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Abstract
1.	 Theories of dispersal and senescence (or aging) predict that dispersal, and on-

going survival and body condition, are influenced by evolutionary drivers, along 
with intrinsic and extrinsic factors. Such theories are relevant to translocations 
of animals where high mortality, loss of body condition, and dispersal beyond the 
area of release are commonly reported. However, these theories have rarely been 
tested using data from translocations.

2.	 We explore whether theories of dispersal and senescence, together with biologi-
cal knowledge and management interventions, can predict rates of postrelease 
dispersal, survival and change in body condition of a translocated endangered 
meso-predator, the eastern quoll Dasyurus viverrinus.

3.	 Captive-bred quolls (n = 60) from three sanctuaries were translocated to an un-
fenced, predator-managed reserve (Booderee National Park) over 2 years (2018, 
2019). Survival, dispersal and body mass were monitored via GPS/VHF tracking 
and targeted trapping for 45 days postrelease.

4.	 We found support for the “social subordinate” hypothesis, with smaller quolls dis-
persing further. Consistent with theories of senescence and the biology of our 
species, survival was marginally greater for females, and females regained losses 
in body mass in both years following release. In contrast, males recovered body 
condition in the first but not the second release as this coincided with breeding. 
Quolls that originated from the mainland sanctuary were on average heavier at 
release and, after accounting for weight, dispersed further.

5.	 Synthesis and applications. Using theory to test outcomes of wildlife translocations 
can provide insights into patterns across taxa and under different conditions, 
enabling useful improvements to future fauna translocations. This allows for bet-
ter predictions to be made about the likelihood of success from proposed trans-
locations, changes to planning to improve outcomes (e.g., modifying sex ratios, 

http://www.ecolevol.org
mailto:﻿
https://orcid.org/0000-0003-0421-8683
http://creativecommons.org/licenses/by/4.0/
mailto:natasha.robinson@anu.edu.au


     |  1003ROBINSON et al.

1  | INTRODUC TION

Animal translocations are implemented for different purposes 
(e.g., conservation, economic, social goals, IUCN/SSC, 2013). 
Reintroductions aim to re-establish species in areas they once oc-
cupied, introductions establish species in new areas, and supple-
mentations or are used to bolster existing populations. Animal 
translocations are often plagued by low survival rates and, where 
there are no barriers (e.g., islands, fenced reserves), high levels 
of dispersal beyond the area of release (Le Gouar et al., 2012). 
Translocations of captive-bred animals to the wild often have higher 
rates of mortality compared to wild-to-wild translocations as cap-
tive-bred animals have less experience with foraging, finding shelter 
and are more naïve to threats in the wild (Fischer & Lindenmayer, 
2000; Jule et al., 2008). Yet, captive-bred individuals are often used 
for conservation-orientated translocations, especially for endan-
gered animals, as wild source populations are small or nonexistent 
(Jule et al., 2008). It is important to consider how to improve the 
success of animal translocations as such operations are resource in-
tensive and ethically questionable if not justified by good planning, 
monitoring, threat mitigation, and evaluation (e.g., IUCN/SSC, 2013; 
Robinson et al., 2020). Central to improving animal translocations 
is understanding what factors contribute to enhanced survival and 
establishment in the released area.

Minimal dispersal, ongoing survival, and evidence of breeding are 
characteristics of successful early establishment of a translocated 
population (e.g., Moseby et al., 2011; Robinson et al., 2018). Dispersal 
in its broadest sense refers to unidirectional movement from one 
habitat patch to another (Bowler & Benton, 2005). Dispersal can be 
further broken down into three sequential behavioral stages (depar-
ture, transience, settlement, Clobert et al., 2009). Following release 
into a new environment, translocated animals are often found to 
disperse away from a release point (Le Gouar et al., 2012; Stamps & 
Swaisgood, 2007). Large movements can compromise the success of 
a program if animals fail to establish at the release location (Le Gouar 
et al., 2012; Robinson et al., 2020). At the individual level, overdis-
persal can hinder breeding as chances of interacting with conspe-
cifics declines (Le Gouar et al., 2012). The higher energy demands 
and stress of constant movement or long-distance dispersal can 
further compromise body condition and survival (Moehrenschlager 
& Macdonald, 2003). Animals in poor body condition or enduring 
stress, in turn, have reduced breeding success (Atkinson & Ramsay, 
1995; Facka et al., 2016). Managers typically try to minimize dispersal 

by using different tactics (e.g., release method, supplementary feed-
ing, Batson et al., 2015; Le Gouar et al., 2012). Conversely, site fidel-
ity can be detrimental to translocated animals if, for example, the 
habitat is unviable or inadequate, or the concentration of animals 
leads to predators being attracted to a release site (e.g., via novel 
scents, Banks et al., 2002). Consequently, dispersal may be a natural 
response by an individual to survive (Bennett et al., 2013). Dispersal, 
survival, and changes in body condition following release are reg-
ularly investigated for animal translocations (e.g., Bright & Morris, 
1994; Le Gouar et al., 2012). Various authors have designed their 
studies according to intrinsic factors such as sex, age and personality 
(e.g., Germano et al., 2017). Other studies provide post hoc expla-
nations for differences in outcomes as a function of these intrinsic 
factors, typically interpreting findings as consistent with life history 
strategies or social organization (e.g., Letty et al., 2000). To our 
knowledge, no one has attempted to develop a broad and predictive 
theoretical framework to guide management decisions for translo-
cations. Our goal here is to move forward the field of translocation 
biology by articulating how evolutionary theories can be integrated 
into translocation planning and predictions.

