captive recipient litters.—
We housed wolves as mated pairs in outdoor enclosures
(450-900 m?) containing natural substrate, foliage, and artifi-
cial dens. Half (4 of 8) of the sires and half (4 of 8) of the
dams of fostered pups had at least 1 litter before the fostering
event. The time between removing a fostered pup from a natal
litter to placement into a recipient litter ranged from several
minutes to approximately 6 h. Short-duration fostering events
required a simple transfer of a fostered pup(s) from one enclo-
sure to another enclosure within the same facility. The event
with the longest interval (6 h) required animal care staff from
the Brevard Zoo (Florida) accompanying 2 female pups on a
commercial airline to a recipient litter at the Beardsley Zoo
(Connecticut).

Identification of fostered pups following placement in a
recipient litter was possible based on sex (e.g., 1 male pup fos-
tered to recipient den with 3 females) or by a small patch of
pelage marked with animal tattoo ink (Ketchum Mfg. Co. Inc.,
Lake Luzerne, New York). We observed the activity level of all
pups daily for 5-7 days following placement in a recipient lit-
ter. To assess development, we obtained weights for all pups in
recipient litters to ensure neonate growth was consistent among
litter mates. Before fostering, we determined that if a fostered
pup was isolated from the litter by recipient parents or if con-
sistent weight loss was recorded, the pup would be removed.
No fostered pups were rejected other than a single pup that dis-
appeared the day following placement. The percentage of fos-
tered pups surviving to 3 and 12 months of age was the measure
of success for the captive fostering events.

Captive-born pups fostered into wild recipient litters.—
Reproductive female red wolves in the wild were foot-hold
trapped, fitted with a very high frequency (VHF) radiocollar
(Telonics, Inc., Mesa, Arizona) and monitored daily from late
March to May to identify den sites; fostering events occurred in
April and May. Females that were not radiocollared but occu-
pied known den site locations that had previously raised pups,
or that were in breeding pairs with stable territories and had an

adult female with proven rearing success, were also monitored.
All female and male wolves involved with fostering captive
pups were born in the wild with the exception of 1 female and
3 males. Additionally, most adults receiving fostered pups in
the northeastern North Carolina population had at least 1 litter
before the fostering event with the exception of 1 female and 2
males (but were paired with experienced mates). Only the pair
involved with the fostering event in the Great Smokey National
Park had not raised a prior litter. If a wild litter was geneti-
cally determined to be red wolf-coyote hybrids, the hybrid litter
was removed and captive-born red wolf pups were placed in
the den site (i.e., litter replacement). If a wild litter was con-
sidered small in number (but not a hybrid litter), captive-born
pups were fostered into the wild litter (i.e., litter augmentation).
To avoid facilitating a competitive advantage to either captive
or wild pups, we matched the sex ratio and age of the fostered
pups as close as possible to the age of the wild-born litter of
pups (Kitchen and Knowlton 2006); age of wild-born pups was
estimated from body measurements and estimated whelping
date. We moved captive-born pups to the den location of the
recipient wild litter as soon as possible to promote acceptance
of the fostered pups into the litter. We implanted each captive
pup with a passive integrated transponder (PIT) tag (Eidap,
Inc., Sherwood Park, Alberta, Canada) inserted subcutaneously
between the shoulders prior to placement in the den. All capture
and handling procedures were in accordance with guidelines
endorsed by the American Society of Mammalogists (Sikes
et al. 2016).