Incorporating theory into translocation practice can improve 
outcomes for translocations. Many hypotheses have been generated 
from theory to describe patterns in dispersal, body condition, and 
survival (or conversely, mortality, and senescence) (e.g., Greenwood, 
1980, Kirkwood, 1977, Williams, 1957, and reviews by Bowler & 
Benton, 2005, Lawson Handley & Perrin, 2007, Lemaître et al., 2015 
with summaries therein). However, rarely have these theories and 
hypotheses been tested or applied in the context of translocations 
(but see Stamps & Swaisgood, 2007). According to theory, disper-
sal is often sex-biased as determined by the type of mating system 
(Greenwood, 1980), or resource competition (Trochet et al., 2016, 
table 1). Greenwood (1980) proposed dispersal would be male-biased 
when, during breeding, the male does not retain exclusive access to 
one or more females, there is male-male aggression, and where fe-
males invest disproportionately in reproduction. Trochet et al. (2016) 
describe other factors that could cause sex-biased dispersal that are 
linked to, but not necessarily caused by, mating systems per se (e.g., 
parental care, sexual dimorphism). Shaw and Kokko (2014) further 
proposed that sex-biased dispersal was associated with timing rel-
ative to breeding, with greater dispersal expected during breeding.

The “social subordinate hypothesis” explains mechanisms re-
lating to individual fitness and behavior and further predicts that 
body condition and relative size of individuals influences dispersal 

individual selection and release cohort), and improved animal welfare as fewer 
animals are subjected to trials.

K E Y W O R D S

aging, body mass or weight, conservation translocation, Dasyuridae, dispersal theory, 
endangered or threatened species, reintroduction, survival, theory of senescence



1004  |     ROBINSON et al.

TA
B

LE
 1

 
Pr

ed
ic

tio
ns

 fo
r d

is
pe

rs
al

, s
ur

vi
va

l, 
an

d 
bo

dy
 c

on
di

tio
n 

fo
r t

ra
ns

lo
ca

te
d 

ca
pt

iv
e-

br
ed

 e
as

te
rn

 q
uo

lls
 b

as
ed

 o
n 

th
eo

ry
, b

io
lo

gy
, a

nd
 m

an
ag

em
en

t

Th
eo

ry
 a

nd
 o

r m
ec

ha
ni

sm
Ea

st
er

n 
qu

ol
l b

io
lo

gy
 a

nd
 m

an
ag

em
en

t t
ac

tic
s

Pr
ed

ic
tio

ns
 fo

r t
ra

ns
lo

ca
te

d 
qu

ol
ls

D
is

pe
rs

al
D

is
pe

rs
al

 is
 s

ex
-b

ia
se

d 
as

 d
et

er
m

in
ed

 b
y 

th
e 

ty
pe

 o
f m

at
in

g 
sy

st
em

, o
r 

re
so

ur
ce

 c
om

pe
tit

io
n.

 In
 p

ol
yg

am
ou

s 
m

am
m

al
s,

 a
nd

 w
he

re
 th

er
e 

is
 s

tr
on

g 
co

m
pe

tit
io

n 
am

on
g 

m
al

es
 fo

r m
at

es
 a

nd
 lo

ca
l r

es
ou

rc
es

 a
re

 im
po

rt
an

t f
or

 
fe

m
al

es
, d

is
pe

rs
al

 is
 p

rim
ar

ily
 m

al
e-

bi
as

ed
 (G

re
en

w
oo

d,
 1

98
0;

 T
ro

ch
et

 
et

 a
l.,

 2
01

6)

•	
Q

uo
lls

 a
re

 p
ro

m
is

cu
ou

s 
br

ee
de

rs
, w

ith
 p

re
do

m
in

an
tly

 m
al

e-
bi

as
ed

 n
at

al
 d

is
pe

rs
al

 (G
od

se
ll,

 1
98

3)
.

•	
D

ur
in

g 
th

e 
br

ee
di

ng
 s

ea
so

n,
 a

gg
re

ss
io

n 
be

tw
ee

n 
m

al
es

 
in

cr
ea

se
 (G

od
se

ll,
 1

98
3)

1.
	M

al
es

 w
ill

 d
is

pe
rs

e 
fu

rt
he

r 
th

an
 fe

m
al

es

Se
x-

bi
as

ed
 d

is
pe

rs
al

 is
 in

flu
en

ce
d 

by
 ti

m
in

g 
re

la
tiv

e 
to

 b
re

ed
in

g.
 M

al
e 

di
sp

er
sa

l i
s 

pr
ed

ic
te

d 
to

 b
e 

gr
ea

te
r w

he
n 

di
sp

er
sa

l c
on

cu
rr

en
t w

ith
 

br
ee

di
ng

 (S
ha

w
 &

 K
ok

ko
, 2

01
4)

•	
D

ur
in

g 
th

e 
br

ee
di

ng
 s

ea
so

n,
 m

al
e 

qu
ol

ls
 m

ov
e 

m
or

e 
(G

od
se

ll,
 

19
83

).
•	

In
 2

01
8,

 q
uo

lls
 w

er
e 

re
le

as
ed

 p
rio

r t
o 

br
ee

di
ng

. I
n 

20
19

, q
uo

lls
 

w
er

e 
re

le
as

ed
 s

ix
 w

ee
ks

 la
te

r, 
co

in
ci

di
ng

 w
ith

 th
e 

br
ee

di
ng

 
se

as
on

2.
	D

is
pe

rs
al

 o
f m

al
es

 w
ill

 b
e 

gr
ea

te
r i

n 
20

19
 th

an
 in

 2
01

8

D
is

pe
rs

al
 is

 re
la

te
d 

to
 b

od
y 

co
nd

iti
on

 a
nd

 s
iz

e.
 N

eg
at

iv
e 

in
te

ra
ct

io
ns

 
be

tw
ee

n 
co

ns
pe

ci
fic

s 
ca

us
es

 s
m

al
le

r, 
le

ss
 a

gg
re

ss
iv

e,
 a

nd
/o

r y
ou

ng
er

 
su

bo
rd

in
at

es
 to

 d
is

pe
rs

e 
(C

hr
is

tia
n,

 1
97

0)