After placing pups into a den, the wild dam was monitored
daily by radiotelemetry for 3-5 days to confirm her return to
the den site. Although it is common for wild red wolves to
move their pups at this age, we continued to observe the move-
ments of the dam remotely and only attempted to verify the
survival of the fostered pups during the fall trapping season
approximately 5 months following the fostering event. At this
time, juvenile wolves were large enough to be safely trapped
and equipped with radiocollars. The outcome of captive-born
to wild fostering events was considered successful only when
a fostered individual was trapped, equipped with a radiocollar,
and released at the capture location. If the pups were not cap-
tured in the fall, the fate of the pup was classified as “unknown
fate.” We estimated the number of pups surviving to 5 and
12 months of age for both the fostered pups and the pups in the
recipient litter as a measure of success of the fostering event,
as well as a measure that cross-fostering is not deleterious to
the pups in the recipient litter. Recapturing, radiocollaring, and
telemetry flights of fostered and recipient pups continued as
part of the overall red wolf monitoring program to assess sur-
vival, causes of death, timing and distance of dispersal move-
ments, and reproduction, mainly litter size (Gese et al. 2015).
Radiocollared wolves were monitored 2—3 times/week, allow-
ing for the early detection of a mortality signal and facilitat-
ing recovery of the carcass to determine the cause of death. If
applicable, a field necropsy was conducted, or if the cause of
death was not apparent, the carcass was examined by a veter-
inary pathologist.
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Wild-born red wolf pups as “control” litters.—As a compar-
ison to fostered pups and pups in the recipient litters, we evalu-
ated the fate of the pups from an equal number (n = 15 litters)
of wild-born red wolf litters not involved in a cross-fostering
event (i.e., control pups). We then compared the percentage
of pups surviving to 5 and 12 months of age, and the life span
of pups surviving > 1 year among the 3 categories: fostered,
recipient, and control pups. For clarity, fostered pups were
pups that were captive-born and placed into a wild red wolf
den (either complete replacement of a hybrid litter, or aug-
mentation of an existing red wolf litter). Pups in recipient lit-
ters were wild-born pups in which fostered pups were placed.
Control pups were wild-born pups that were not involved in a
fostering event. The control litters from the Red Wolf Recovery
Area were randomly chosen from the entire data set of red
wolf litters, but stratified to match the number of fostered lit-
ters within each year and management zone (Gese et al. 2015)
to reduce the influence of annual and geographical variation
in survival rates. Similar to the fostered and recipient pups,
the surviving control pups were recaptured, radiocollared, and
relocated as part of the overall red wolf monitoring program
to assess survival, causes of death, timing and distance of dis-
persal movements, and reproduction, mainly litter size (Gese
et al. 2015). Radiocollared wolves were monitored 2—3 times/
week allowing for the early detection of a mortality signal and
facilitating recovery of the carcass to determine the cause of
death. If applicable, a field necropsy was conducted, or if the
cause of death was not apparent, the carcass was examined by
a veterinary pathologist.

Statistical analyses.—For captive-born pups fostered into
wild litters, we examined differences in the percentage of pups
from the 3 treatment groups (i.e., fostered pups, pups in recipi-
ent litters, pups in control litters) surviving to 5 and 12 months
of age with contingency tables and chi-square tests (Zar 1996).
This comparison was performed for pups with known fates
(i.e., complete fates), as well as adding pups with unknown
fates that were assumed to be deaths. Chi-square tests also were
used to examine where dens, in terms of landownership (fed-
eral, state, private), of fostered and control litters were located;
the proportion of fostered and control pups that dispersed; the
proportion of different causes of death between fostered and

control pups; and the proportion of landownership (federal,
state, private) between fostered and control pups in relation to
where they died. We determined landownership using state GIS
databases (Gese and Terletzky 2015). Differences in litter size,
age at the time of dispersal, and distance of dispersal move-
ments between fostered and control pups were determined with
a Student’s r-test (Zar 1996).

RESsuLTS

Captive-born pups fostered into captive recipient litters.—
There were 8 events involving 12 fostered pups between captive-
born red wolf pups and captive-born red wolf recipient litters
(Table 1). The mean age of fostered pups was 10.7 + 2.7 days (SD)
with the youngest pups 8 days old and the oldest pups 16 days old.
Single pups were the most common (62.5%) number of pups fos-
tered, followed by 2 fostering events with 2 pups (25.0%), and a
single fostering event involving 3 pups. There was an equal sex
ratio (6 F:6 M) among the 12 fostered pups. The mean age of pups
in captive recipient litters was 8.9 + 5.6 (SD) with the youngest
litters 4 days old and the oldest litter at 19 days old. Recipient lit-
ters, before fostering pups, consisted of 3 litters of a single pup, 3
litters of 3 pups, 1 litter of 2 pups, and 1 litter of 4 pups. The sex
ratio of the 18 pups in recipient litters was 7 females to 11 males
(Table 1). The largest age difference between fostered pups and
recipient litter pups was 7 days with the fostered pups being older.
Including the fostered pups, the sex ratio of the 30 pups in recipi-
ent litters was 13 females to 17 males.

The overall percentage of fostered pups surviving in the
recipient litters to 3 months of age was high (91.7%; 11 of 12
pups). This single unaccounted pup may have been eaten by
the recipient litter dam, although 1 of the 2 siblings from this
individual’s natal litter was stillborn and the other disappeared
8 days postpartum. Thus, this pup may have been medically
compromised; however, the cause of mortality could not be
verified because of the disappearance of the body 1 day follow-
ing insertion into the recipient den. The percentage of fostered
pups surviving to 12 months of age remained 91.7% (Table 1).

Captive-born pups fostered into wild recipient litters.—There
was a total of 15 events involving 31 captive-born pups fostered
into wild recipient litters (Table 2). Four recipient litters were

Table 1.—Age, litter size, and sex ratio of fostered pups and pups in recipient litters, and percent surviving of captive red wolf (Canis rufus)

pups fostered into captive recipient litters.

Fostered pups Pups in recipient litter Combined litter % fostered pups surviving
# fostered Sexratio  Age (days) #priorto Sexratio Age(days)  Final # pups Final sex Age difference @ 3 months @ 12 months
(F:M) event (F:M) ratio (F:M) (days)* old old
1 1:0 11 3 0:3 11 4 1:3 0 100 100
3 1:2 8 1 0:1 7 4 1:3 +1 100 100
1 0:1 8 2 2:0 10 3 2:1 -2 100 100
1 1:0 16 3 0:3 19 4 1:3 -3 100 100
2 1:1 11 3 2:1 4 5 3:2 +7 100 100
2 2:0 14 1 0:1 11 3 2:1 +3 100 100
1 0:1 9 4 3:1 4 5 3:2 +5 0 0
1 0:1 11 1 0:1 7 2 0:2 +4 100 100

* Age difference is the number of days older or younger the fostered pups were as compared to pups in the recipient litter.
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Table 2.—Age, litter size, sex ratio, and percent pups surviving of fostered pups and pups in recipient litters for events involving captive red
wolf (Canis rufus) pups fostered into wild recipient litters. NA: not applicable, as this was a hybrid litter and all pups were removed.

Fostered pups Pups in recipient litter Combined litter
#pups Sexratio Age (days) % surviveto % surviveto #pups Sexratio Age (days) % surviveto % surviveto Final# Final sex Age difference
(F:M) 5 months 12 months (F:M) 5 months 12 months  pups ratio (F:M) (days)*

2 0:2 5 50 50 3 1:2 9 100 100 5 1:4 -4
5 2:3 11 100° 100° NA NA NA NA NA 5 2:3 NA

2 1:1 14 100 100 2 0:2 15 100 100 4 1:3 -1

1 1:0 17 100 100 4 0:4 18 100¢ 50¢ 5 1:4 -1

1 1:0 18 100 100 2 1:1 4 100 100 3 2:1 +14
4 3:1 15 100 75 NA NA NA NA NA 4 3:1 NA

1 1:0 7 100 100 1 0:1 6 Unk Unk 2 1:1 +1

2 2:0 7 1004 1004 1 0:1 6 Unk Unk 3 2:1 +1

2 2:0 7 Unk Unk 3 1:2 11 100¢ 100¢ 5 3:2 —4

2 1:1 7 100 100 2 1:1 11 100¢ 100¢ 4 2:2 —4
2 1:1 13 Unk Unk 2 2:0 14 1004 100¢ 4 3:1 -1

2 2:0 13 Unk Unk NA NA NA NA NA 2 2:0 NA
2 1:1 7 Unk Unk 3 2:1 7 100° 1007 5 3:2 0

1 1:0 10 100 100 2 2:0 11 1004 1004 3 3:0 -1

2 2:0 10 Unk Unk NA NA NA NA NA 2 2:0 NA

* Age difference is the number of days older or younger the fostered pups were as compared to pups in the recipient litter.

® Known fate of 3 out of 5 pups.
¢ Known fate of 2 out of 4 pups.
4 Known fate of 1 out of 2 pups.
¢ Known fate of 2 out of 3 pups.
fKnown fate of 1 out of 3 pups.

determined to be hybrids and these pups were removed. Thus,
the fostered pups were considered litter replacements. The other
11 events involved litter augmentation (i.e., adding fostered
pups to an existing red wolf litter). The mean age of fostered
pups was 10.8 = 3.7 days with the youngest pups at 5 days old
and the oldest pups at 18 days old. Pairs of pups were the most
common (56.2%) number of pups fostered, followed by a sin-
gle pup being fostered (31.2%), 3 pups in 1 event, and 5 pups
in another event (Table 2). The number of captive-born pups
fostered had more females than males (21 F:10 M). The mean
age of pups in wild recipient litters was 10.9 + 4.2 days with
the youngest litter at 4 days old and the oldest litter at 18 days
old. The largest age difference between the fostered pups and
the wild recipient litter pups occurred when the fostered pups
were 14 days older. Before having the hybrid pups removed
and the fostered pups added, the mean size of wild recipient
litters was 3.4 (+ 2.1 SD) pups and ranged from litters with a
single pup to a litter with 9 pups. However, after removing the
4 recipient litters determined to be hybrids, the mean litter size
was 2.4 (+ 0.8) pups at the time of fostering. For the wild recip-
ient litters, the sex ratio was 10 females to 15 males (Table 2).
The resulting litter size containing fostered and recipient pups
ranged from 2 to 5 pups, well within the range of litter sizes for
red wolves (Lockyear et al. 2009).

The fate of 8 pups fostered into the 15 wild litters was
unknown at 5 and 12 months of age (Table 2). Overall, the
percentage of “known fate” pups fostered into wild red wolf
litters, or replacing hybrid litters, surviving to both age 5 and
12 months was high (Table 3). However, if pups with unknown
fates are considered deceased, then the percentage of fostered

Table 3.—Percentage of fostered, recipient, and control red wolf
(Canis rufus) pups with known fates and unknown fates assumed to be
deaths surviving to 5 and 12 months of age.