•	
A

ll 
qu

ol
ls

 w
er

e 
re

le
as

ed
 w

ith
 m

in
im

um
 b

od
y 

m
as

s 
th

at
 is

 
gr

ea
te

r t
ha

n 
ju

ve
ni

le
 d

is
pe

rs
al

 m
as

s
•	

Q
uo

lls
 a

re
 s

ex
ua

lly
 d

im
or

ph
ic

 w
ith

 m
al

es
 h

ea
vi

er
 th

an
 fe

m
al

es
 

(G
od

se
ll,

 1
98

3)

3.
	A

cc
ou

nt
in

g 
fo

r s
ex

, s
m

al
le

r 
qu

ol
ls

 w
ill

 d
is

pe
rs

e 
fu

rt
he

r 
th

an
 la

rg
er

 q
uo

lls

Su
rv

iv
al

Su
rv

iv
al

 a
nd

 lo
ng

ev
ity

 is
 s

ex
-b

ia
se

d 
in

 p
ol

yg
am

ou
s,

 s
ex

ua
lly

 d
im

or
ph

ic
 

m
am

m
al

s.
•	

Pr
om

is
cu

ou
s 

m
at

in
g 

an
d 

se
xu

al
 d

im
or

ph
is

m
 fa

vo
rin

g 
la

rg
er

 m
al

es
 is

 
as

so
ci

at
ed

 w
ith

 in
cr

ea
se

d 
m

al
e 

co
m

pe
tit

io
n 

fo
r b

re
ed

in
g.

•	
En

er
ge

tic
al

ly
 c

os
tly

 tr
ai

ts
 re

du
ce

 lo
ng

ev
ity

, r
es

ul
tin

g 
in

 d
iff

er
en

ce
s 

in
 

su
rv

iv
al

 ra
te

s 
be

tw
ee

n 
se

xe
s 

(C
lu

tt
on

-B
ro

ck
 &

 Is
va

ra
n,

 2
00

7;
 L

em
aî

tr
e 

et
 a

l.,
 2

01
5;

 W
ill

ia
m

s,
 1

95
7)

•	
M

al
e 

qu
ol

ls
 h

av
e 

re
du

ce
d 

su
rv

iv
al

 d
ur

in
g 

an
d 

fo
llo

w
in

g 
th

e 
br

ee
di

ng
 s

ea
so

n 
(G

od
se

ll,
 1

98
3)

; t
hi

s 
is

 re
la

te
d 

to
 b

eh
av

io
ra

l 
an

d 
ph

ys
io

lo
gi

ca
l c

ha
ng

es
 (e

.g
., 

in
cr

ea
se

d 
te

st
os

te
ro

ne
 le

ve
ls)

4.
	F

em
al

es
 w

ill
 h

av
e 

a 
hi

gh
er

 
su

rv
iv

al
 ra

te
 th

an
 m

al
es

 
fo

llo
w

in
g 

re
le

as
e

Ta
rg

et
ed

 m
an

ag
em

en
t i

nt
er

ve
nt

io
ns

 c
om

bi
ne

d 
w

ith
 m

on
ito

rin
g 

an
d 

ev
al

ua
tio

n 
en

ab
le

s 
im

pr
ov

ed
 c

on
se

rv
at

io
n 

ou
tc

om
es

 (R
ob

in
so

n,
 S

ch
ee

le
, 

et
 a

l.,
 2

01
8;

 S
ch

ee
le

 e
t a

l.,
 2

01
8)

•	
Fo

llo
w

in
g 

kn
ow

le
dg

e 
ga

in
ed

 a
bo

ut
 th

re
at

s 
to

 q
uo

ll 
su

rv
iv

al
 

in
 2

01
8,

 c
ha

ng
es

 w
er

e 
m

ad
e 

to
 s

ub
se

qu
en

t t
ra

ns
lo

ca
tio

n 
pr

oc
ed

ur
es

 a
nd

 m
an

ag
em

en
t i

n 
20

19
 (R

ob
in

so
n 

et
 a

l.,
 2

02
0)

5.
	S

ur
vi

va
l w

ill
 b

e 
hi

gh
er

 in
 2

01
9 

th
an

 in
 2

01
8

G
en

er
at

io
ns

-in
-c

ap
tiv

ity
 is

 re
la

te
d 

to
 lo

ss
 o

f n
at

iv
e 

in
st

in
ct

s 
an

d 
be

ha
vi

or
s 

re
qu

ire
d 

fo
r s

ur
vi

va
l i

n 
th

e 
w

ild
; l

on
ge

r g
en

er
at

io
ns

-in
-c

ap
tiv

ity
 le

ad
s 

to
 

re
du

ce
d 

su
rv

iv
or

sh
ip

 (M
cP

he
e,

 2
00

4)

•	
In

 a
 re

la
te

d 
sp

ec
ie

s,
 th

e 
Ta

sm
an

ia
n 

de
vi

l S
ar

co
ph

ilu
s h

ar
ris

ii,
 

in
cr

ea
si

ng
 g

en
er

at
io

ns
-in

-c
ap

tiv
ity

 w
as

 li
nk

ed
 to

 in
cr

ea
se

d 
m

or
ta

lit
y 

up
on

 re
le

as
e 

in
to

 th
e 

w
ild

 (G
ru

eb
er

 e
t a

l.,
 2

01
7)