Fate n pups % surviving % surviving
Treatment group to 5 months to 12 months
Known fate
Fostered 18 94.4 88.9
Recipient 15 100 93.3
Control 35 100 82.0
Known fate and unknown
fate assumed dead
Fostered 31 54.8 51.6
Recipient 25 60.0 56.0
Control 66 59.1 48.5

pups surviving to 5 and 12 months was lower (Table 3).
Unfortunately, the fate of some pups remained unknown as
they were never recaptured in the recovery area. One litter with
complete survival information had 1 fostered pup die before
3 months of age, but a second fostered pup survived to at least
12 months. Both pups were handled 28 days after placement in
a recipient den; however, 1 pup disappeared after movement of
the litter by the recipient parents (Table 2). Notably, of 16 fos-
tered pups known to survive > 12 months of age, these individ-
uals lived to an average age of 5.6 years, and 9 animals whelped
or sired a total of 26 litters in the wild.

Since cross-fostering is meant to assist population recovery
of this endangered carnivore, we examined whether augment-
ing existing litters could be deleterious to the recipient litter.
For pups of known fate in the recipient litters, the percentage
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of pups surviving to 5 months (100%) and 12 months (93.3%)
was similarly high as the fostered pups (Table 3). When con-
sidering the pups with unknown fates as deaths, the percentage
of pups in the recipient litters surviving to 5 months (60%) and
12 months (56%) was similar to the percent survival of the fos-
tered pups. Of 15 recipient pups known to survive > 12 months
of age, these individuals lived to an average of 4.6 years of age.

Why some fostered individuals survived far into adulthood,
while others did not live to 12 months of age is not readily
apparent (Table 2). The percentage of fostered pups surviving
to 12 months of age within the 4 litters that were replacements
for the hybrid litters that were removed (i.e., no competition
from a recipient litter) was 85.7% (6 of 7 pups) for pups with
known fates, and 46.1% (6 of 13 pups) when including pups
with unknown fates. For 8 litters of fostered pups that were
equal to (0 age difference), greater than (> 1 day age differ-
ence), or only 1 day different (-1 day age difference) from the
pups in the recipient litter, survival to 12 months was 100% (7
of 7 pups) for pups with known fates and 58.3% (7 of 12 pups)
when including pups with unknown fates. For the 3 litters in
which the fostered pups were much younger than the recipient
litter (i.e., —4 days age difference), the number of known fate
pups surviving to 12 months of age was 75% (3 of 4 pups) and
when including pups with unknown fates as deaths, the percent
survival was 50% (3 of 6 pups).

Comparison of fostered, recipient, and control litters.—We
analyzed data from 15 litters containing 66 wild-born red wolf
pups as the “control” group for comparison to the fostered pups
and pups in recipient litters. The percentage of pups surviv-
ing to 5 months of age was similar among fostered pups, pups
in recipient litters, and pups in control litters when using pups
with known fates ()(22 = 3.042, P = 0.218; Table 3) and was
similar across groups when including pups with unknown fates
as deaths (x*, = 0.199, P = 0.905; Table 3). The percentage of
pups surviving to 12 months of age also was similar among
fostered pups, pups in recipient litters, and pups in control lit-
ters when using pups with known fates (y?, = 1.308, P = 0.520;
Table 3) and was similar across groups when including pups

with unknown fates as deaths ()(22 =0.420, P =0.810; Table 3).
Even though the percent of pups surviving to 12 months of age
was similar among the 3 groups, life span differed (F, ; = 4.49,
P = 0.015) with pups from the control litters living an average
3.3 years (= 1.97 SD; n = 32 pups), recipient pups living to a
mean of 4.6 years (+ 2.62; n = 14 pups), and fostered pups liv-
ing to an average of 5.6 years (+ 3.16; n = 15 pups).

The greatest difference among the groups was the fostered
pups living 2.3 years longer than the control pups. We exam-
ined several factors that may explain this disparity. First, we
examined where dens were located as differences in landown-
ership could create more risky landscapes. Results showed sim-
ilar use of federal, state, and private lands between the 2 cohorts
(Table 4). Second, we examined if smaller litter sizes could
give pups a competitive advantage later in life, and found that
the fostered litters were slightly smaller than the control litters
(Table 4). Third, we examined the possible influence of disper-
sal since dispersal into unfamiliar areas carries a decrease in
survival. We had anticipated that the control pups would have
a higher dispersal rate, but found the percentage of pups dis-
persing was dissimilar with more fostered pups dispersing from
their natal home range (Table 4). The age at which the pups
dispersed and the distance they dispersed was similar (Table 4).
Last, we examined aspects of mortality and found the causes
of mortality were similar between fostered and control pups
(Table 4), suggesting that different life spans were not related
to agents of mortality. Human-caused sources of mortality
included gunshot, foul play, poisoning, trapping, and vehicle
collisions. The type of landownership where pups were killed
also was similar between fostered and control pups (Table 4),
suggesting equal exposure to risk on the landscape.

DiscussioN

The survival of captive-born red wolf pups fostered into cap-
tive and wild recipient litters was high for animals of known
fate. When we considered red wolf pups with unknown fates
as having perished, then the percentage of pups surviving to

Table 4.—Landownership at the den, litter size, dispersal rate, age at dispersal, distance of dispersal, causes of mortality, and landownership at
death site for fostered and control red wolf (Canis rufus) pups, with test statistic and P-value.

Metric Fostered pups Control pups Test statistic P-value
Landownership at den (%)
Federal 43 60 ¥, =1.64 0.44
State 7 0
Private 50 40
Litter size (n pups) 37+1.2 4415 =136 0.09
Dispersal rate (%) 75 45 ¥, =413 0.042
Age of dispersal (months) 17.6 5.3 209+ 11.7 t=-0091 0.18
Distance of dispersal (km) 295+17.0 309+15.2 t=0.05 0.48
Causes of mortality (%)
Human 71.2 67.7 ¥, =0.09 0.95
Natural 14.4 14.7
Unknown 14.4 17.6
Landownership at death site (%)
Federal 7.1 29 ¥, =048 0.79
State 7.1 59
Private 85.7 91.1
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12 months of age declined, but was still greater than 50% sur-
vival. Stoskopf (2012) surmised that 30-35% survival to matu-
rity among a cross-fostered litter was a positive contribution
to a population. Most individuals fostered from captivity into
wild red wolf litters were known to have survived past weaning,
remained with their surrogate pack, and several demonstrated
movement and dispersal behaviors comparable to wild-born red
wolves. For example, following dispersal from her natal home
range, 1 fostered female red wolf died at 23 months of age from
complications associated with pregnancy. This individual’s fos-
tered male sibling also dispersed from his natal range and sired
a litter of 8 pups.

Overall, of the fostered red wolf pups known to have sur-
vived a year in the wild, these individuals lived to an average
age of 5.6 years, and several of these animals produced or sired
litters in the wild as adults. The several fostered pups growing
to adulthood, successfully mating, and producing wild red wolf
litters indicate the utility of cross-fostering, as these individuals
learned the behavioral skills necessary to survive and repro-
duce, thereby contributing to the red wolf population. Equally
important to the recovery of any endangered species was the
finding of similar survival rates among the pups in the recipient
litters, further demonstrating that fostering was not deleterious
to the existing wild litter that received the fostered pups.

Why the control pups had a lower life span compared to the
fostered and recipient pups remains unclear. Where the pups
were placed, when they dispersed, how far they dispersed, what
they died from, and where they died did not appear to be fac-
tors determining the observed difference in life span between
fostered and control pups. Whether the slight difference in lit-
ter size among the fostered litters translated to longer life span
remains a possibility. Therefore, we concluded that while sur-
vival up to 12 months of age was similar between the cohorts,
why fostered animals lived on average 2 years longer than the
control animals requires further investigation.

The release of adult red wolves from the captive program
to initiate new packs or supplement the wild population has
had mixed success (van Manen et al. 2000; Phillips et al. 2003;
Gese et al. 2015). Furthermore, acclimation to humans and
human-related activates may have resulted in increased mor-
tality risk (e.g., vehicle collision, gunshot—Hinton et al. 2017).
Regardless of the age when captive-born individuals were intro-
duced into a wild population, mortality risks were unavoidable
for free-ranging animals. Introducing pups from captivity into
wild red wolf litters can provide fostered individuals the bene-
fit of learning survival and social skills from wild parents and
other pack members, can be used as replacements for hybrid
(red wolf-coyote) litters, and can augment population size in
the recovery area and potentially facilitate increased genetic
diversity in an inbred population. The recovery program also
successfully fostered a litter of pups from one wild litter fol-
lowing the death of the breeding female into another wild lit-
ter, thereby keeping that litter alive and integrated into the wild
population.

Kitchen and Knowlton (2006) recommended cross-fostered
coyote pups be placed in recipient litters as young as possible

(< 1 week) to facilitate acceptance by the pack. In our study,
the pups that did not survive to 5 months were not older than
9 days, nor was the age difference between the fostered pups
and the recipient litter pups more than 9 days. Conversely, we
recorded a 16-day-old pup was successfully accepted into a
captive recipient litter and an 18-day-old pup was successfully
accepted into a wild recipient litter. The fostering success of
pups older than a week but younger than 3 weeks suggests that
the age of fostering is more plastic than previously thought. We
did not attempt cross-fostering with pups older than 18 days,
so we were not able to assess the oldest day at which fostering
could be successful. However, Kitchen and Knowlton (2006)
reported that fostered coyote pups > 6 weeks old did not survive
in their recipient litter.