6.
	S

ur
vi

va
l w

ill
 b

e 
gr

ea
te

r 
fo

r a
ni

m
al

s 
w

ith
 lo

w
er

 
ge

ne
ra

tio
ns

-in
-c

ap
tiv

ity

Bo
dy

 
co

nd
iti

on
Tr

an
sl

oc
at

io
n 

ca
us

es
 lo

ss
 o

f b
od

y 
co

nd
iti

on
 a

s 
an

im
al

s 
ad

ju
st

 to
 n

ew
 

en
vi

ro
nm

en
t (

Br
ig

ht
 &

 M
or

ris
, 1

99
4;

 T
ei

xe
ira

 e
t a

l.,
 2

00
7)

. E
ne

rg
et

ic
al

ly
 

co
st

ly
 tr

ai
ts

 re
su

lt 
in

 d
iff

er
en

tia
l r

at
es

 o
f r

ec
ov

er
y 

of
 b

od
y 

co
nd

iti
on

 
be

tw
ee

n 
se

xe
s;

 in
di

vi
du

al
s 

op
tim

iz
e 

re
so

ur
ce

 a
llo

ca
tio

n 
be

tw
ee

n 
bo

dy
 

gr
ow

th
, r

ep
ai

r a
nd

 re
pr

od
uc

tio
n 

ac
co

rd
in

g 
to

 e
ar

ly
-la

te
 tr

ad
e-

of
fs

 in
 

re
pr

od
uc

tio
n 

an
d 

lo
ng

ev
ity

 (C
lu

tt
on

-B
ro

ck
 &

 Is
va

ra
n,

 2
00

7;
 K

irk
w

oo
d,

 
19

77
; L

em
aî

tr
e 

et
 a

l.,
 2

01
5)

•	
D

ur
in

g 
th

e 
br

ee
di

ng
 p

er
io

d,
 b

ot
h 

m
al

e 
an

d 
fe

m
al

e 
qu

ol
ls

 lo
se

 
w

ei
gh

t b
ut

 m
al

es
 lo

se
 m

or
e 

pr
op

or
tio

na
lly

 (G
od

se
ll,

 1
98

3)
7.

	A
ni

m
al

s 
w

ill
 lo

se
 b

od
y 

w
ei

gh
t 

fo
llo

w
in

g 
tr

an
sl

oc
at

io
n 

an
d 

th
en

 re
ga

in
 it

 o
ve

r t
im

e;
 

re
co

ve
ry

 w
ill

 b
e 

fa
st

er
 fo

r 
fe

m
al

es
 th

an
 m

al
es

Ti
m

in
g 

of
 re

le
as

e 
in

flu
en

ce
s 

ch
an

ge
 in

 b
od

y 
co

nd
iti

on
 p

os
tr

el
ea

se
 (B

rig
ht

 &
 

M
or

ris
, 1

99
4)

•	
Bo

dy
 m

as
s 

of
 b

ot
h 

se
xe

s 
in

cr
ea

se
 p

rio
r t

o 
br

ee
di

ng
, t

he
n 

de
cl

in
e 

du
rin

g 
br

ee
di

ng
 (G

od
se

ll,
 1

98
3)

.
•	

Th
e 

tim
in

g 
of

 th
e 

20
19

 re
le

as
e 

du
rin

g 
br

ee
di

ng
 w

ill
 m

ea
n 

th
at

 
fe

m
al

es
 w

ill
 h

av
e 

le
ss

 o
pp

or
tu

ni
ty

 to
 re

ga
in

 b
od

y 
m

as
s

8.
	R

ec
ov

er
y 

of
 b

od
y 

m
as

s 
w

ill
 

be
 le

ss
 in

 2
01

9 
th

an
 2

01
8;

 
br

ee
di

ng
 s

uc
ce

ss
 w

ill
 b

e 
lo

w
er

 
in

 2
01

9 
th

an
 2

01
8



     |  1005ROBINSON et al.

(Christian, 1970, table 1). Sexual dimorphism in size further pro-
motes dispersal of the larger sex (Trochet et al., 2016). According to 
theories of senescence, sex-biased survival and differences in body 
condition are expected when one sex engages in energetically costly 
behavior such as fighting (Clutton-Brock & Isvaran, 2007; Lemaître 
et al., 2015). Not all theories or associated hypotheses of dispersal 
and senescence are transferable to animal translocations as differ-
ent factors may drive responses. For examples, dispersal theories 
that relate to habitat saturation are less relevant until the population 
reaches carrying capacity (Bowler & Benton, 2005). Theories of dis-
persal and senescence, however, can help understand evolutionary 
causes driving different responses in translocated animals (Bowler 
& Benton, 2005). Translocations may further be used to experimen-
tally test theories and/or hypotheses that are not easily examined 
under natural conditions (Gundersen et al., 2002).

In this paper, we test the applicability of theories of dispersal and 
senescence to wildlife translocations. We use the translocation of 
an endangered meso-predator, the eastern quoll Dasyurus viverrinus, 
as a case study. We specifically asked: Is postrelease dispersal re-
lated to sex, timing of release relative to breeding, sex-adjusted body 
mass, and or source of individuals? Is survival related to sex, timing, 
generations-in-captivity, and or source? Is body condition related to 

sex, timing, and or source? We used theory, along with knowledge 
of our study species' biology and other translocation studies, to 
make several predictions. We predicted that dispersal would be: (1) 
sex-biased and greater for males; (2) higher in the second year (i.e., 
during the breeding season); and (3) greater for smaller individuals 
(Table  1). We predicted that survival would be: (4) sex-biased and 
higher for females; (5) greater in the second year, following improved 
management of threats; and (6) higher for animals with fewer gen-
erations-in-captivity. Regarding body condition, we predicted that 
(7) females would regain mass more quickly, and that (8) recovery 
of body condition would be less in the second year due to timing of 
release during breeding (Table 1).