Stoskopf (2012) made several recommendations to reduce
den disturbance (e.g., scent transfer, timing insertions when
adults are away from the den, minimizing the number of per-
sonnel involved on-site) and thereby increase the success of
fostering pups into wild litters. We further recommend the fos-
tered pups be well fed (i.e., bottle fed) before insertion as they
cry when hungry and could potentially attract predators while
the recipient female is away from the den. We also recommend
minimizing the time spent at the den to avoid overly disturbing
the parents and risk abandonment of the litter, and consider the
weather conditions at the time of fostering (e.g., dry conditions
if the pups are in a day bed exposed to the elements, rather than
in an excavated den). To ensure success and survival of cross-
fostered pups, we recommend that pups be fostered between the
ages of 4 to 21 days (but urge using pups < 14 days old, if pos-
sible), and that fostered pups be of similar age to the recipient
litter (Kitchen and Knowlton 2006; Stoskopf 2012). The similar
survival rates among the fostered pups that varied in age relative
to the recipient litter, or had no competition from a recipient lit-
ter, indicated there was no competitive advantage when the fos-
tered pups were similar in age or older. However, the numbers
of litters were small, thereby inference was limited, and future
investigations among other canid species are warranted.

We concluded that cross-fostering was successful at augment-
ing litter size for red wolves without any deleterious effects on
recipient litters, illustrating cross-fostering as a potential man-
agement tool for increasing populations of other endangered
carnivores. Most research on cross-fostering of canid species
has been limited to small sample sizes or anecdotal records,
although fostering in African wild dogs (McNutt et al. 2008),
coyotes (Kitchen and Knowlton 2006), and gray wolves (Schultz
et al. 2007; Jansson et al. 2015; Scharis and Amundin 2015) has
advanced our understanding of the factors required for success-
ful cross-fostering within these canid species. We demonstrated
that cross-fostering red wolf pups was an effective rearing tech-
nique that has assisted captive and wild population management
and could complement other management strategies (Stoskopf
et al. 2005; Gese et al. 2015; Gese and Terletzky 2015) when
supplementing endangered canid populations is required. Cross-
fostering pups also could provide a simple process for maintain-
ing genetic diversity of both captive and wild populations where
units are disjunct from one another.

Downl oaded from https://academ c. oup. conf j mammal / advance-arti cl e-abstract/doi/10. 1093/ manmal / gyy087/ 5058104
by University of M ssouri-Col unbi a user
on 01 August 2018



8 JOURNAL OF MAMMALOGY

A CKNOWLEDGMENTS

This paper is dedicated in the memory of CFL: our friend,
colleague, biologist, and champion for red wolves. Funding,
capture protocols, and permitting for all field aspects and
data collection were under the auspices of the U.S. Fish and
Wildlife Service. Additional support for data analysis and
manuscript preparation provided by Point Defiance Zoo and
Aquarium, Tacoma, Washington, and the U.S. Department of
Agriculture, Wildlife Services, National Wildlife Research
Center, Logan Field Station, Logan, Utah. We gratefully
acknowledge all of the U.S. Fish and Wildlife Service per-
sonnel associated with the red wolf recovery effort for their
diligence in documenting their efforts, locating the ani-
mals, and providing access to their data, including A. Beyer,
B. Fazio, R. Harrison, D. Hendry, B. Kelly, C. Lucash,
F. Mauney, S. McLellan, M. Morse, R. Nordsven, D. Rabon,
L. Schutte, and K. Whidbee. The authors thank K. B. Beck
for field assistance. We thank members of the Red Wolf
Recovery Implementation Team (K. B. Beck, T. K. Fuller,
F. F. Knowlton, D. L. Murray, M. Stoskopf, L. P. Waits), and
K. Goodrowe-Beck, B. B. Fazio, R. Harrison, B. T. Kelly, and
D. Rabon for providing many informative discussions and
insights on cross-fostering. We thank R. Harrison, E. Heske,
K. Monteith, and 2 anonymous reviewers for helpful reviews
of the manuscript. The findings and conclusions in this article
are those of the authors and do not necessarily represent the
views of the U.S. Fish and Wildlife Service.

Li1TERATURE CITED

ANGERBIORN, A., P. HERSTEINSSON, AND M. TANNERFELDT. 2004. Arctic
foxes: consequences of resource predictability in the arctic fox —
two life history strategies. Pp. 163—172 in Biology and conserva-
tion of wild canids (D. W. Macdonald and C. Sillero-Zubiri, eds.).
Oxford University Press, Oxford, United Kingdom.

AusBanD, D. E., ET AL. 2016. Individual, group, and environmental
influences on helping behavior in a social carnivore. Ethology
122:963-972.

BensoN, J. F., AND M. J. CHAMBERLAIN. 2006. Cub adoption by a trans-
located Louisiana black bear. Ursus 17:178-181.

BoHLING, J. H., anp L. P. Warts. 2015. Factors influencing red wolf-
coyote hybridization in eastern North Carolina, USA. Biological
Conservation 184:108-116.

BrabpLEY, E. H., ET AL. 2005. Evaluating wolf translocations as a
nonlethal method to reduce livestock conflicts in the northwestern
United States. Conservation Biology 19:1498-1508.

Brzeski, K. E., D. R. RaBon, Jr., M. J. CHAMBERLAIN, L. P. WaIts,
AND S. S. TavyrLor. 2014. Inbreeding and inbreeding depression
in endangered red wolves (Canis rufus). Molecular Ecology
23:4241-4255.

DrewiEN, R. C., W. L. MunRroEg, K. R. CLEGG, AND W. M. BRowN. 1997.
Use of cross-fostered whooping cranes as guide birds. Proceedings
of the North American Crane Workshop 7:86-95.

FrEDRICKSON, R. J., aND P. W. Heprick. 2006. Dynamics of hybrid-
ization and introgression in red wolves and coyotes. Conservation
Biology 20:1272-1283.

FuLLer, T. K., L. D. MEcH, anp J. F. CocHrANE. 2003. Wolf popu-
lation dynamics. Pp. 161-191 in Wolves: behavior, ecology, and

conservation (L. D. Mech and L. Boitani, eds.). University of
Chicago Press, Chicago, Illinois.

Gesg, E. M., ET AL. 2015. Managing hybridization of a recovering
endangered species: the red wolf Canis rufus as a case study.
Current Zoology 61:191-205.

GEsE, E. M., aND P. A. TERLETZKY. 2015. Using the “placeholder” con-
cept to reduce genetic introgression of an endangered carnivore.
Biological Conservation 192:11-19.

GreeN, J. S., E. E. KnowLton, anp W. C. Prrt. 2002. Reproduction
in captive wild-caught coyotes (Canis latrans). Journal of
Mammalogy 83:501-506.

Groowm, R. J., K. Lannas, anp C. R. Jackson. 2017. The impact of
lions on the demography and ecology of endangered African wild
dogs. Animal Conservation 20:382-390.

Harbping, L. E., J. HEFFELFINGER, D. PAETKAU, E. RUBIN, J. DOLPHIN,
AND A. Aoupk. 2016. Genetic management and setting recov-
ery goals for Mexican wolves (Canis lupus baileyi) in the wild.
Biological Conservation 203:151-159.

Hinton, J. W., K. E. Brzeski, D. R. RaBoN, AND M. J. CHAMBERLAIN.
2017. Effects of anthropogenic mortality on critically endangered
red wolf Canis rufus breeding pairs: implications for red wolf
recovery. Oryx 51:174-181.

HurtcHins, M., anp R. J. WiEse. 1991. Beyond genetic and demo-
graphic management: the future role of the Species Survival
Plan and related AAZPA conservation efforts. Zoo Biology
10:285-292.

INTERNATIONAL UNION FOR CONSERVATION OF NATURE (IUCN). 2017. The
TUCN Red List of Threatened Species. IUCN, Gland, Switzerland.

JANSSON, M., M. AMUNDIN, AND L. LAIKRE. 2015. Genetic contribution from
a zoo population can increase genetic variation in the highly inbred
Swedish wolf population. Conservation Genetics 16:1501-1505.

KEeLLy, B. T., P. S. MILLER, AND U. S. SEAL. 1999. Population and habi-
tat viability assessment workshop for the red wolf (Canis rufus).
TUCN/SSC Conservation Breeding Specialist Group, Apple Valley,
Minnesota.

Kircren, A. M., anp F. F. Knoweron. 2006. Cross-fostering in coy-
otes: evaluation of a potential conservation and research tool for
canids. Biological Conservation 129:221-225.

Kokko, H., R. A. JounstoNE, aAND T. H. CLutTON-BRrOCK. 2001. The
evolution of cooperative breeding through group augmenta-
tion. Proceedings of the Royal Society of London, B. Biological
Sciences 268:187-196.

KREEGER, T. J. 2003. The internal wolf: physiology, pathology, and
pharmacology. Pp. 192-217 in Wolves: behavior, ecology, and con-
servation (L. D. Mech and L. Boitani, eds.). University of Chicago
Press, Chicago, Illinois.

Laurenson, M. K. 1994. High juvenile mortality in cheetahs
(Acinonyx jubatus) and its consequences for maternal care. Journal
of Zoology 234:387—-408.

LEHTONEN, J., AND K. JAATINEN. 2016. Safety in numbers: the dilu-
tion effect and other drivers of group life in the face of danger.
Behavioral Ecology and Sociobiology 70:449-458.

LockyEar, K. M., W. T. WappeLL, K. L. GOODROWE, AND S.
E. MacDonaLp. 2009. Retrospective investigation of captive red
wolf reproductive success in relation to age and inbreeding. Zoo
Biology 28:214-229.