2  | MATERIAL S AND METHODS

2.1 | Study area

Our study was conducted at Booderee National Park (BNP), a 
6,400  ha unfenced reserve on the south-east coast of Australia 
(35°10′S, 150°40′E, Figure  1). The park is co-managed by Parks 
Australia and the Traditional Owners of the land, the Wreck Bay 

F I G U R E  1   Booderee National Park (BNP) with adjacent land tenure; inset map shows the location of BNP as indicated by the star. 
Eastern quolls were released in the park at five locations in 2018 and 2019
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people (DNP, 2015). The park receives an average annual rainfall 
of ~1,243  mm (BOM, 2019b), with a mean monthly temperature 
range of 15–26°C (BOM, 2019a). Vegetation ranges from open for-
est, rainforest, and woodland through to heath, shrub, sedge, and 
swamps. The park conducts invasive species control (primarily for 
the feral predator, the red fox Vulpes vulpes, and invasive bitou bush 
Chrysanthemoides monilifera ssp. monilifera).

2.2 | Study species

The eastern quoll Dasyurus viverrinus (hereafter quoll) is a small-
medium sized marsupial predator. The species is sexually dimorphic 
(females 700–1,100 g; males 900–2,000 g) and occurs in two distinct 
color morphs occur, black, or fawn. Quolls are promiscuous breeders 
(Godsell, 1983) and in related species, Dasyurus maculatus, multiple 
parentage is possible in a single litter (Glen et al., 2008). Breeding 
commences in May-June each year, with births occurring in June-
July (Godsell, 1983). Juveniles are reliant on maternal care until five 
to six months old.

The eastern quoll was once common throughout south-east-
ern Australian states, including Tasmania (Peacock & Abbott, 2014; 
Robinson et al., 2020). Prior to reintroduction to BNP, the last con-
firmed sighting of a wild quoll alive on mainland Australia was in 
1963 (Dickman et al., 2001). The species still persists in Tasmania, 
although populations are declining (Fancourt, 2016). Declines and 
extinctions on mainland Australia are attributed to a combination 
of disease and predation by the introduced red fox (Peacock & 
Abbott, 2014). Predation by the red fox, as well as the domestic dog 
Canis familiarus, continue to threaten the re-establishment of the 
quoll on the mainland, along with collisions with vehicles (Robinson 
et al., 2020). The species is listed nationally and internationally as 
Endangered (Australian Government 2020, Burbidge & Woinarski, 
2016).

2.3 | Translocation

We reintroduced 60 eastern quolls to BNP over 2 years, beginning 
with 20 quolls in March 2018, and a further 40 quolls in April–May 
2019 (see Table S1 for further details of release). We sourced quolls 
from two captive breeding facilities in Tasmania (Devils@Cradle, 
Trowunna Wildlife Sanctuary) and a third sanctuary located on 
mainland Australia (Aussie Ark). All three sanctuaries share breeding 
animals and aim to maximize genetic diversity of stock and minimize 
generations in captivity. We selected animals according to minimum 
criteria of health, body mass, and breeding potential (for details see 
Robinson et al., 2020).

The timing of the release took into account predicted threats 
to re-establishing quolls in the park, notably minimizing the risk 
of mortality from paralysis tick Ixodes holocyclus envenomation 
(Robinson et al., 2020). In 2019, the release was delayed a fur-
ther six weeks to minimize quoll fatalities from vehicular collisions 

during periods of high visitor traffic. In 2018, we released all quolls 
in the same broad location (five sites, ~500 m apart; Figure 1). In the 
second year, we changed management tactics and released animals 
in sanctuary groups at four locations over two days (Figure 1); this 
was to maximize existing social cohesion within sanctuary groups 
and minimize competition for resources (e.g., Shier & Swaisgood, 
2012).

2.4 | Monitoring

Prior to the release of quolls, we fit GPS/VHF collars to all 20 animals 
released in 2018 (Telemetry Solutions, model FLR V LS14250) and 
21 of the 40 animals released in 2019 (Sirtrack, model ZV6C 163 
Zilco VHF Collar). Both types of collars contained a mortality signal. 
In 2019, we selected animals for collaring that reflected an even sex 
ratio, representation of each sanctuary, and a range of behavioral 
traits (e.g., bold/shy) observed during captivity. We tracked all col-
lared quolls daily for the first 4 weeks after release, then 3–4 times 
per week until day 45. We were restricted to this period of monitor-
ing by the relocation of quolls in 2018 at day 45 that interrupted 
their movement patterns (Robinson et al., 2020). We conducted tar-
geted trapping every 2–3  weeks throughout the 45  day period to 
check on body mass, collar fit, signs of pouch young, and general 
health. We also used camera traps at supplementary feed stations 
and incidental sightings to record locations of all animals, not only 
those with collars. Our regular tracking and intensive monitoring en-
sured rapid detection of mortalities and, combined with necropsies, 
allowed a cause of death to be determined. Research was approved 
by The Australian National University Animal Experimentation 
Ethics Committee (protocols A2016/30, A2018/71).