Lucash, C. F., B. CRAWFORD, AND J. D. CLARK. 1998. Species repatria-
tion: red wolf. Pp. 225-246 in Ecosystem management for sustain-
ability (J. D. Piene, ed.). Lewis Publishing, Boca Raton, Florida.

McLELLAN, S. R., anDp D. R. RaBon. 2006. Translocating red wolves
using a modified soft-release technique. Canid News 9.1:1-10.

Downl oaded from https://academ c. oup. conf j mammal / advance-arti cl e-abstract/doi/10. 1093/ manmal / gyy087/ 5058104
by University of M ssouri-Col unbi a user
on 01 August 2018



GESE ET AL.—CROSS-FOSTERING 9

McNurT, J. W., M. N. PARKER, M. J. SWARNER, AND M. GUSSeT. 2008.
Adoption as a conservation tool for endangered African wild
dogs (Lycaon pictus). South African Journal of Wildlife Research
38:109-112.

MecH, L. D., anp S. M. GovaL. 1995. Canine parvovirus effect on
wolf population change and pup survival. Journal of Wildlife
Diseases 29:330-333.

MILLER, C. R., J. R. Apams, anD L. P. Warrs. 2003. Pedigree-based
assignment tests for reversing coyote (Canis latrans) introgression
into the wild red wolf (Canis rufus) population. Molecular Ecology
12:3287-3301.

MuRIg, J. O., S. D. StevEns, AND B. Leoppky. 1998. Survival of cap-
tive-born cross-fostered juvenile Columbian ground squirrels in the
field. Journal of Mammalogy 79:1152-1160.

OswaLD, S. A., C. N. WaiLs, B. E. Morey, aAnD J. M. ARNoOLD. 2013.
Caspian terns (Hydroprogne caspia) fledge a ring-billed gull
(Larus delawarensis) chick: successful waterbird adoption across
taxonomic families. Waterbrids 36:385-389.

PuiLLips, M. K., E. E. Bangs, L. D. MEcH, B. T. KELLY, AND B. B. Fazio.
2004. Extermination and recovery of red wolf and grey wolf in the
contiguous United States. Pp. 297-309 in Biology and conserva-
tion of wild canids (D. W. Macdonald and C. Sillero-Zubiri, eds.).
Oxford University Press, Oxford, United Kingdom.

PuiLLips, M. K., V. G. HEnry, anp B. T. KeLLy. 2003. Restoration of
the red wolf. Pp. 272-288 in Wolves: behavior, ecology, and con-
servation (L. D. Mech and L. Boitani, eds.). University of Chicago
Press, Chicago, Illinois.

PoweLL, A. N., anD F. J. CuTHBERT. 1993. Augmenting small popula-
tions of plovers: an assessment of cross-fostering and captive rear-
ing. Conservation Biology 7:160—168.

RaBon, D. R., Jr., anp W. WappeLL. 2010. Effects of inbreeding on
reproductive success, performance, litter size, and survival in cap-
tive red wolves (Canis rufus). Zoo Biology 29:36—49.

ScHARIs, 1., AND M. AMUNDIN. 2015. Cross-fostering in gray wolves
(Canis lupus lupus). Zoo Biology 34:217-222.

Schurrz, R. W., A. P. WYDEVEN, L. S. WINN, AND S. A. BULLER. 2007.
Attempt to cross-foster gray wolf, Canis lupus, pups into another
wolf pack. Canadian Field Naturalist 121:430-432.

Sikes, R. S., AND THE ANIMAL CARE AND USE COMMITTEE OF THE
AMERICAN SOCIETY OF MAMMALOGISTS. 2016. 2016 Guidelines of the
American Society of Mammalogists for the use of wild mammals
in research and education. Journal of Mammalogy 97:663-688.

Stoskopr, M. K. 2012. Carnivore restoration. Pp. 333-352 in
Carnivore ecology and conservation: a handbook of techniques
(L. Boitani and R. A. Powell, eds.). Oxford University Press,
Oxford, United Kingdom.

Stoskopr, M. K., ET AL. 2005. Implementing recovery of the red wolf
— integrating research scientists and managers. Wildlife Society
Bulletin 33:1145-1152.

U.S. FisH aND WILDLIFE SERVICE. 1989. Red wolf recovery plan. United
States Fish and Wildlife Service, Atlanta, Georgia.

VAN MANEN, F. T., B. A. CRAWFORD, AND J. D. CLARK. 2000. Predicting
red wolf release success in the southeastern United States. Journal
of Wildlife Management 64:895-902.

ZARr, J. H. 1996. Biostatistical analysis. 3rd ed. Prentice Hall,
Princeton, New Jersey.

Submitted 5 April 2018. Accepted 12 July 2018.

Associate Editor was Kevin Monteith.

Downl oaded from https://academ c. oup. conf j mammal / advance-arti cl e-abstract/doi/10. 1093/ manmal / gyy087/ 5058104
by University of M ssouri-Col unbi a user
on 01 August 2018