2.5 | Statistical analyses

We analyzed dispersal, survival, and body condition over a 45-day 
period postrelease for 2018 and 2019 according to sex, year, gen-
erations-in-captivity (survival only), sanctuary of origin (Devils@
Cradle, Trowunna, Aussie Ark), and sex-adjusted release weight 
(survival, dispersal only). We included sex-adjusted weight as sexual 
dimorphism in quolls is expected to promote sex-biased dispersal 
and survival (Trochet et al., 2016). Sex-adjusted release weights 
were computed using z-scores, that is, where we assumed a common 
standard deviation for both sexes and a different mean for each sex. 
Generations-in-captivity was calculated as the average generations-
in-captivity of the parents plus one (Grueber et al., 2017; ISIS, 2005). 
We report 95% credible intervals for all models and refer to effects 
as being significant when their 95% credible intervals do not include 
zero (the null value). We refer to effects as marginal when their 90% 
credible intervals do not include zero but overlapped zero at 95%; 
in this instance, we report both the 90% and 95% credible intervals. 
See Supporting Information S1 for terms used in analyses and Tables 
S2–S4 for the full list of models.
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We calculated individual maximum dispersal as the straight-line 
displacement between its point of release and most distant location 
where it was recorded (White & Garrott, 1980). We analyzed max-
imum dispersal accounting for number of tracking days (or survival 
days), as the longer an animal was tracked (or survived), the further it 
was able to move. We included data only for daytime tracking loca-
tions of animals that were released with a collar, as this was consis-
tent across years. If a quoll was found predated, we excluded this last 
location. We modeled maximum dispersal distance using a Bayesian 
Generalized linear model with a Gamma distribution and log link func-
tion and fit it using the brms R package (Bürkner, 2017, 2018). We 
used default priors, which consist of a flat (improper) prior for the re-
gression parameters, a student-t prior for the intercept with 3 degrees 
of freedom with location of 1 and scale of 10 and a gamma prior (0.01, 
0.01) for the shape parameter. We ran four Markov chains for 2,000 
iterations with a burn-in of 1,000 yielding 4,000 samples for posterior 
inference. We assessed the convergence of all parameters with the 
Gelman-Rubin diagnostic (Gelman & Rubin, 1992), denoted by R̂, all 
parameters meet the convergence criteria of �R < 1.01. We performed 
model selection over the 16 possible models main effect models and 
one additional model that included the interaction between sex and 
year and all main effects (see Table S2 for a complete list of models). 
We chose the model with the lowest widely applicable information 
criteria (WAIC) (Vehtari et al., 2017) for further inference.

We calculated survival status of all quolls up to 45 days follow-
ing release. If an individual was not seen following release, we ex-
cluded it from the analysis. All individuals that survived more than 
45 days were right-censored. We analyzed survival using Bayesian 
Cox proportional hazards model (Collett, 2003) in the INLA pack-
age (Martins et al., 2013) in R version 3.5.1 (R Core Team, 2018). 
We used the default priors in INLA for all model parameters, which 
are normal priors with mean zero and variance 1,000. We chose the 
best fitting model according to the WAIC from among the 33 models 
(see Tables  S3). Estimated survival curves were computed via the 
Kaplan–Meier method (Collett, 2003).

We conducted growth curve analysis on body weights over time. 
We used the release weight at BNP as the baseline measure and sub-
sequent weights of animals caught in traps during the 45 day period. 
We implemented a Bayesian multi-level model using the brms pack-
age (Bürkner, 2017, 2018) with a random effect for individual. We as-
sumed that weights followed a Gaussian distribution and the default 
priors which are similar to the maximum dispersal model with the ex-
ception that the variance components have half t-distributions with 
3 degrees of freedom and scale of 271. We used WAIC to choose the 
best fitting model from the list supplied in Table S4a.

3  | RESULTS

Translocated male quolls were heavier than females upon re-
lease, with males weighing on average 1,294 g and females 854 g. 
Generations-in-captivity ranged from 1 to 3.99 (average 3.19). 
Within 45  days of release, the dispersal range of male quolls was 

between 247 and 9,481 m, and for female quolls 263 and 6,986 m. 
During this same period, 40% of quolls in 2018 (8 of 20) and 45% of 
quolls in 2019 (15 of 33) were known to have survived. The fate of 
seven quolls in 2019 remained unknown. The main causes of death 
were predation by fox and dog (n = 19) and collision with motor ve-
hicles (n = 7). In the first year, all three surviving females bred, with 
evidence of pouch young. However, in the second year, only half of 
the 12 surviving females had pouch young.

3.1 | What factors are important for dispersal?

We found support for only one of our predictions based on disper-
sal theory; accounting for sex, smaller quolls dispersed further than 
larger quolls (Table  1: prediction 3, Table  2, Figure  2a, Table  S2). 
Unsurprisingly, dispersal also increased the longer an animal was 
tracked (or remained alive), and was greater for quolls originating 
from Aussie Ark sanctuary than the other two sanctuaries (Table 2, 
Figure 2b,c, Table S2). There was no significant difference in disper-
sal distances between sexes or years (Table 1: predictions 1, 2).

3.2 | What factors are important for survival?

We found partial support for our fourth prediction (Table 1). Consistent 
with senescence theory, females had a marginally higher rate of sur-
vival than males (estimate 0.61), with 95% credible intervals includ-
ing zero (0.12–1.38) but not for 90% intervals (0.015, 1.25; Figure 3). 
Model selection results indicated that only a marginal effect of sex 
was needed in the model (Table  S3). No difference in survival was 
found between years, or generations-in-captivity (Table 1: predictions 
5, 6), or other predictor variables (body mass, sanctuary of origin).

3.3 | What factors are important for recovery of 
body condition?

Postrelease body condition was influenced by sex, year (Figure  4, 
Table  1: predictions 7, 8) and sanctuary (Table  S4a,b). Multi-level 

TA B L E  2   Model coefficients for best fitting model for maximum 
dispersal, with 95% credible intervals (CI). Sanctuary (Aussie Ark) is 
the baseline for sanctuary dispersal differences

Coefficient Estimate Lower 95% CI Upper 95% CI

Intercept −0.19 −0.81 0.55

Weight −0.30 −0.57 −0.03

Log Number of 
Days Tracked

0.56 0.34 0.77

Sanctuary (Devils@
Cradle)

−0.98 −1.69 −0.31

Sanctuary 
(Trowunna)

−0.78 −1.47 −0.12
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model selection for body mass contained evidence of a 3-way quad-
ratic relationship between sex, year, and days-since-release on the 
change in weight by quolls (Figure  4, Table  S4a,b). In both years, 
body weights declined for males and females following release 
(Figure 4). However, only females recovered lost body condition in 

both years (Table 1: prediction 7). Differences in timing of release 
affected recovery of body condition between years (Table 1: predic-
tion 8). In 2018, both male and female weights declined postrelease 

F I G U R E  3   Kaplan–Meier survival curves for male and female 
quolls over a 45 day period since release
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and then recovered to similar release weights within the 45  day 
study period. In 2019, male weights declined with no recovery and 
female weights declined then surpassed their initial weight over the 
monitoring period. Quolls from Aussie Ark were heavier at release 
(on average 200 g more) than animals from the other two sanctuar-
ies (Table S4b).

4  | DISCUSSION

We investigated the applicability of theories of dispersal and se-
nescence to faunal responses following translocation. We used 
theory, along with biological knowledge of our study species and 
expected response to management intervention, to predict differ-
ences in dispersal, survival and change in body condition following 
release. We found support for half of our predictions, with theory 
and biological knowledge predicting responses for dispersal based 
on body size; survival according to sex; and differences in recov-
ery of body condition between sexes and years (Table 1: predic-
tions 3, 4, 7, 8). Evolutionary theories of dispersal and senescence 
may be useful in predicting animal responses following transloca-
tion, but forecasts are likely to be species-specific and subject to 
other intrinsic (e.g., individual behavior) and extrinsic factors (e.g., 
competition, predation). Biological knowledge of species remains 
an important component of responses by translocated fauna in 
novel environments.

4.1 | Postrelease dispersal is determined by size, 
but not sex or season

Dispersal is expected to be male-biased in mammals as a consequence 
of their mating system and resource competition (Greenwood, 1980; 
Trochet et al., 2016). Dasyurids, the marsupial family that includes 
our study species, are promiscuous breeders, engage in male-male 
aggression during breeding, and exhibit maternal care; accord-
ingly, quoll dispersal is predominately male-biased (Godsell, 1983). 
However, we found no evidence to suggest that dispersal of quolls 
following translocation was male-biased. We predicted sex-biased 
dispersal to be even more pronounced in the second year, with the 
timing of release coinciding with breeding and heightened male com-
petition (Shaw & Kokko, 2014). However, again, we found no differ-
ence in dispersal between sexes. It is possible that males restricted 
their movements to areas where females were located to ensure mat-
ing. Both sexes were released together, and thus, males were able to 
follow individual movements or scent trails (Godsell, 1983). It is also 
possible that tracking for longer periods might have revealed differ-
ent patterns of dispersal. Our tracking was limited to 45 days; thus, 
quolls might have been still in the exploring or transience phase of 
dispersal. It might otherwise be possible that postrelease dispersal is 
not influenced by the same factors that drive natal dispersal (Lawson 
Handley & Perrin, 2007; Richardson & Ewen, 2016). Translocations 
are enforced displacement in unfamiliar territory; this can prompt 

dispersal away from the release point, especially if important cues 
are not present (e.g., habitat, Stamps & Swaisgood, 2007). In addi-
tion, social factors such as the presence of conspecifics (Richardson 
& Ewen, 2016) and or social dominance may motivate dispersal more 
than sex or season.

The social subordinate hypothesis predicts that smaller, less so-
cially dominant individuals will be forced to disperse when faced with 
larger, more dominant individuals (Christian, 1970). Our data were 
consistent with this hypothesis, with smaller quolls (after we con-
trolled for sex) dispersing further. In the wild, quolls are considered 
solitary predators; their territories overlap but they tend to avoid 
other individuals and thus have minimal social interaction (Godsell, 
1983). Interactions that occur are mainly agonistic, with aggression 
between males increasing during breeding and between females 
when carrying large pouch young (Godsell, 1983). We found smaller 
individuals dispersed further, consistent with the social subordinate 
hypothesis, yet distances were still within known movement ranges 
(Jones, 2000). Thus, any negative interactions resulting in dispersal, 
did not result in long-distance movements. At higher densities, or in 
more territorial species, or within groups of unfamiliar individuals, 
intra-sexual competition based on size may result in longer dispersal 
distances (Shier & Swaisgood, 2012).

We found that dispersal varied between animals sourced from 
different sanctuaries, with animals from Aussie Ark dispersing fur-
ther than the other two sanctuaries. Rogers et al. (2016) posited 
that environmental factors between captive breeding facilities 
could influence behaviors of released animals. Although all three 
sanctuaries involved in our study have a similar management style 
(e.g., minimal handling, natural features and vegetation), there are 
differences in climatic zones, with Aussie Ark the only mainland 
sanctuary. Another explanation for greater dispersal of quolls orig-
inating from Aussie Ark is that the two sites where these animals 
were released had less favorable habitat than the other sites (Le 
Gouar et al., 2012) or were missing important habitat cues (Stamps 
& Swaisgood, 2007). However, we cannot disentangle these effects 
as we did not have sanctuary replication at all sites. In the first year, 
we released Devils@Cradle and Trowunna animals at both release 
points in equal male:female pairs. In the second year, to maximize 
social cohesion based on their captive breeding experience (Shier & 
Swaisgood, 2012), we released animals in sanctuary groups at single 
sites. We further used multiple release locations to minimize poten-
tial overdispersal due to crowding and competition for resources 
such as dens (Godsell, 1983).

Dispersal could also have been affected by other intrinsic fac-
tors such as individual behavioral traits and extrinsic factors such 
as supplementary feeding and environmental cues (Berger-Tal 
et al., 2019; Le Gouar et al., 2012; Stamps & Swaisgood, 2007). 
We provided supplementary feeding at release points to minimize 
dispersal and mitigate losses of body condition (Jule et al., 2008). 
Translocated quolls remained within normal dispersal range of their 
release location and frequented feeding stations indicating that this 
strategy worked; but it may have also diminished the strength of our 
predictions.
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4.2 | Females have greater levels of survival 
than males

Theory of senescence predicts that investment in energetically 
costly traits in one sex will result in differential survival rates 
(Kirkwood, 1977; Williams, 1957). We found support for this theory, 
with translocated female quolls having marginally greater survival 
than their male counterparts. This aligns with knowledge of the spe-
cies' biology and behavior. Male quolls engage in fighting and un-
dergo physiological changes during the breeding season which is 
associated with reduced survival (Godsell, 1983). In other smaller 
Dasyurids (e.g., D. hallucatus, Antechinus spp), mating is followed by 
partial to complete male die-off (Dickman & Braithwaite, 1992). As 
the eastern quoll is a promiscuous breeder, translocations of suf-
ficient numbers of males to compensate for male-biased mortality 
will be necessary for ensuring adequate breeding opportunities and 
establishing populations.

We found no evidence that management tactics increased sur-
vival of translocated captive-bred quolls; survival did not change 
with increasing generations-in-captivity or due to timing of release 
to reduce road fatality. Overall, we observed an increase in num-
bers of quolls surviving in 2019, and the rate of known vehicle 
collisions more than halved between years from 20% in 2018 to 
7.5% in 2019, but survival rates only marginally improved. This 
could be due to the range in our data being too small to generate 
differences (e.g., generations-in-captivity), or limited ability for 
management tactics to influence other extrinsic factors (e.g., road 
fatality vs. predation).

Increasing generations-in-captivity was strongly associated with 
increased vulnerability to fatal collisions with vehicles in translo-
cated captive-bred Tasmanian devils, a related Dasyurid, although 
this effect was weaker when wild-born individuals were removed 
from analysis (Grueber et al., 2017). Comparatively, the range in our 
data was smaller and did not include wild-born quolls. In addition, 
road fatality was not the only threat to quoll survival, with preda-
tion (mainly by the red fox and domestic dog) causing more than 
twice as many fatalities as collisions with vehicles. Future translo-
cations could source individuals from the wild, as they are likely to 
have greater survival skills than captive-bred individuals (Jule et al., 
2008). However, wild individuals are harder to source and their re-
moval may compromise established wild populations, especially for 
threatened species (Todd et al., 2002). Wild quolls from Tasmania 
are not expected to have an appropriate predator response to foxes 
on the mainland (Jones et al., 2004); this is due to foxes being absent 
or occurring at very low densities in Tasmania (Ramsey et al., 2018) 
and a lack of co-evolution of the two species (Woinarski et al., 2015).

4.3 | Recovery of body condition postrelease varies 
between sexes and with timing of release

Translocations often result in animals losing condition postrelease 
(Bright & Morris, 1994), with captive-bred mammalian carnivores 

being at particular risk of starvation (Jule et al., 2008). Our data sup-
port this with both sexes initially losing body mass in both years. 
However, differential rates of recovery between sexes are expected 
when one sex engages in more energetically costly activities for the 
benefit of reproducing (Clutton-Brock & Isvaran, 2007; Kirkwood, 
1977; Williams, 1957). As predicted, we found differences in recov-
ery of body mass between sexes and between years due to timing of 
release concurrent with breeding.

Theory of senescence suggests that there are early-late life 
trade-offs that can result in differential rates of recovery of body 
condition to maximize reproduction (Kirkwood, 1977; Williams, 
1957). In the eastern quoll, these trade-offs are reflected in differ-
ences in physiology and behavior between sexes (e.g., during breed-
ing, male quolls decline in body condition while females normally 
increase, Godsell, 1983). Elevated male-male combat, combined with 
the energetic costs of breeding and stress associated with translo-
cation (Teixeira et al., 2007), likely prevented recovery of male body 
condition within the period of monitoring. In contrast, females were 
able to recover body condition across both years. However, in the 
second year, as breeding occurred soon after release, recovery of 
body condition and or breeding success may have been compro-
mised (Atkinson & Ramsay, 1995). Similarly, Facka et al. (2016) found 
that the late release of translocated female fishers (Pekania pennanti) 
resulted in a lower denning rate than those released early. We rec-
ommend that future translocations take account of seasonal physi-
ological changes and periods of increased activity when considering 
the timing of release.

5  | CONCLUSION

We used theories of dispersal and senescence along with biological 
knowledge to make several predictions regarding dispersal, survival, 
and body condition of translocated captive-bred eastern quolls. We 
found support for half of our predictions. These were that dispersal 
decreases with body size; survival is greater for females; and females 
recover body condition more than males during the period observed. 
Evolutionary theory should be used in combination with species-spe-
cific knowledge to understand and predict responses of translocated 
animals, and thereby improve translocation outcomes. Conservation 
managers can use these predictions to assess the likelihood of suc-
cess of the translocation and or modify the program. For example, 
theory predicts that strong competition for mates and or resources 
can result in sex-biased survival and dispersal. Managers can mitigate 
sex-biased survival by adjusting the sex ratio of the release cohort, 
and sex-biased dispersal might be lessened by releasing animals that 
are socially familiar together, minimizing conflict due to unfamiliarity 
(e.g., Shier & Swaisgood, 2012). Incorporating theory into practice 
can have animal welfare benefits as fewer animals are subjected to 
trials, and program modifications can enhance survival and estab-
lishment of translocated animals. Translocations are an increasingly 
important management tool for restoring populations (Berger-Tal 
et al., 2019; Fischer & Lindenmayer, 2000). Translocations can be 
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used to experimentally test and develop new theory and thus aug-
ment value of such management interventions beyond species res-
toration. This will enable broader trends in species responses to be 
predicted and lead to improved translocation design and procedures 
and ultimately better conservation outcomes.
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